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Chapter 1

Introduction

The ongoing quest for the hypothetical binary carbon nitride C3Ny4 stands for a prospering
area of research in modern solid-state and materials chemistry, that has taken root at the
frontiers of basic and applied research in the past 15 years. Nitridic materials constitute
an exceptionally versatile group of compounds in terms of chemical bonding, ranging from
salt-like over metallic to covalent, the latter one comprising both molecular representatives
(S4N4) and extended solids such as (BN), or P3N5 [1-8]. Non-metal nitrides such as silicon
nitride SigNy4, c-BN, or GaN have long been known for their exceptional physical and chemical
properties, among which low density, high melting points, hardness, resistance and semicon-
ducting properties are the most prominent ones [2,5,6]. In terms of chemical stability these
high-performance ceramic materials by far outperform oxidic materials, the latter however
still dominating the field of functional ceramics, represented for instance by ferroelectrics,
zeolites, zirconia, or high-temperature superconductors.

However, the extension of nitride chemistry to mixed nitrides such as oxonitrides, nitridosili-
cates, nitridophosphates or oxonitridophosphates has produced a plethora of novel materials
with interesting structures [9-20] and tunable properties, now being at the forefront of mate-
rials science: Ternary nitrides based on rare earth metal ions in a nitridosilicate framework
have pioneered the rapidly growing field of inorganic LEDs [21-26], and multinary phases
such as SiONs and SiAlIONs represent tailor-made ceramics with outstanding material prop-
erties [21,27-30]. Likewise, the formal introduction of boron and carbon into a silicon nitride
network has recently openened up a novel class of amorphous Si-B—(C—)N high-performance
polymers with unprecedented thermal stability [31-33].

The screening for novel ultrahard materials among combinations of low-weight main group el-
ements, featuring covalent bonding and highly cross-linked structures, has become manifest in

the compounds ¢-BCoN [34-36] or 7-SigNy, a novel, high-pressure silicon nitride modification
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CHAPTER 1. INTRODUCTION

adopting a Spinel-type structure [5,37-40].

In terms of hardness, a most promising candidate is the hypothetical binary carbon(IV)nitride
alternatingly made up from carbon and nitrogen, whose existence is still a matter at issue.
For the dense, sp3-hybridized modifications a bulk modulus larger than that of diamond is
conjectured following the empirical principles by Liu and Cohen [41] according to which the
bulk modulus is inversely proportional to both ionicity and interatomic distances. For a re-
alistic estimation of the hardness of a material, however, the shear modulus has also to be
taken into account, thus suggesting an overall similar, but slightly lower hardness for carbon
nitride as compared to diamond [42].

Nevertheless, a promising new member of the familiy of ultrahard materials is to be expected,
whose potential properties span a wide range of interesting features, such as high thermal con-
ductivity and large band gaps (3 — 4 eV), or auxetic behavior of certain CN, phases [42-45].
According to theoretical calculations, at least four metastable highly condensed, crystalline
modifications may exist: a-C3Ny (hexagonal), 3-C3Ny (5-SizNy-type), pseudocubic C3Ny (de-
fect ZnS-type), cubic C3N4 (Willemit-II-type), whose stabilities are similar, yet less than that
of graphitic carbon nitride (g-C3N4) with sp?-hybridized carbon [41-55].

Apart from various phases with higher or

)':j\ )':j\ A~ A~ .~ lower nitrogen content [56-58], carbodiimide-
Y . ‘ U@ ) .

)N\ . N )N\N . N )LN K )\)\ J;\)\ k/)\) bridged structures [59, 60], and CN,-
| PP PP . /)\/JI\ )\J\ A heterofullerenes and -nanotubes [61-65],

hypothetical low density 3D-networks made
Figure 1.1: Hexagonal (left) and orthorhombic mod- up from triazine building blocks with SrSis-

ification (right) of g-CsNa, both based on nitrogen ThSis- type topologies have recently been
bridged 1,3,5-triazine rings as elementary building

presented and ranked within the stability
blocks.

range of the g-C3 N, phases [66].
Innumerable attempts using a broad repertoire of physicochemical methods have been
undertaken to find viable synthetic pathways to carbon nitride [42-44]: Apart from chemical
techniques at ambient conditions such as pyrolyses, shock-wave techniques, CVD- (HFCVD,
PECVD) and PVD-processes (ion beam deposition), laser techniques [67], and sputtering
processes have been utilized. The as-obtained, predominantly amorphous CN, thin films
exhibit interesting optical, electronic, or tribological properties according to their nitrogen
content, and have already found applications as reactive films or coatings, as thin films in
solar cells [68,69], in sensors, MEMs (micro-electromechanical devices) [70], or transistors [71].
A rather “chemical” approach to 3D C3N4 immediately follows from direct analogy to the

system graphite-diamond: According to DFT-calculations, the conversion of graphitic carbon
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CHAPTER 1. INTRODUCTION

nitride into sp>-C3Ny should be feasible with modern high-pressure techniques at pressures
<75 GPa [51,59,72].
Commonly invoked structure models for graphitic carbon nitride, which can formally be de-
rived from graphite-type (CN), layers by introducing ordered carbon vacancies, consistently
derive from triazine units that are linked up by essentially planar trigonal nitrogen atoms,
building up an infinite two-dimensional array with hexagonal or orthorhombic symmetry
(Fig. 1.1) [42-44,48,50-53, 55,73, 74]. In addition, carbodiimide-bridged structures were
discussed [59].
The triazine ring system (C3N3) is found in various heterocycles as a structural building
block, as is the case for the important CN, precursor 2,4,6-triamino-s-triazine (melamine,
C3N3(NHs)3z) (1)) (Fig. 1.2). Despite persistent research efforts, the existence and molec-
ular structure of the condensation products of melamine, namely the compounds melam
[(C3N3)(NHgz)2]oNH (3), melem CgN7(NHz)s (2), and melon [CeN7(NH)(NHs)],, (4), has
long been subject to debate.

According to early investigations by Paul-

NHy NH NHz

PY ing and Sturdivant [75], the latter com-
A w A
|

A
|
HZN)\N/ T @ " N/)\N)\NH (tri-s-triazin, CgN7Hj3) as characteristic
@
/]\ )\N building block, the terminology confirming

)N'\\)N\ )NL /T\ NJ\NJ\“ i N)\” a close analogy to the cyanuric building mo-
Z Z
HoN' N N N NH. H NJl\ )\ )\ )l\ /)\ /)\

& @ tive found in triazines (Fig. 1.2).

N N
I

pounds exhibit the sym-heptazine nucleus

N

>=

Y

_ Neither for the molecular nor for the crystal
Figure 1.2: Known and assumed structures of poten-

tial precursor compounds for CsNy. (1) Melamine, (2) structure of melam experimental evidence is
melem, (3) melam, (4) possible structure of “melon”. available. Spectroscopic data however were
interpreted on the basis of two triazine rings
bridged by an NH-unit [76-79]. The question as for the role of melam in the condensation
process from melamine to g-C3Ny has not been resolved as yet. The same holds true for
melon, for which either an oligomeric structure (trimer of melem) or a 1D polymeric structure
based on heptazine units is discussed (Fig. 1.2) [76,80,81].
With the structural characterization of melem (2,5,8-triamino-heptazine) the ultimate proof
of the existence of a key intermediate in the condensation cascade of melamine to g-C3N4 was
accomplished [82], which as a consequence significantly extended the pool of molecular motifs
for g-C3Ny [83,84]: DFT calculations carried out by Kroke et al. [85] suggest the existence
of a graphitic C3Ny phase based on heptazine units (Fig. 1.3), which is expected to be by

30kJ mol~! more stable than the triazine-based analogue (Fig. 1.1).
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CHAPTER 1. INTRODUCTION

Viable synthetic routes to graphitic carbon nitride have recently been subject to vivid re-
search efforts [42-44]. The primarily employed “precursor-route” is based on the pyrolysis of
molecular compounds or thermally induced two-component reactions between suitably func-
tionalized precursors [1,86]. Molecular compounds exhibiting an adequate scheme of atom
connections (“pre-organization”) as well as the desired over-all stoichiometry, have proven to
be particularly suitable precursors [87,88].

According to these principles, the high-

performance ceramics SigB3N7; and SiBN3C
N N N

)\ )\ )\ have been obtained from thermal decompo-
D X

N N

A A

N~
/IN\ )N\ (trichlorosilylaminodichloroborane) and
SN NS methylamine [31, 32]. Likewise, Cl3SiNPCl;3

| A UL

)l\ N N N with the built-in structural element of two
]\ )\ )\ J\ )\ )\ J\ )\ ) vertex sharing PNy~ and SiNy-tetrahedra
bridged by a nitrogen atom has been proven

Figure 1.3: Structural model for g-CsNi based on  to he a particularly useful precursor for the

heptazine builiding blocks. synthesis of SiPNj3 [89].  Analogously, the

>=

1 ! sition of the single-source precursor TADB

/*F
>\_

N N

/%
>=

binary non-metal nitride P3N5 was successfully obtained by the pyrolysis of the single-source
precursor tetraaminophosphonium iodide [P(NHz)4]I [14-16].

The synthesis of graphitic carbon nitride has been attempted using a wide range of different
precusors [83,84,90,91]. Pivotal starting materials used most frequently can almost exclu-
sively be derived from the triazine, yet rarely from the heptazine core, thereby conforming
to the pre-organization principle and combining the requirements of high nitrogen and
low hydrogen contents. Irrespective of the synthesis conditions and the partly significant
hydrogen contamination, the structures of the obtained products are commonly interpreted
without conclusive argumentation on the basis of threefold N-bridged triazine systems. In
doing so, solely the possible formation of spherically corrugated layers or CN, nanotubes is
being considered.

Owing to the very resistant N-H or C-H bonds and the inclusion of further heteroatoms
such as oxygen into the 2D-network depending on the choice of precursor, and the overall
difficulties in preparing pure g-CsNy phases with exact stoichiometry, ultimate proof of
the existence of either pure g-C3Ny, or sp>-C3Ny has not been given as yet. Similarly, no
conclusive experimental evidence has been put forward for either of the structural models
proposed for g-C3Ny, which eludes conventional structural characterization due to its largely

polymeric and amorphous character. Apart from solid-state NMR studies on the structure
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CHAPTER 1. INTRODUCTION

of paracyanogene [92] and a small number of 3C-CP MAS experiments using poorly
crystalline carbon nitride samples [93,94], no experimental studies exist to date which are
comprehensively dealing with this issue.

The lack of structural information can in principle be tackled qualitatively by gaining
detailed insight into the actual species occuring during the course of the reaction and
constituting the final products. Therefore, knowledge about possible intermediates and
preferred reaction pathways is not only a prerequisite for a tailored synthetic approach to
graphitic carbon nitride (“crystal engineering”), but can deliver vital information on the
structure of the reaction products. Understanding the processes on a molecular level can thus
be indispensable to rule out certain structural models in favour of others, whose formation
pathways agree well with all stages of the reaction history. A prominent example for a highly
relevant inconsistency in carbon nitride chemistry can be ascribed to the lack of insight into
processes occurring on a molecular level: The popular concept of thermally linking triazine
units via trigonal planar nitrogen atoms has been sustained, although the condensation
of melamine to melem has been proven to proceed as an intermediate stage prior to the
formation of g-C3Ny [82]. Disregarding this fact has long hampered the heptazine-hypothesis
to enter the focus of the scientific community.

“Corpora non agunt, nisi fluida seu dissoluta”. A thorough understanding of molecular
solid-state reactions has traditionally been suffering from the nescience of their feasibility
and the predominance of mechanistic investigations in solution. Only a limited number of
comprehensive studies on molecular solid-state reactions exists in the literature [95]. As apart
from classical photoreactions most reactions are induced thermally, the solid compound must
exhibit a sufficiently high melting point, which is rarely met in molecular crystals, leading to
melting prior to the reaction onset. In addition, both the technical and the methodological
realization of in situ monitoring of solid-phase reactions is by far more demanding as
compared to the situation in solution, since comparable information is accessible in a rather
indirect way and often complicated by intermolecular interactions and the impact of the
crystal field, both of which being difficult to treat in a straightforward way.

Intriguing features of molecular solid-state reactions are their simple and resource-saving im-
plementation without the necessity of using a solvent, thus providing an easy work-up, as well
as increased selectivity and efficiency with diminished formation of unwanted side-products
in many cases. Accordingly, asymmetric transformations with high enantioselectivity could
be achieved by making use of the chiral environment of the molecules in the crystal [95, 96].

At the same time, however, reaction control is greatly reduced when considering the

L «“Compounds that are not fluid or dissolved do not react”, by Aristotle
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CHAPTER 1. INTRODUCTION

special case of thermal solid-state reactions using one-component homogeneous solids, thus
requiring maximum precision in exercising thermal control. Alternatively, the strategy of
crystal-engineering can be pursued by creating one- or two-component solids by intramolec-
ular substitution, mixed-crystal formation, or host-guest complexation to selectively tailor
reactivity on a molecular level.

According to the topochemical principle introduced by Kohlschiitter and Hertel, and
reformulated by Schmidt [97-100], reactions in the solid state occurring with a minimum
of atomic or molecular movement are preferred. As a result, static lattice constraints
restrict the products of a topochemical reaction to those pre-organized in the parent
crystal [101-107]. This principle, however, has recently been challenged by the observation
of long-range anisotropic molecular movements in typical “topochemical” photoreactions by
the application of atomic force microscopy to irradiated single crystal surfaces [108-110].
Thus, differentiating seems advisable between topochemical reactions and the special case of
topotactic reactions, the latter running in a single-crystal-to-single-crystal fashion without
crystal disintegration and without significant geometric changes requiring far-reaching
molecular movements [108, 111, 112].  According to Lotgering [113] topotactic reactions
include “all chemical solid-state reactions that lead to a material with crystal orientations
correlated with the crystal orientation of the reagent”.

Prominent examples of topochemical reactions are photoreactions such as [2+2] photodimer-
izations of cinnamic acid derivatives [99, 100, 114, 115] and coumarins [96, 116, 117], or the
polymerization of diacetylenes [118] whose reactivity is largely governed by the packing of
the reactants rather than by their intrinsic molecular reactivity.

Solid-state reactions proceeding in a non-topochemical fashion are those taking place at
locally increased defect concentrations, surfaces or disordered domains, the latter imper-
fections being essential for the reactions to occur. Along theses lines, amorphous solids
or inclusion compounds may provide a reaction environment without 3D interlocking,
thus allowing for easy phase rebuilding and transformation through unrestricted molecular
migration [108,117,119,120].

The significance of thermal solid-state reactions, particularly of the latter kind, has long
been disregarded in carbon nitride chemistry (cf. above). The synthetic concept of precursor
chemistry has, however, continuously shaped the awareness of the reactivity principle, which
is indispensable for the directed synthesis of highly condensed networks. An appealingly
simple synthetic route to extended 2D carbon nitride networks is based on the thermal treat-
ment of suitable ternary carbon nitrides such as cyanamides [82], dicyanamides [121-124],

or tricyanomelaminates [125-127], thiocyanates [83] or melamine derivatives [82-84, 128],
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utilizing “self-condensation” reactions initiated by unsaturated or nucleophilic moieties
without the necessity of co-reactants or specifically functionalized reaction sites. However, it
must be emphasized that the classification of a reaction as “solid-state reaction” is critical in
many respects, as essentially all reactions — apart from topotactic reactions — exhibit some
form of “molecular loosening”, which can lead to microscopic melting at the reaction front
invisible or undetectable by thermal analysis. Moreover, the majority of reactions in carbon
nitride chemistry has simply not been classified with respect to the type of reaction that
occurs. Although it is still common practice to treat such thermal condensations as “black
box” reactions, the elucidation of their mechanism and dynamic processes is a prerequisite to

obtain well-defined solids with tailored connectivities.

In order to comprehensively understand and utilize processes on a molecular level, three main
goals have to be pursued; their implementation will be referred to in more detail at the

beginning of each chapter:

1. Chemical Screening. Candidates potentially exhibiting reactivity in the solid phase
have to be selected according to chemical considerations, and their performance tested.
Chapters 5, 6 and 7 are devoted to this issue and present examples of potential CN,
precursors. Candidates have been selected from three major groups of compounds,

namely dicyanamides, tricyanomelaminates, and condensation products of melamine.

2. Reaction Pathway. Microscopic and macroscopic processes have to be identified by a
qualitative description of the reaction pathways and possible intermediates.
As an extension of the chemical screening, the thermal behavior of the above CN, pre-
cursors was monitored by a combination of in situ spectroscopic and diffraction tech-
niques. The thermolysis pathways and their significance with respect to the formation
of extended carbon nitride solids are discussed in Chapters 5 to 7. An in-depth study
of the complex thermal decomposition of ammonium cyanoureate will be presented in

the second part of Chapter 4.

3. Reaction Mechanism. A full understanding of the reaction requires the quantitative
description of the reaction parameters such as kinetics, thermodynamics, and the pro-
cesses occurring on the submicroscopic level.

This approach provides the basis of the first part of Chapter 4, in which the thermal
solid-state reactivity and NHI dynamics of ammonium dicyanamide will be delineated

as an example.
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Chapter 2

Experimental Methods

2.1 Preparative Methods

2.1.1 Vacuum and Inert Gas Line

Thermolyses and manipulations of air-sensitive compounds were carried out under an atmo-
sphere of dry argon (purity grade 4.8, Messer) to exlude humidity and oxygen throughout the
reactions. The reaction vessels (Schlenk flasks, ampules) were connected to a vacuum line via
ground necks and dried in vacuo using a heat gun or fan burner. Evacuation was accomplished
with a rotary vane pump (RZ 8, VAP 5, suction capacity 8.6 m® h™!, Vacuubrand) down to
pressures of 0.1 Pa. Purification and drying of inert gas was carried out by successively pass-
ing the latter through columns filled with blue silica gel (Merck), potassium hydroxide pellets
(purum, Merck), molecular sieve (porewidth 0.3 nm, Merck), and phosphorus pentoxide on
an inert carrier material (Sicapent”™, Merck). To remove adherent traces of oxygen, nitrogen

or hydrogen, the gas was finally passed over titanium sponge (99.5 %, Alfa) at 973 K.

2.1.2 Furnaces

Reactions at elevated temperatures (typically 320 — 940 K) were conducted in tubular furnaces
with electric resistance heating, a maximum continuous operating temperature of 1273 K and
programmed temperature control, allowing for heating rates > 1 K min~'. The temperature
was measured in the reaction zone with a Ni/Cr-Ni thermocouple, the reliability being 4+ 20 K.
Typically, a vertical set-up was chosen, thus leading to a separation of the reaction products
within the reaction tube according to their volatility. Flow tubes were placed horizontally in
the tubular furnace and connected to a vacuum line for supply of a permanent reactive or

inert gas atmosphere.
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2.1.3 Glove Box

For manipulation and storage of hygroscopic or air-sensitive compounds under argon (purity
grade 4.8, Messer) a glove box (MB150-Gl and UniLab, Oy < 1 ppm, HoO < 1 ppm, MBraun)

was used.

2.1.4 Operating Techniques
2.1.4.1 TIon Exchange

Ion exchange reactions were conducted according to the column principle using vertically
placed glass frits (lenght: 26 cm, @egy. 12 — 24 mm, pore size: P 1 — 2). The frits were filled
with an ion exchange resin (H"-form, art. no. 4765, Merck) suspended in deionized water.
In special cases (low solubility of the product, poor ion exchange capacity for certain ions),
metathesis reactions were carried out by slowly combining aqueous or methanolic solutions of

the reactants under heating.

2.1.4.2 Thermal Conversions and Sublimation

Thermal conversions were typically carried out under counter-pressure of the evolving gases
such as ammonia. The well-ground reactant mixture was directly loaded in pre-dried am-
poules, which were subsequently sealed off under argon to lenghts of approximately 12 cm.

TM ampules (Degs. 16 mm, wall thickness: 1.5 mm) were

For temperatures below 550 K, Duran
used, for temperatures beyond 550 K thick-walled ampules made from silica glass (Peqzs. 15
mm, wall thickness: 2 mm, Vogelsberger Quarzglastechnik K. D. Kindl GmbH) were sealed
with an oxyhydrogen burner. Reactions requiring pressure equalization were conducted in

pre-dried Duran?™

or silica glass ampules (Dez. 16 — 24 mm, wall thickness: 1 — 1.5 mm)
equipped with a paraffin bubble counter. To preclude corrosion of the glass walls by the
reactants, corundum crucibles were used as insets. Condensation reactions under dynamic
vacuum were carried out using a flow tube-type set-up. The flow tube (silica glass, length:
68 cm, ey, 29 mm) was loaded with the starting material contained in a combustion boat
(length: 80 mm, corundum, Friatec), placed horizontally in a tubular furnace, and exposed
to dynamic vacuum while heating the reactant. Evolving gases were collected in a cold trap.
Crude products such as ' N-enriched melamine raw material were purified by sublimation in
a Duran”™ flask equipped with a cold finger. The flask was evacuated (1 Pa) and heated

(1 K min~!) in a tubular furnace, while the sublimate deposited at the bottom zone of the

cold finger.
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2.2 Analytical Methods

2.2.1 Diffraction Techniques

For a detailed disquisition on this subject, the reader is referred to standard works in the

literature [129,130], as well as to the textbook by Zou [131].

2.2.1.1 Theory

Since its advent in 1912, X-ray crystallography, i.e. structure analysis based on X-ray diffrac-
tion, is still the most important technique for studying the structures of objects periodically
ordered on an atomic length scale. Electron diffraction of single crystals was discovered fif-
teen years later, leading thereafter to the exploitation of the wave properties of electrons
by invention of the electron microscope using magnetic lenses. By combination of electron
diffraction and atomic resolution electron microscopy with crystallographic image processing,
a new powerful tool for structure analysis — electron crystallography — is emerging.

The interaction of waves or particles — typically photons (such as X-rays), neutrons, or elec-
trons — with periodically ordered objects of dimensions similar to the wavelength of the in-
cident radiation, can to a first approximation be described using the concept of kinematical
scattering theory.

The mathematical treatment of diffraction in three dimensions is given by the Laue Fquations,
which are equivalent to the condition that the vectorial momentum transfer Q is equal to a

reciprocal lattice vector 2zr*
Q = 27r”, (2.1)
where Q =k — kg = 27”(5 —sp).

r*: reciprocal lattice vector

ko/sp: wave vector / unit vector of the incident radiation

k/s: wave vector /unit vector of the scattered radiation

The correlation of the scattered intensity I(Q) with the arrangement of atoms v at position

r is then given by the structure amplitude F(Q) as a function of the momentum transfer Q:

F(Q) =) fiQ)-Tu(Q) - exp{iQr,}, (2:2)
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where
Q) = [ p0(r) - exp{iQr}dr for X-rays,
Q) = by for neutrons,

fEQ) = 27;12” Jo wi(r)exp{iQridr  for electrons,

and T,(Q) denotes the atomic temperature factor, which represents a correction for the de-
flection of the atoms from their equilibrium positions due to thermal movements.

f2(Q) represents the atomic scattering factors and describes the angle-dependent atomic scat-
tering amplitudes for the respective type of interaction. Owing to the finite expansion of the
electron cloud around a nucleus, for X-rays, ff(Q) has to be summed up over the static
electron density pO(r) of infinitesimal volume elements dr, taking into account a phase fac-
tor exp{iQr}. Similarly, for electrons fZ(Q) depends on the type and state of the atom,
where the strength of the interaction of electrons with matter is indicated by the interaction

constant, defined as

- = Qﬁlﬂ . (23)
For both X-rays and electrons, f!(Q) decreases rapidly with increasing |Q).
Neutrons interact with the atomic nuclei, which are by a factor of 10° smaller than the exten-
sion of the entire atom and can therefore be approximated as point scatterers. Therefore, the
integral over the infinitesimal volume elements simplifies to a constant factor, which is given
by the scattering length b,. Thus, the atomic form factor is isotropic and does not exhibit an
angle-dependent decrease with increasing momentum transfer.

For X-rays and neutrons, the scattered intensities are proportional to the square of the struc-

ture amplitude, taking into account several correction terms during data reduction:
Ingr o] Fupr | (2.4)

where
Ipk: intensity of reflection (hkl)

Fjyp: structure amplitude.

By Fourier transformation of F(Q), the scattering density functions p(r) or ¢(r) can be

accessed, which translate the observed structure amplitudes into electron, nuclear, or potential
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distributions, respectively.

PN = [ FQ ey Q. (2.5)

pP(r) = / F(Q) exp ' ¥ d*Q. (2.6)

2.2.1.2 X-ray Diffraction by Single Crystals

Suitable single crystals were collected using a polarization microscope MZ 6 (Leica) by covering
a crop of crystals with a thin film of paraffine on a glass carrier, and fixing the selected crystal
with grease on a glass stick or within a glass capillary (Hilgenberg, @c,. 0.3 — 0.5 mm). Air-
sensitive single crystals were collected in a glove box, the glass capillaries closed with grease
and immediately sealed with pitch after locking them out of the glove box. The quality of
the preselected single crystals was checked using a Laue or Precession camera in Laue mode
(Buerger Precession camera 205, Huber Diffraktionstechnik GmbH) operating with white
MoK, - radiation (Rontgengenerator Kristalloflex 760, Siemens). The Laue diagrams were
recorded with imaging plates [132], for the readout a laserscanner (BAS 2500 Bio Imaging
Analyser, Fuji Photo Film Corporation) was employed. The programs BASREADER [132]

and Tina [133] were used for evaluating the diagrams.

2.2.1.3 Structure Solution and Refinement from Single-Crystal Data

Single crystals were measured at temperatures between 120 and 293 K on an IPDS
single-crystal X-ray diffractometer (STOE & Cie GmbH) equipped with a 600 Series
CRYOSTREAM Cooler (Oxford Cryosystems), or on a rotating anode Kappa CCD diffrac-
tometer (Bruker AXS /Nonius), both of which using graphite monochromated Mo-K,, radia-
tion (A = 71.073 pm). The raw data were reduced using the software specific of the respective
instruments, typically accounting for Lorentz-, polarization, and isotropic extinction correc-
tions. Analysis of the data sets, including determination of the possible space groups, was
carried out with the program XPREP [134], which was also used for semi-empirical absorption
corrections, if applicable.

The crystal structures were solved by direct methods using the program SHELXS-97 [135]
and refined on F? by applying the full-matrix least-squares method implemented in SHELXL-
97 [136].

The quality of the structure model is evaluated by different residuals, which compare the
structure amplitudes calculated according to the structure models F,; with those measured

experimentally F,;. The function minimized during refinement is given by the R value wR2
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(weighted R value on F?), and the goodness of fit (GooF), which are defined as follows:
> w(Fozz - FCQ’L)Z
wR2 = \/ S w(F2) (2.7)

w : weighting factor based on the measured standard deviations o (F,),

F 021 observed structure amplitude,

F (;21 calculated structure amplitude.

. 2> — 2> 2
GooF = \/ZZ w](\l;—"i PFCZ) (2.8)

N: number of reflections,

P: number of parameters.

However, evaluation of the structure model may more reliably be carried out based on un-
weighted R values, since wR2 is somewhat biased by the weighting scheme. The unweighted

residual R1, is defined as follows:

 lFuil — |Fl
Zz‘Fm‘

The statistical consistency of the data is given by the internal R value R;,:, as well as R,

R1 (2.9)

Zng|Fé_Fc>2z| R :ZiUFoQi

Rip = = S

(2.10)

Evaluation and verification of the structure models and the selected space groups was done
using the program PLATON (including ADDSYMM and MISSYM) [137,138], integrated into
the program package WINGX [139]. Typically, no absorption corrections were carried out due
to the weak absorption coefficients of the constituent atoms (C, N, H, O), and the positions of
hydrogen atoms were determined from difference Fourier syntheses. For visualization of the

crystal structures, the program DIAMOND was employed [140].

2.2.1.4 X-ray Diffraction by Powders

X-ray diffraction experiments on powder samples were conducted on two STOE Stadi
P diffractometers in focussing geometry using Ge(111)-monochromated Cu-K,; radiation
(A = 154.06 pm) or Ge(11l)-monochromated Mo-K,; radiation (A = 70.093 pm), respec-
tively. Measurements were performed in Debye-Scherrer (capillary) or transmission geometry.

The radiation diffracted by the sample was registered by a position sensitive detector with
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an opening angle of 26 = 5°. Low-temperature measurements (293 K — 100 K) were carried
out using Cu—K,; radiation by adjusting a cooling finger unit connected to a Cryostream
Controller (600 series, Oxford Cryosystems) on top of the sample capillary. Evaporation of
liquid nitrogen allowed for the realization of different cooling rates (1 — 10 K min~!) and a
minimum temperature of 100 K.

High-temperature in situ X-ray diffractometry was performed using Mo—K,; radiation with an
integrated furnace, and unsealed silica glass capillaries (Hilgenberg, @c,¢. 0.5 mm) as sample
containers. If limited pressure build-up by evolving reaction gases was desirable, the capillar-
ies were closed according to a method developed by Rannabauer [141]. The data collection
was restricted to a 20 range of approximately 3 — 20° and an average scan collection time of
20 — 40 minutes. The samples were heated from 293 K to temperatures around 973 K in steps

of 10 — 15 K min~!, using heating rates of 20 or 50 K min~—! between the scans.

2.2.1.5 Electron Diffraction

For general aspects of electron microscopy and electron diffraction (ED), see refs. [130,131,142]

and general textbooks.

General Remarks The interaction of electrons with matter substantially differs from that
of X-rays, which gives rise to both assets and drawbacks. In the following, some general

aspects distinguishing the two techniques will be highlighted in brief:

e Electrons have much shorter wavelenghts than X-rays commonly used for structure

elucidation purposes.

e Electrons interact with matter much stronger than X-rays, because they interact with
both the nucleus and the electrons of the scattering atoms through Coulomb forces.
Therefore, crystals which are several orders of magnitude smaller than those required
for single-crystal X-ray diffraction can be analyzed by electron crystallography. ED can
therefore significantly extend the range of samples amenable to structure analysis by

single-crystal X-ray diffraction.

e The strong interaction of electrons with matter gives rise to multiple scattering and non-
linear effects due to the interference of different scattered waves, rendering the relation

between diffraction images and projected potentials rather complex (see below).

e Owing to the interaction of electrons with matter via Coulomb interactions, they detect

the electrostatic potential distribution in crystals, rather than the electron density dis-
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tribution as do X-rays. Therefore, particular issues, which are related to the potential

distribution, such as the oxidation states of atoms in crystals, may be addressed.

e Electron beams are easily directed and focused by magnetic lenses, as they are charged

particles.

Multiple Scattering A serious problem in ED is incidental from dynamical scattering
effects, which render kinematical diffraction theory no longer appropriate for the analysis of
ED images. A possible strategy is to circumvent or at least diminish the influence of multiple

scattering and non-linear effects by taking advantage of the following factors [131]:
e Crystal thickness. The thinner the crystal, the less multiple scattering occurs.

e Accelerating voltage of the microscope. Higher voltage, leading to shorter wave-

lengths, diminishes multiple scattering effects.

e Crystal alignment. Crystal tilt may prevent atoms projecting on top of each other,

which also reduces multiple scattering.

e Size of the unit cell. Multiple scattering depends on the structure amplitude |F(Q)|
and the magnitudes |[F(Q—Q’)-F(Q’)| of all possible pairs summing up to |F(Q)| [131].
In general, larger unit cells, giving rise to more and weaker reflections than smaller ones,

are less affected by multiple scattering.

e Light atom structures. Weak scatterers generally give rise to weaker potentials and,

hence, less multiple scattering.

In the most favorable cases, where several of the above aspects are valid, the amplitude of
the wave function V., (Q) at the exit surface is roughly proportional to the amplitude of the
structure factor of the crystal and, as a result, the diffracted intensity I”(Q) is proportional

to the square of the structure amplitude
I7(Q) o [FF(Q)* (2.11)

In the above borderline case, a treatment of ED data in the kinematical approximation may

be justified (“weak phase object approximation”).!

LIf required, the simulation of the dynamical intensities can then subsequently be carried out by means of
a multi-slice calculation based on the n-beam dynamical diffraction theory [131].
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Experimental ED and TEM measurements were carried out on a JEOL 2011 instrument
equipped with a tungsten cathode operating at 200 kV. The images were recorded using a
TVIPS CCD camera (F114). The sample was finely dispersed by sonication in ethyl alcohol
suspension for 30 minutes and a small amount of the suspension was subsequently dispersed
on a carbon-coated copper grid in air. The grids were mounted on a single tilt holder with a
maximum tilt angle of 30° and subsequently transferred into the microscope. Suitable crystal-
lites were singled out among those yielding diffraction patterns of main poles, typically with
the zone axis [001] aligned along the electron beam. The selected-area aperture was adapted
in each case to the size of the selected thin crystalline domains.

Precession experiments were conducted using a FEI Tecnai 12 transmission electron micro-
scope with a LaBg cathode, operating at 120 kV. A precession angle of approximately 1.7°
was applied. The images were recorded on TVIPS 2k CCD camera (F224HD) with 16 bit
dynamic range.

Reflection intensities were extracted using the ELD program package [143, 144]; for simu-
lation of the kinematical diffraction patterns the program JSV1.08lite [145] was employed.
Calculation of the electron diffraction patterns was done using the programs VEC [146]
and JEMS [147]. Structure solution and refinement was carried out using the program
STR-97 [148].

2.2.2 Spectroscopic Methods
2.2.2.1 Vibrational Spectroscopy

FTIR and Raman measurements were carried out on a Bruker IFS 66v/S FTIR spectrometer
(Bruker Analytik GmbH), which is equipped with a FRA 106/S Raman module operating
with a Nd:YAG laser system (A = 1064 nm). IR spectra were recorded in an evacuated
cell between 400 and 4000 cm~* (DLATGS detector), Raman spectra of the neat solids were
acquired between 0 and 3500 cm ™! (Ge detector). KBr pellets of samples insensitive to air
were prepared by pressurizing a finely ground sample / KBr mixture (5 mg sample, 500 mg
KBr, desiccator) using a hand press with a press capacity of 10 kN. Pellets of air-sensitive
compounds were prepared in a glove-box (MB150-Gl and UniLab, Os < 1 ppm, H2O <
1 ppm, MBraun) in an atmosphere of dry argon (purity grade 4.8, Messer) using dry KBr
(623 K, 0.1 Pa). The program OPUS (Bruker Analytik GmbH) [149] served for evaluation of
the spectra.

IR spectra of the neat solids (650 — 4000 cm™!) were recorded in reflection geometry using a
Spectrum BXII FT-IR spectrometer (Perkin Elmer) equipped with a DuraSamplIR IT diamond
ATR device (Smith Detection).
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Temperature dependent FTIR measurements were conducted between 450 and 4000 cm™!

on a FTIR Spectrum One spectrometer (Perkin Elmer) using a glass cell (volume approx.
50 mL) closed at each side with KBr windows (@eg¢. 15 mm) to detect the gas spectra under
static vacuum (1 Pa initial pressure). Typically, 15 mg of the solid sample was filled into the
tubular elongation of the gas cell, which was evacuated and subsequently closed by Young
valves, then heated to 743 K (1 K min~!) by means of a tube furnace (Carbolite) equipped

with a 2132 temperature controller (Eurotherm).

2.2.2.2 Inelastic and Quasielastic Neutron Scattering

Quasielastic Neutron Scattering Quasielastic neutron scattering measurements were
performed at the backscattering spectrometer (BSS) at the cold source of the medium flux
reactor FRJ-2 reactor in Jiilich, Germany. A powdered sample of ammonium dicyanamide
NH4[N(CN)z] was held in a thin-walled (0.5 mm), slab-shaped aluminium can with an inner
spacing of about 1 mm. The spectra were recorded in backscattering geometry using sin-
gle crystal diffraction of cold neutrons with Bragg angles 260 = 180° for monochromatization
and energy analysis (“X-X-backscattering spectrometer”), yielding a particularly high energy
resolution.

The BSS instrument is designed for inelastic scattering experiments with very small energy
transfers in the order of 1 peV. In order to obtain sufficient intensity, the resolution of momen-
tum transfers d@ is relaxed. The beam size at the sample approximates to 3.5 cm x 3.5 cm,

the neutron flux being in the order of 10* cm™2 s™!'. A schematic drawing of the BSS in-
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Figure 2.1: Schematic representation of the backscattering spectrometer BSS at FRJ-2 in Jilich. A prominent
feature is the change of the incident energy by Doppler-shifting the neutron wavelength.
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strument is shown in Figure 2.1. A Si(111) single crystal was used as monochromator, cor-
responding to an incident energy of 2.08 meV and an incident wavelength of 6.271 A (Fig.
2.2, bottom). The energy transfers are scanned by varying the incident energy whilst keeping
the final energy fixed. The change of the incident energy is accomplished by moving the
monochromator and thus Doppler-shifting the neutron wavelength.

The backscattered neutrons are deflected by a graphite crystal to the sample. The energy
of the scattered neutrons is then analyzed by spherically curved silicon analyzer crystals as
shown in Figure 2.2 (top). The latter are adjusted at different scattering angles, and mea-
surements at ten different Q-values could be performed simultaneously.

The energy transfer range for the Si(111) monochromator amounts to —15 peV < E < 15 peV
with an energy resolution between 1.2 and 2.4 peV (FWHM). The Q-range accessible to the
instrument ranges from 0.2 to 1.9 A~! with a Q-resolution between 0.05 A~! and 0.25 A~
The analyzed neutrons are detected by ten helium counters simultaneously, which are adjusted

close to the sample. Neutrons that are directly scattered from the sample into the detectors

Monochromator mounted on doppler-drive

Figure 2.2: Interior view of the backscattering instrument BSS at FRJ-2 in Jilich. Top: Spherically curved
silicon analyzer plates and rings, bottom: Si(111) single crystal monochromator, mounted on the Doppler-drive.
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are eliminated by gating the data acquisition according to the phase of the chopper disk. Air
scattering is avoided by filling the spectrometer housing with argon during the measurement.
Inelastic fixed window scans were conducted between 10 and 380 K (NHsdca) or 80 and
320 K (transformation product) using a stationary Sip9Gep1 (111) monochromator, which in
combination with the Si(111) analyzer crystals gives rise to an energy offset of 14.47 peV.
The data fit was carried out by using a Vogel-Fulcher type peak function [150,151] with the
Vogel-Fulcher temperature set to zero. Elastic fixed window scans (stationary Doppler drive)
were recorded between 15 and 320 K with the spectrometer set to the elastic position, the
finite energy resolution of the spectrometer, which defines the “energy window”, amounting
to 1.3 — 1.8 peV (FWHM).

The raw data obtained from w-scans between 4.6 K and 400 K were corrected for background
and contamination by the sample can as well as detector efficiencies and monochromator
misalignment. Multiple scattering or multiphonon corrections were not applied. During the
normalization procedure for determining the resolution function, the sample scan at 4.6 K was
used instead of a vanadium standard, as the latter systematically underestimated the mean
squared displacement parameters of ammonium dicyanamide, yielding negative values for the
Debye-Waller factors at low temperatures. Coherent scattering events due to Bragg scattering
or phonons may severely deteriorate data evaluation. For most of the measurements it was
not possible to exclude those detectors from the fits that were significantly contaminated by
coherent scattering contributions. Therefore, the ratio of elastic and quasielastic intensity was
not fixed at the theoretical value of 0.66 (cf. 3.2.4 on page 46) according to an isotropic 4-site
jump model, but was used as a variable.

Fitting of the data was carried out with the program TOFSYS, which was developed and is
maintained by the Institut fiir Festkorperforschung, Forschungszentrum Jiilich GmbH, Ger-

many [152].

Inelastic Neutron Scattering Inelastic neutron spectra in the energy region of phonons
and librations have been collected at temperatures between 2 and 140 K using the thermal
time-of-flight spectrometer SV-29 at the continuous neutron source DIDO of FRJ-2/Jiilich,
Germany. The scattered neutrons are detected by 500 ®He counters arranged in 90 units.
The range of scattering angles comprises 10° — 130° (solid angle: 0.05 srad). The momentum
transfer covered by the instrument amounts to &~ 1 — 10 A=, the energy resolution being 3 %
< AE/E <8 %.

The sample was held in a standard aluminum can of length 70 mm, width 30 mm and an
inner diameter of ~ 1 mm (wall thickness ~ 0.5 mm). The sample holder was oriented at 135°

with respect to the incident neutron beam. From the range of possible wavelengths (1.0 A<
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<4.0 A), the spectra were measured at incident wavelengths of 1.59 and 1.08 A, allowing for
energy transfers up to 25 or 41 meV, respectively, and the raw data were normalized with
respect to vanadium. Cooling below room temperature was achieved in all cases using a closed

cycle cryostat, and heating was accomplished by using a cryofurnace.

2.2.2.3 Solution-state NMR

LH, 13C and 14N/15N NMR spectra were recorded as DMSO-dg or DO solutions on an
Eclipse EX-400 spectrometer (JEOL), the chemical shifts being referenced with respect to
TMS (1H, 3C) and nitromethane (14N /P N) as external standards.

2.2.2.4 Solid-State NMR

Wide-Line NMR Static powder spectra were obtained on a conventional impulse solid-
state NMR spectrometer DSX Avance 500 (Bruker) at a resonance frequency of 76.91 MHz
(?H) between 38 and 385 K or 36.149 MHz (*N) at 160 and 293 K. Typically, the finely
powdered sample of ammonium dicyanamide (150 mg) was filled into ultra precision NMR
glass tubes (@ 5 mm, Norell inc., Landisville) in a glove box, covered by a 4 mm glass block
as spacer and subsequently sealed off using a fan burner after locking them out of the box.
Low temperature 2H spectra between 38 K and
90° RT were recorded using a single-resonance low-
temperature probe (WB.SOL5, Bruker, Q = 60).

The probe was placed in a cryostat STVP-200

AWANAA
V\/vv

v
-

(Janis Reasearch), which was cooled with liquid
nitrogen or helium below ~ 90 K. For temper-

Figure 2.3: Pulse scheme of a typical quadrupole ) .
atures above RT, a variable temperature single

solid-echo sequence, composed of two successive,
phase-shifted 90° pulses with pulse spacing T. resonance probe (WB.SOL5, Bruker, Q = 90) was

used, the heating being effected by a continuous
stream of compressed air or dry nitrogen. The temperature stability was better than + 1 K
in the whole temperature range, the temperature being accurate to about + 2 K. All probes
were equipped with a solenoid coil with a diameter of 5 mm. For N spectra the single
resonance probe (cf. above) was used (Q = 45); the cooling was effected with liquid nitrogen.
Wide-line spectra were typically measured applying a standard solid-echo impulse sequence
as outlined in Figure 2.3 [153], preceeded by a saturation sequence. For suppression of the
most frequent artefacts, the phase of the second pulse was cycled by ¢ 4+ 90° with respect
to the first, and both pulses were phase-cycled by a cycle observation, yielding an eight-step
phase cycle. Typical 90° pulse lengths were around 2.5 ps (2H) or 2.0 us (**N) and the
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interpulse spacing 7 was fixed to 20 us for the low temperature spectra and 40 us for the high
temperature spectra (2H) or 60 us for '*N. The dwell time was chosen between 0.1 and 2 us
(2H) or 0.1 us (1N), attaching special attention to an accurate determination of the echo
maximum. The recycle delay between the scans was adjusted to 3 — 5 times 717 as determined
by the saturation-recovery method.

For the temperature-dependent studies, the sample was heated in a sealed glass tube with
a heating rate of 1 K min~! to the respective target temperature between 372 and 380 K.
Repeated acquisition at regular intervals was started at room temperature and spectra were
typically recorded every 2.5 to 5 minutes during the first three hours after reaching the target
temperature, then increasing the repetition delay to 10 minutes. The temperature was stable
within £ 0.7 K, however, the tuning was slightly shifted sporadically and had to be readjusted
accordingly between two data acquisitions. The recycle delay between the scans for the high
temperature spectra was fixed at 5 s, typically using a total of eight scans per spectrum.

For measuring the spin-lattice relaxation time 77, a saturation-recovery sequence was imple-
mented into the solid-echo pulse program with the principal phase cycling being identical to
that described above. In the intermediate temperature range (120 K — 160 K) two exponen-
tials were used for fitting the magnetization recovery curves in order to account for a second
minor (< 5 %) relaxation process. The data obtained from the major relaxation process were
fitted by using a BPP model (cf. Eq. 3.51 in section 3.3.2.7 on page 62).

High-Resolution NMR 'H, 3C and "N CP-MAS solid-state NMR spectra were
recorded on a DSX Avance 500 and DSX Avance 400 spectrometer (both Bruker) operat-
ing at proton resonance frequencies of 500 MHz and 400 MHz, respectively. The samples
were contained in 4 mm ZrQOs rotors, which were mounted in standard double-resonance MAS
probes (Bruker). The '3C and "N signals were referenced with respect to TMS and ni-
tromethane. Data collection of all experiments was performed applying broadband proton
decoupling using a TPPM sequence with 'H pulse lengths of 5 — 6 us [154] and a phase
modulation angle of 7.5°.

LH direct excitation MAS spectra were recorded using three back-to-back 90° pulses to elim-
inate unwanted contributions from the probe and ringing effects [155]. The recycle delay
employed in 13C and ' N CP-MAS or CPPI-MAS measurements was determined by a satu-
ration recovery sequence applied to the ' H spins, using a proton 90° impulse of 3.2 ys.

For the '3C and "N CP-MAS spectra, a ramped cross-polarization sequence was employed
where the ' H pulse amplitude was decreased linearly by 50 %; typical contact times 7. between
2 ms and 20 ms were chosen. For 1D CP-MAS experiments, a spinning frequency v;..¢ of typi-

cally 10 kHz was applied; CPPI experiments were carried out at spinning frequencies between

35



2.2. ANALYTICAL METHODS CHAPTER 2. EXPERIMENTAL METHODS

5 and 6 kHz. 2D CPPI experiments consisting of a sequence of 1D spectra were acquired by
varying the inversion time from =~ 0.2 to 800 us, or 1D experiments were carried out with a
single inversion time of 100 — 160 ps. Contact times 75, were chosen according to the results
of the CP-MAS spectra and typically varied between 2 and 10 ms.

15N direct excitation spectra of a '®N-labelled sample of melon were acquired with three
back-to-back 90° pulses to eliminate acoustic ringing [155]. The nutation frequency and the
recycle delay were adjusted to 75 kHz and 28800 s (= 8 h) — estimated from a >N T} mea-
surement — to ensure total magnetization recovery. In total, 16 scans were collected and the
spinning frequency was set to 9 kHz.

To probe homonuclear N connectivities and distances, 2D fp-RFDR, as well as a series of
modified (1D) fp-RFDR experiments, allowing for selective excitation, were performed using
a XY-16 phase cycle [156]. For the fp-RFDR mixing block, active rotor synchronization was
applied with v,.o+ = 15 kHz. The length of the soft (adiabatic) 180° pulse in the middle of each
rotor period was adjusted according to p(180°) = 0.3 - 1/v,4, corresponding to a nutation
frequency of 25 kHz. A CP-sequence was implemented prior to the 180°-pulse train, with 7. =
20 ms. Broadband proton decoupling was applied during the evolution and acquisition periods
using a TPPM sequence [154]. The evolution period was sandwiched between two 90° pulses
to store the magnetization of the S—spins along z, and for signal detection, respectively. Prior
to the last 90° pulse, a zero quantum filter of 58.87 us was applied. In the 2D experiment,
90° and 180° pulse lengths on the N channel were 3.4 us and 20.0 us, respectively and a
total mixing time of 50 us, as well as a recycle delay of 5 s were used.

To selectively monitor the magnetization transfer from the NHjy signal to the surrounding nu-
clei, a modified version of the 2D experiment was carried out. For selective excitation of the
15N resonance of the NHs-groups, a CP-sequence with a short CP contact time (90 us) was
used, followed by a comb of two 90° pulses (3.4 us) on-resonant on the NHa-signal, with an
interpulse spacing 7 between 280 us and 340 ps corresponding to 7 = 1/4(v(NH) — v(NHy)) L.
By using short contact times, only NH and NHy resonances are noticeably excited, whereas
the tertiary nitrogen resonances are suppressed. Afterwards the comb of 90° pulses allows to
de-phase the magnetization of the off-resonant resonances while preserving the magnetization

of the on-resonant one.

2.2.3 Elemental Analysis

Determination of the elements H, C, N, Cl, and S was carried out by the microanalytical
laboratory of the Department of Chemistry and Biochemistry, LMU Munich, by oxidative

pulping using a commercial elemental analyzer system VARIO EL with He as carrier gas.
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2.2.4 Mass Spectrometry

Mass spectra were obtained using a MStation JMS-700 spectrometer (JEOL) with a mass
resolution > 1 u/e. Ions were detected by using the fast atom bombardment technique
(FAB). The salt was dissolved in a 3-nitrobenzyl alcohol or glycerol matrix (FAB- / FAB+)
on a target and ionized by bombardment with accelerated Xe atoms (6 kV). Electrospray
Ionisation (ESI) measurements were conducted on a Finnigan MAT 95Q and a Finnigan MAT
90 mass spectrometer using an API-Interface II with an ESI probe head and a capillary voltage
of 2.5 kV. For electron ionization (EI) experiments the typically neutral, yet in certain cases
cationic analyte was suspended in methanol and heated on a platinum filament, which is placed
in the center of the evacuated ion source (< 10~% Pa), from 293 to 1073 K (120 K min~*;
direct electron impact, DEI). The sample was subsequently ionized by collisions with energetic
electrons (70 eV). Evaluation of the results was accomplished using device-specific software.
Temperature dependent direct insertion probes were recorded using DEI with the sample
contained in an evacuated (10~2 Pa) Schlenk tube (length 330 mm, @y 10 mm). The tube
was connected with the gas inlet system of the spectrometer via connection pieces (glass) of
about 200 mm total length, thus providing dynamic vacuum conditions. The Schlenk tube
was placed horizontally in a tubular furnace (Carbolite) equipped with a 2132 temperature
controller (Eurotherm). The sample was heated up to temperatures between 500 and 723 K
in steps of 1 K min~!, and mass spectra of the volatile decomposition products were acquired

successively at intervals of 2 — 10 degrees.

2.2.5 Thermal Analysis

Differential scanning calorimetry was conducted between 250 and 873 K on a DSC 25 (Mettler-
Toledo), applying heating rates of 1 — 10 K min~!. The aluminum crucible used as a sample
container was placed in the calorimeter under an atmosphere of dry nitrogen.

For combined DTA /TG measurements, a thermoanalyzer TGA 92-2400 (Setaram) equipped
with DTA gage heads was available. The thermal events were recorded either as a function of
time, using experiment times of typically 20 h, or as a function of temperature between 293

and 873 K using heating rates between 1 and 10 K min~".

The samples were placed in an
unsealed Al,O3 crucible and the measurements conducted under nitrogen. Evaluation of the

results was conducted using device-specific software.
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Chapter 3

Theoretical Basis and Models

The following chapter provides the theoretical basis necessary for the evaluation of the data
obtained from neutron scattering and solid-state NMR spectroscopy. Since a comprehensive
treatment of the different sections is available in the literature, only a brief introduction to

the essential theoretical background and the models used in this work will be provided.

3.1 Classification and Study of Dynamical Processes

Dynamical processes of atoms or molecules may be classified according to different principles,
of which the nature of the interaction and the type of motion are the most important ones.!
Considering the type of interaction, we distinguish collective from non-collective or single
particle motion.

For collective processes a phase relationship exists between the motions of many particles con-
tributing to the interaction, as is for instance valid for coherent scattering processes (Bragg-
scattering) or collective excitations (vibrational modes, phonons). These processes are deter-
ministic and may encode information about the crystal structure of solid materials. Along
theses lines, neutron diffraction provides access to the probability density function (pdf) of the
scattering nuclei by tracing the time average of the nuclear density. Therefore, when study-
ing periodic solids, diffraction techniques yield “static” structural information, including the
time-average of anisotropic nuclear displacements as expressed by the Debye-Waller factor.
Single particle motions comprise both translation and rotation of atoms or molecules, which
are uncorrelated and proceed stochastically, such as molecular reorientations. Single particle

properties, as for instance associated with the spin-incoherent scatterer hydrogen 'H, are

observed if the spin-dependent scattering lengths of atoms of a given kind, but at different

'This topic is dealt with in detail by Press [157] and Bee [158]
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positions in the crystal, are statistically independent. This gives rise to incoherent scattering
without interference of the scattering contributions from different scattering particles.

In neutron scattering, coherent and incoherent scattering is observed simultaneously, however,
in most cases with significantly different scattering cross sections, which are governed by the
nature of the isotope interacting with the neutron (see below).

In a related manner, 2H NMR spectroscopy also offers a single-particle perspective on com-
plex dynamical processes owing to the dominant effect of the local quadrupole interaction
between the electric field gradient and the deuteron on the NMR spectra. In contrast, ' H
NMR spectroscopy simultaneously maps the interactions between all dipolar coupled proton
nuclear spins, thereby yielding typically broad and featureless spectra whose interpretation is
still a non-trivial task.

As a consequence, 2H solid-state NMR is a valuable resource for gaining insight into dy-
namical processes in solid materials over a broad time scale. The study of fast motions
(71 = 10® — 10'2 Hz) can be addressed by T} and Tig relaxation measurements, whereas
for intermediate time scales (10% — 10% Hz), line shape simulations of 1D quadrupolar spectra
have proven to be exceptionally versatile tools for extracting detailed models of motion for
the reorienting species involved. Processes in the slow motion limit (77! = 1072 — 10* Hz)
can be probed by exchange spectra and stimulated echo techniques [159-162].

By its very nature, 2H line shape analysis is capable of correlating structural information — as
for instance obtained from neutron diffraction — and dynamics by visualizing reorientational
processes on an intermediate time scale that is not accessible in situ by neutron scattering.
However, in and beyond the fast motion limit (7= > 10'? Hz) the sensitivity of solid-state
NMR to line shape changes decreases, leading to motionally narrowed spectra at high jump
frequencies from which no further information on the jump geometry can be extracted.
Quasielastic neutron scattering (QENS) can compensate for this loss of information as it
monitors processes with small energy transfers and short correlation times (7 < 1078 Hz),
such as quantum mechanical tunneling, fast molecular rotations or librations. QENS thus
provides information complementary to 77 measurements in terms of the time scale of molec-
ular reorientations, and even has the potential to unveil reorientational geometries in the fast
motion limit. However, whereas for 2H NMR the sensitivity only depends on the value of the
quadrupole-coupling constant, that of QENS decreases with a decreasing radius of rotation.
QENS is therefore primarily sensitive to large angle jumps and not suited to differentiate
between subtle differences in the models of motion.

By combining neutron diffraction, quasielastic neutron scattering, and 2H NMR spectroscopy,

three powerful techniques are at hand by means of which essentially the whole range of re-
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Table 3.1: Classification of single particle rotations in molecular crystals according to the rotational potential
[157].

Fluctuating

potential Strong Weak

Static potential

Librations and

Strong Rotational jumps rotational tunneling

Weak Rotational diffusion Quantum—mechanical
free rotation

orientational dynamics can be covered.

In this work, the reorientation of the ammonium ion is studied, representing an example of an
incoherent single-particle process. As the reorientational motion of a three-dimensional rotor
is strongly influenced by its surrounding potential, a simplified classification of single particle
rotations in molecular crystals may be accomplished in terms of the rotational potential as
outlined in Table 3.1 [157].

Strong fluctuating potentials are effected by high temperatures and thus frequent transitions
between rotational states and phonon states occur. Strong static potentials are observed
predominantly in ionic compounds, whereas weak static potentials prevail in so-called van-
der-Waals-type crystals.

Two important, extreme cases of stochastic dynamic disorder may be highlighted: Continuous,
diffusive motion is characterized by the diffusional constant D,.. This type of motion, which is
observed in the presence of weak or neglectable static potentials, is continuous in its angular
variables and entirely undirected. In the limit of very strong static potentials the molecules
are confined to a discrete number of equilibrium orientations which are occupied at random.
Transitions across the barriers separating the equilibrium orientations occur by thermally
activated jumps (jump diffusion or molecular reorientation). These jumps are characterized
by their correlation time 7 and jump distance R, where the jumping time is assumed to be

infinitesimally short.

40



CHAPTER 3. THEORETICAL BASIS AND MODELS 3.2. NEUTRON SCATTERING

3.2 Neutron Scattering

In this thesis, quasi- and inelastic neutron scattering experiments were carried out with the
focus on the analysis of molecular reorientations. Neutron diffraction has been employed
previously for a complementary characterization of the processes described in the present
work [122,163], and X-ray diffraction techniques represent the backbone of this thesis since
they have become indispensable as the most important routine analytical tools in modern
solid-state chemistry. Therefore, diffraction will also be briefly discussed in the context of

scattering theory.?

3.2.1 Basic Principles

Scattering processes can either proceed under conservation of energy (elastic), or with a change

in energy (inelastic). A schematic drawing of a scattering experiment is given in Figure 3.1.

2For disquisitions on neutron scattering see Squires [164] or Lovesey [165]. Theory and applications of
quasielastic neutron scattering are discussed by Bee [158]. A comprehensive treatment of thermal vibrations
and lattice dynamics has been given in the monograph by Willis and Pryor [166].

Detector ,’

Inelastic scattering AFE < 0

Elastic scattering AE =0
QH’

Inelastic scattering AE > 0
kf
f

k;
Sample
Figure 3.1: Schematic representation of the scattering geometry. k; (i = “incident”) is the wave vector of an
incident neutron, kg and ky’ / ky” (f = “final”) denote wave vectors of elastically and inelastically scattered

neutrons, respectively. 20 is the scattering angle. The figure has been adopted from ref. [167].
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The relevant parameters of a scattering experiment are given by
AE = hw = E; — E; (3.1)

Q= ky— ki, (3.2)

where AFE is the energy transfer and Q is the wave vector transfer from the initial state i to
the final state f.

The scattering experiment gives access to the partial differential cross section d?c/d2dE
representing the number of neutrons of initial energy F;, which are scattered with final energy
Ey in the energy interval [Ey, Er+ dE] into a solid angle element d€2. The total spin state
of the scattering particle and the neutron determines the type of interaction. Thus, the
properties of coherent and incoherent scattering result from the spin-independent (si) and
spin-dependent (sd) parts of the interaction, respectively. The scattering cross section can be
divided into a coherent and an incoherent part, the sum of which is detected in a scattering

experiment:
0 = Oeoh + Tine = 4mb?; + 4mb2, (3.3)

where b denotes the scattering length.
The partial differential cross section is proportional to the scattering function S(Q,w) under
the assumption that only a small fraction of the neutrons is scattered (first Born approxima-

tion):

d20' kil

where the scattering function is the sum of the coherent and incoherent parts:

Po _ Nk
dQdE — Armky

[UCOhSCOh(Qu w) + UincSinc(Q7 w)] . (35)

Within the scope of the van Hove formalism [168] which is usually applied in the classical
high-temperture regime (JAE|<<kpT/2 and h2Q?/(2M)<<kpT/2 (M = mass of scattering
particle)), the coherent and incoherent scattering functions are the Fourier transforms with
respect to time and space of the classical pair- or self-correlation functions G(r,t) and Gg(r,t),

respectively:
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1 oo oo A A
Seon(Q,w) = o / / G(r,t)e el QT drdt, (3.6)
Sine(Q,w) = % / Gs(r,t)e” @ el QT drdt. (3.7)

The pair correlation function G(r,t) gives the probability of finding a given particle with
index j at the position r at time ¢, if the reference particle with index 0 was at r = 0 (origin)
at time ¢ = 0. The self-correlation function Gg(r,t) encodes the probability of finding a given

particle at the position r at time ¢, if it was at r = 0 at t = 0.

3.2.2 Diffraction

Diffraction experiments provide information on the crystal structure of a compound by de-
livering the time and space average of the structure. The latter includes the three-dimensional
periodicity as well as the thermal displacement of the atoms from their equilibrium positions.
Information is obtained by the interference of the waves scattered by the constituent atoms
and is thus given by the coherent scattering length b..,, which is specific of a given isotope.
The coherent scattering cross section of deuterium is significantly larger than that of hydro-
gen, the high (spin-)incoherent scattering cross section of the latter yielding a high, poorly
structured background.

Neutron diffraction is therefore preferably conducted with deuterated samples; only the co-
herent scattering function is discussed in the following. Neutron scattering lengths as well as
scattering cross sections of the isotopes relevant to this thesis are listed in Table 3.2.

In neutron diffraction measurements no energy analysis is carried out, rendering the

Table 3.2: Coherent scattering lengths and scattering cross sections of selected elements according to Bee [158].

Element or Isotope beon, / fm® Ocon / barn® Oine / barn®
H -3.74 1.76 79.91
D 6.67 5.60 2.04
N 9.36 11.01 0.49

“1fm=10""%m
1 barn = 1072* cm?
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differential cross section

2 2

o = [ s dE = S:Q) + SuQ) (33)
— 0o

where Q = 2k;sin[(26)/2] is the wave vector transfer of the elastic scattering and S.(Q) is the

elastic coherent part of the scattering function, representing the Bragg scattering of a sample.

The inelastic coherent portion Sg(Q) describes the thermal diffuse scattering and will not be

considered further.

The reflection intensity I(Q) of a diffraction experiment is proportional to the scattering

function S.(Q), which is equal to the squared structure factor |F(Q)|?.

S.(Q) = |F(Q)” x I(Q), (3.9)
N

F(Q) =) bTu(Q) - expliQ-r(x)). (3.10)
k=1

In fractional coordinates (xyz) of the atoms in the unit cell, the structure factor reads

N
Fu = 3 b.T(Q) - exp[2milha(r) + ky(r) + 12(r), (3.11)
k=1

where b,; denotes the coherent scattering length of atom x and (hkl) the Miller indices. The
temperature factor 7, (Q) describes the attenuation of the scattering intensity by thermal

movements of the atoms.?

3.2.3 Quasielastic Neutron Scattering (QENS)

The study of molecular reorientations and translations is a major domain of incoherent
quasielastic neutron scattering, involving energy transfers in an energy interval of approx-
imately — 2 meV < AF < 2 meV, which corresponds to a temperature of T ~ 23 K. If the
measurements are conducted at higher temperatures as in the present work, the scattering
function can be calculated in the van Hove approximation (3.2.1). QENS allows for the char-
acterization of the time and spatial dependence of a motional process.

If the neutron scattering experiments are carried out by using hydrogen-containing samples,
all coherent and also incoherent contributions of isotopes other than hydrogen are significantly
smaller (Table 3.2).

3For a detailed treatment of thermal vibrations in crystallography, see the monograph by Willis and Pryor
[166].
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Assuming that the energies due to internal molecular vibrations, translational movements of
the center of mass, and molecular reorientations are entirely uncorrelated and thus separable,

the incoherent structure factor can be devided into two parts:

Sinc(Q,w) = Se(Q,w) + 5,0 (Q, w). (3.12)

The inelastic part anC(Q,w) contains contributions of internal excitations which are usually
not located in the energy range of quasielastic scattering. It therefore contributes to the mea-
sured spectra at larger energy transfers. However, acoustic phonons typically give a sloping
background in the region w & 0, which can cause substantial problems for large widths of the
quasielastic distribution. S7,(Q,w) only includes the rotational part of the motional process.

The latter can further be subdivided into elastic and quasielastic components, yielding

S (Quw) = eap [~ (u?) ;- Q) (EISF(Q)b(w) + S5e(Q.w) ), (3.13)

where the elastic incoherent structure factor, EISF, has been introduced. The EISF contains
spatial information and gives rise to an elastic line (fw = 0) in the spectra. <u2> 5 1s the mean
square displacement of the hydrogen atoms and exp [— <u > -@Q?] represents the Debye-Waller

factor.

Squasz

17" (Q, w) encodes both spatial and time information about the system

The quasielastic part
and contributes a broad distribution of excitation energies, given by a (Q-independent sum of
Lorentzians. The sum of the EISF(Q) and Sf#fSZ(Q) is independent of the model of motion.
The signal intensity is attenuated by action of the Debye-Waller factor due to the thermal
movements of the atoms. The Q- and energy dependence of the structure factor provides
valuable information on the geometry of the underlying motional processes. The scattering
functions for some simple reorientational jump models utilized in this work will be introduced
in the following section. The difference between the jump models and the models for rotational
diffusion under the influence of a static potential gain significance only at large wave vector
transfers (QR > 2) [157,158,169,170]. Since owing to the measurement geometry only a
Q-range from about 0.2 to 1.9 A~1 was covered by the experiments discussed in the present
work, a differentiation between simple jump models and rotational diffusion was not possible.
Since the vectorial properties of the scattering function are lost by the powder average, the

scattering function will henceforth be referred to as S(Q,w) instead of S(Q,w).
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3.2.4 Motional Models

For a quantitative description of incoherent scattering the scattering contributions of single
particles are summed up; hence, the incoherent scattering function S(Q,w) for the ammonium
ion can be deduced by simply considering the motion of a single hydrogen atom. On this
background, the rotational motion of the ammonium group can be regarded equivalent to
jumps of a hydrogen atom between equivalent sites. In the following, the jumps are assumed
to be instantaneous, where 7 represents the average residence time in one of the equilibrium
positions. Starting from rate equations, the intermediate scattering function and, by Fourier
transformation, the scattering function, can be calculated directly.

For the ammonium ion in ammonium dicyanamide, only two motional models will be
considered. As will be outlined in Chapter 4.1 on page 71, rotational diffusion can be
neglected, as can 90° jumps around the Cy axes of the tetrahedron, since no evidence for
more than four equilibrium positions has been found by neutron powder diffraction [122,163].
Thus, only jumps around a fized threefold or twofold axis, both yielding indistinguishable
scattering functions (model 1), and random jumps around any of the two- and/or threefold
axes (model 2) will be briefly discussed. For model 1, the form of the scattering function
is predicted as follows [171-174]:

3/2t

Sine(Q,w) = exp (—2W) {; [1+jo(QRp)] 6(w) + % [1— jo(QRy)] WW} . (3.14)

Model 2 reads

Q) = cap (~2) {114 3(QRI]0) + 4 (1= io(QRin)] (o |+ (319

where exp (—2W) is the Debye-Waller factor, jo(X) the zeroth order Bessel function of the
first kind (jo(X) = sin(X)/X), Ry the interproton distance and @ the wave vector transfer.
On comparison with Eq. 3.13, the expressions % 1+ jo(QRg)] and i 14 3jo(QRp)] can be
identified with the EISF.

From the above equations it gets evident that the relative intensities of the elastic and
quasielastic components depend on the model for the geometry of reorientational motion.
The width of the quasielastic component, on the other hand, depends both on the model and
the correlation time 7 . For very small correlation times (residence times), the Lorentzian
will broaden and finally merge into the background, thus placing a lower limit to the cor-
relation times observable by the experiment. The upper limit is given by the instrumental

resolution: if 7 is larger than a particular period of time (typically in the nanosecond range),
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the quasielastic component will be so narrow that it merges into the instrumental resolution

function, that is, the NHI group will appear rigid.

3.2.5 EISF

The EISF, which was defined in Equation 3.13, provides a link between dynamical models
introduced on the basis of QENS data and the static density distribution obtained by neutron
scattering. As outlined above, the EISF corresponds to the time-independent component of
the autocorrelation function and therefore represents the time averaged distribution of the
scattering density of all particles in the sample [158]. For protonated samples the EISF can
essentially be described in good approximation as the Fourier transform of the hydrogen den-
sity distribution. The EISF is only observed for spatially confined motions such as rotational
reorientations as discussed here. For non-confined motions such as translational diffusion, the
EISF vanishes.

The same time average of the density distribution of all librating and reorienting molecules
is observed in neutron diffraction experiments. The corresponding parameter is known as the

Fourier transform of the deuteron pdf (probability density function).
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3.3 Nuclear Magnetic Resonance

Nuclear magnetic resonance spectroscopy has been utilized in this work both as a probe for
dynamical processes in the solid state, and as an aid for structure elucidation in polycrystalline
and semi-amorphous materials.

In the following sections, a brief outline of the basic principles encountered in solid-state
NMR spectroscopy will be given, with the emphasis on those interactions relevant to deuteron
magnetic resonance and typical experiments probing the magnetic response of diluted spin-
1/2 nuclei (denoted S in the following; abundant spins (protons) will be termed I) such as
13C or 1 N. For a detailed treatment of the prinicples and potential applications of NMR

spectroscopy, see for instance refs. [175-177].

3.3.1 Basic Principles

NMR spectroscopy is one of the most powerful techniques for investigating the two principal
“states” of solid materials, namely static structure and dynamics. The basis of this capability
is the particular form of the nuclear spin Hamiltonian, which for an arbitrary spin-system is

given as the sum of two parts [175-178]:
H = H,py + Hipy. (3.16)

I:[ext includes interactions with external fields (Zeeman interaction H z) or with the magnetic
part of radio frequency pulses (f[rf). H;,: accounts for interactions with internal fields,
couplings with the local environment (chemical shift interaction ﬁcs, spin-rotation interaction
Hgp, quadrupolar interaction ﬁ@), or couplings with other spins (homo- and heteronuclear

dipolar interactions H D, scalar interactions H 7). Thus, the Hamiltonian is given by
I’AI:.HZ"‘ﬁrf‘i‘ﬁCS‘i‘ﬁSR"‘ﬁQ‘i‘ﬁD‘i‘ﬁJ. (3.17)

The Zeeman interaction only depends on the gyromagnetic ratio «, which is characteristic for
each nucleus, and the external magnetic field Bg. The Zeeman Hamiltonian is therefore given
by

Hy = —woly, (3.18)

where wy = vByg.
The internal terms may all be regarded as first order perturbations of the Zeeman Hamiltonian

and as such are a function of the internal structure and microscopic dynamics of a sample.
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Each of these anisotropic interactions can be represented by a diagonal, time independent
second rank tensor ﬁ)‘ in an appropriate principal axis system (PAS). A detailed discussion of
the different terms of Eq. 3.17 will be given in section 3.3.2. Conveniently, ﬁ)‘ is decomposed
into an isotropic part E(O), which is invariant under rotation, as well as into an antisymmetric
(ﬁ(l)) and a symmetric part (§(2)), both of which are traceless and represent the anisotropic
properties of the interaction. Besides the isotropic part ﬁ(o), which exclusively determines the
NMR spectra of liquids, only §(2) is relevant to most solid-state NMR experiments, since ﬁ(l)
can usually be neglected as it does not contribute in first-order pertubation. In its PAS, the
tensor §(2) is characterized by a coupling constant ) as well as an asymmetry parameter ),
which encode the relative magnitudes of the principal axes and are thus given by the internal
properties only.

However, the observed spectral features (signal shape and position) also depend on the orien-
tation of the interaction tensors with respect to By, which is expressed by rotating §(2) into
the laboratory fixed axis system (LAS) by using so-called Euler transformations based on the
axis triple («,3,7y).

Spectra of powdered samples are intrinsically

affected by the random distribution of the ori-

entation of each interaction tensor, which typ- a) b) c)

ically leads to broad line-shapes as demon-

strated in Figure 3.2. Whereas many-body in-

. . . . -0 -20 0 20 -120-60 0 60120 -60 -30 O 30 &0
teractions, such as dipolar coupling, often give v/ Kz v/ kHz v I kHz

rise to broad, featureless spectra (Fig. 3.2,

(C)), interactions with single-particle charac- Figure 3.2: Typical static powder spectra, which are

dominated by a single type of interaction. (a) Chem-

ter, such as the chemical shift or quadrupole
’ ! p ical shift anisotropy; (b) quadrupole interaction; (c)

coupling, yield characteristically structured ,omonuciear dipolar interaction. The picture was
resonance lines (Fig. 3.2, (a) + (b)). In ad- taken from ref. [178].

dition, dynamical processes often lead to char-

acteristic changes of the line shape as a function of the correlation time, and at the same time
may provide direct information about the orientational distribution function.

While being the key to a variety of information that can be extracted from solid-state NMR
as compared to solution NMR spectra, the combined orientation dependence of the interac-
tion tensors typically leads to poor spectral resolution on the one hand; on the other hand
it necessitates a unified description using irreducible spherical tensor notation, which will be

made use of in the following sections [179].
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3.3.2 Interaction Hamiltonians and Operator Formalism

The interpretation of solid-state NMR spectra may be complicated owing to the interplay of
different internal interactions as well as the orientational dependence of the resonance fre-
quency as outlined above. In convenient cases, however, the spectra are dominated by a
single type of interaction, as for example in the case of quadrupolar magnetic resonance. For
less abundant spins such as '3C or ° N, the chemical shift interaction typically outweighs
other interactions such as the homo- or heteronuclear dipolar couplings between S spins,
since owing to the low gyromagnetic ratio of these nuclei the already weak couplings can be
eliminated by applying MAS using moderate spinning frequencies. The dipolar interactions
with protons can be efficiently suppressed using well-established decoupling techniques, such
as continuous wave or TPPM decoupling, by which the heteronuclear dipolar coupling is made
time-dependent and is therefore selectively averaged out under MAS conditions.

In the following, we will therefore delineate the mathematical notation used for the differ-
ent types of interactions as given by Eq. 3.17 separately. Note that the expression for the
Zeeman Hamiltonian H has already been introduced by Eq. 3.18. A discussion of the spin-
rotation Hamiltonian I;TSR will be omitted, as will a treatment of the indirect dipolar and
scalar interactions. The strength of these couplings are usually small and are covered by the
corresponding direct interactions. The quadrupole interaction is the one most relevant in this

thesis and will therefore be given special attention.

3.3.2.1 Chemical Shift Interaction

The chemical shift ¢ is based on the coupling of the nuclear spin with magnetic fields induced
by the cyclic movement of the surrounding electrons. It is therefore associated with a char-
acteristic change of the local magnetic field experienced by a nucleus and, thus, a sensitive
probe of the chemical environment of each magnetically inequivalent spin. The Hamiltonian

Hcg can be written as

Hes=~-1-0-B, (3.19)

where ¢ is a second rank tensor and I is defined as vector operator I = (Iz IyI.). The
orientational dependence of the principal axis system of the chemical shift tensor with respect

to the laboratory axis system is given by the secular part of Heg as:

N A 1
Hos = —wo - I, - {0iso + 55(3 cos?Orp — 1 +nsin® O p cos(26.p))}, (3.20)

50



CHAPTER 3. THEORETICAL BASIS AND MODELS 3.3. MAGNETIC RESONANCE

where

1
Oiso = §(sz + Oyy + Uzz)a

dcs = % (Uzz - %(Uyy + Uxx))v
n= % where |22 > |oyyl > ogal-

0rp und ¢ p, which are equivalent to the Euler angles 8 and «, respectively, denote the polar
angles between the z-axis of the external magnetic field and the z-axis of the PAS. According
to the general properties of the coupling tensors as outlined above, the chemical shift tensor
g is a superposition of an isotropic part ois, = %Tr(g), yielding the isotropic chemical shift,
and of an anisotropic part, which is a function of d¢g, ncs, and the orientation of the chemical
shift tensor with respect to Bg. The latter part is closely related to the width and symmetry
of the powder spectra. For axially symmetric systems, 0., = 0y, and, thus, the asymmetry
parameter 1 becomes zero.

For protons in diamagnetic materials the relevant chemical shift region is rarely larger than 10
— 15 ppm, implying that effects of chemical shift anisotropy (CSA) for deuterons are usually
small enough to be ignored. In contrast, significantly larger values for § and ¢ can be found

in paramagnetic systems.

3.3.2.2 Dipolar Interaction

The dipolar interaction arises from the through-space coupling of nuclear spins wvia their
magnetic moments. The dipolar Hamiltonian Hp is divided into a homonuclear part, based
on the interaction of spins of a single isotope, and a heteronuclear part, if nuclei of different
sorts are involved. By dividing the nuclear moments into pairs of spins ¢ and j, the dipolar
Hamiltonian Hp is given by summation over all possible combinations of spin pairs ;. H D,ij
is traceless and symmetric, and is thus equal to ﬁg) according to the terminology used above.
The Hamiltonian for a spin pair, using irreducible spherical tensor notation to account for any
arbitrary orientations in the LAS, is given by an equation similar to that for the quadrupole

Hamiltonian:

2
Hp= > (-1)mAP 1. (3.21)

m=—2

The spin operators Ale are defined as
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AQDO:\}E (31,8, -13).

1 /. . L
AP —(IS+IS), 3.9
241 — \/i Z P+ +0Z ( )
AQD:tQ = fi Si’
where Iy = I, + ify.
The lattice variables Tle are given as
TP (LAS) Z DB (QLp)TH (PAS), (3.23)
k=—2

where
T30 (PAS) = —V6hyrysris, (3.24)

TQDil(PAS) = TzDiz(PAS) =0,

and rrg is the internuclear distance between spins I and S. Q7 p represents the Euler angles
(arp, Brp,yrp) by which the LAS is rotated into the PAS. Dg)]:(QLp) denotes the complex
conjugated Wigner-Rotation matrices according to Rose, which are tabulated in ref. [180].

The combined Hamiltonian Hy = Hy + Hp is obtained by retaining only the secular part of
H D, i.e. the part which commutes with Hy. Thus, in first order perturbation theory, only
the irreducible tensor operator A%, contributes to the energy correction of the Zeeman energy
levels. For homonuclear dipolar interactions, the complete operator Ag)o commutes with the

zeroth order Zeeman Hamiltonian, yielding

’ 1 /h A A A A
Y = -3 <’V;’§I ) (") - (3c0s00p — 1) (31207 — I1'). (3.25)
1r

~

In the heteronuclear case, the secular part of AL reduces to Tj Sz:

prs L (yrysh\ poy 29 e
i =5 (") (). e 1) (1) 029
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3.3.2.3 Quadrupole Interaction

The quadrupole interaction arises from the coupling of the nuclear quadrupole moment of a
nucleus with the electric field gradient tensor of the electron density at the position of the
nucleus. This type of interaction is only observed for spins with I > 1/2. The Hamiltonian
of the quadrupolar interaction energy is obtained by a classical multipole expansion of the
electrostatic energy of a nuclear charge in the electric field of its environment. Taking into
account the quantization of the spin angular momentum, the Hamiltonian is given by the

coupling of the angular momentum vector operator I with a Cartesian second rank tensor:

eQ

Hop=1QI"= ——~
Q=1¢ 21(21 — 1)h

IVIT, (3.27)

where e is the proton charge and

(@: quadrupole coupling tensor,

Q: quadrupole moment,
V: electric field gradient tensor.
Q and V are symmetric and traceless tensors of second rank. In its PAS, the quadrupole
coupling tensor is expressed in Cartesian coordinates as follows:
200 —2(1—n) 0 0
_ 2z _1 3.28
©= 5101 h 0 3(1+m) 0 (3.28)
0 0 1
with
€qzz = ‘/zz'7
Vao—V,
n= =y where [Vaz| 2 [Viyl 2 [Vaal-

It is evident that for a complete description of @, two parameters, the electric field gradient
q as well as the asymmetry parameter 7, are sufficient.

To account for arbitrary orientations of the principal axis system of the interaction with
respect to the laboratory frame, the quadrupole Hamiltonian can be expressed using spherical
coordinates by analogy to the dipolar interaction. Expansion into irreducible tensor operators

AlQm (I = 2) and lattice variables Tlcgn yields

2
Ho= Y (-)"A9_, T2, (3.29)

m=—
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The spin operators AlQm are defined as
A% = (313~ 11)
20 \/6 Z )

1
AZpy = +75 (IZ I+ Iy IZ) (3.30)

g

D _ 72
A2i2 - [i'

The lattice variables are given by

2
T2.(LAS) = Y DX (Qrp)TH(PAS), (3.31)
k=—-2
where
3( €q..Q
TP (PAS) = \/7 R s
20(PAS) 2 (2[(2[— 1)h> ’
TP, (PAS) =0, (3.32)
ERe,
Tya(PAS) = <2I(2I - 1)h>

The asymmetry parameter 1 of the EFG tensor is defined as

N = Qoo — Qyy)/ 42z (3.33)

Equation 3.31 relates tensor components in the LAS to those in the PAS of the electric field
(2) =

mk

gradient tensor by means of Wigner rotation matrix elements, D" (Qpp), with Euler angles
(app, Brp,vLp). Usually it is convenient to decompose this single transformation into a series
of rotations. Thus, if a step-wise rotation from the PAS into an orthonormal molecular frame,
the so-called crystal axis system (CAS), and subsequently into the LAS, is given by Qcp,

then

(2) (Qp) = ZD (Qrc)D lk:)(QCP) (3.34)
=-2

Based on the general commutation relation [Iz, A,,] = mA,,, only the secular part of the

Hamiltonian is retained and given by

( ) — A2QO TQQO(LAS) R (3c0820];p -1+ USZRQQLPCOSQd)LP) <3f% — ff) , (3.35)
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where

o = €q::Q
21(21 — 1)k
The quadrupolar term lifts the twofold degeneracy of transitions between the Zeeman eigen-
states |1 1), |1 0) and |1—1) at the Larmor frequency. Whereas by the energy correction in
first order perturbation the energy levels |1 1) and |1—1) are destabilized by the same amount,
the energy of the |1 0) level is lowered by double the amount of energy. Thus, each nucleus

gives rise to two resonances which are located symmetrically with respect to wp:
3w
w=wy*t TQ (300329Lp — 1+ nsin’0rp cos2¢>Lp) ) (3.36)

The resonance frequency w is thus a function of the orientation of the principal axis system
(PAS) of the EFG with respect to the laboratory axis system (LAS) determined by the ex-
ternal magnetic field.

In the presence of motion, the quadrupole-coupling tensor of a single deuteron can switch
between N different sites, whose orientations are defined with respect to the CAS for conve-
nience. For fast site exchange (wr << 1) the mean frequency @ of a single crystallite with

orientation (0, w) with respect to By is given by

N 2
Je .
=§j wj—i\ﬂ 2§Q§jpeq<y> > pn D@D Q). (3.37)
: j:l

m,l=—2

N is the number of sites which define the jump geometry and pe,(j) denote the a priori
probabilities of finding a deuteron on site j. The Eulerian transformations Q = (arp,8Lp,YLP)
represent the Wigner rotation matrizes rotating the PAS into the CAS (27¢), and the CAS
into the LAS (Q¢L) according to the convention by Rose as delineated by Spiess [180]. In the
PAS, the only non-vanishing elements of the quadrupole-coupling tensor p are pay = (3/2)'/2
and poro = 1/2 1 with 7 being the asymmetry parameter (0 < n > 1). The latter is defined

by the Cartesian components of the coupling tensor according to n = (pX X ,0(2) / p(2) ) with

’Pzz‘ > ’Pyy‘ > lpxx|‘

3.3.2.4 Powder Spectra

A central aspect of this thesis in terms of NMR spectroscopy is the line shape analysis of 2H
powder spectra. The ?H nucleus (I = 1) exhibits a sufficiently small quadrupole coupling
interaction, so that the latter can be treated in the framework given by first order perturbation

theory.
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The magnitude of the quadrupolar coupling nevertheless by far exceeds that of the chemical
shift or dipolar interaction of the nuclei present in the sample. The influence of the latter
on the deuteron NMR spectra can therefore be neglected. If the local symmetry at the
nitrogen nucleus in an ammonium group is of interest, '*N (I = 1) quadrupole spectra may
furnish information via the magnitude of the quadrupole coupling constant and the asymmetry
parameter 7. Unlike the moderate coupling constants encountered in 2H NMR. spectroscopy,
the QCCs observed for "N span a wide range from several hundred kHz up to a few MHz,
depending on the symmetry at the nucleus that is probed. Thus, recording N wideline
spectra poses an experimental challenge, since the large spectral widths can only be tackled
with difficulties owing to the problem of uniform excitation of the whole spectral range. In the
present work, several attempts to record N spectra at different temperatures were made;
the interpretation of the obtained spectra however is not straightforward and will therefore
be discussed only briefly in Chapter 4 on page 69. The form of Eq. 3.36 on the preceding
page only allows for the interpretation of single-crystal spectra.

To analyze powder spectra, a powder averag-
ing procedure has to be implemented which
considers all orientations of the magnetic
field vector By in the PAS system, that is
represented by the polar angles 0;,p and ¢, p.
The random distribution of the crystallites
is either accounted for by summation over

standardized, infinitesimal surface elements

sindrp df deprp of a unit sphere spanned by

A<

ViV o Yo Ve Vo Ve the angles 6 and ¢, which are associated

Figure 3.3: Schematic representation of a three-level with well-defined frequencies according to the

system with an asymmetry parameter 1 of 0.5. The Tesonance condition given by Eq. 3.36.
discontinuities observed at particular frequencies are  Alternatively, a so-called ASG-tiling can be
labelled; for further discussion see text. carried out, which is implemented in the
program MXQET [181] typically used for calculation of the 2H spectra in this thesis. This
procedure is based on the summation over octahedral faces which are divided into small,
equilateral triangles associated with a special weighting scheme [182].

Figure 3.3 displays a typical quadrupolar powder pattern. By introducing the quadrupole
coupling constant QCC = L}?q and transformation of Eq. 3.36, we obtain the frequencies
of the principle axes v, v, and v,, which are observed if the respective axes are aligned

along the direction of the magnetic field Bg. Thus, three singularities occur in the spectrum,

56



CHAPTER 3. THEORETICAL BASIS AND MODELS 3.3. MAGNETIC RESONANCE

corresponding to specific orientations: for § = ¢ = 0° at j:%(quzzQ/h), for 6 = 90°, ¢ = 0°
at :l:%(eQQZZQ/h)(I +n) and for 6 = 90°, ¢ = 90° at i%(quzzQ/h)(l —n).

From the differences between the associated discontinuities Av; the asymmetry parameter 7
as well as QCC can be calculated (Egs. 3.38 — 3.40):

Ay — QCC  _
v —vg=Av,=3 STRI—1) 30, (3.38)
3 QCC B
vy — Vs = Ayy § 2[(2[ . 1) ’ (1 + 77) - _3ny7 (339)
3 Qo -

The two borderline cases for the asymmetry parameter, which manifest themselves in charac-

teristic shapes of the powder spectra, are given by
n=>0 — Vo =1v3  V4=Us (3.41)

n=1 — V1 =1 Vs = g V3 =1y (3.42)

3.3.2.5 2H NMR: Dynamics of Nuclei

Deuteron NMR, spectroscopy is particularly suited for the study of dynamical processes, al-
lowing us to monitor rotational motions over a wide range of characteristic frequencies, in
particular slow and even ultraslow motions [159,183,184]. The following aspects of 2H NMR
render this method unique among a range of NMR techniques for studying dynamics, de-
veloped during the past 30 years since the advent of high resolution solid-state NMR spec-
troscopy [161,179,183, 185].

e Deuterons represent well-defined nuclear spin labels, since 2H NMR spectra are almost
exclusively governed by the quadrupole interaction with the EFG at the deuteron site.
As this field gradient is intrinsically associated with the electrons in the X-D bonds, it
is entirely intramolecular in nature and thus represents a unique probe of single particle
motions by tracing the trajectories of individual X—D bonds. For a covalently bonded
deuterium atom in an ammonium group, the EFG can therefore be treated as axially
symmetric in good approximation, the symmetry axes in the case of an ammonium ion

being the four N-D bonds.

e 2H NMR allows for the discrimination of different types of motions through deuteron
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line shape analysis, such as rotational diffusion, or discrete motion (rotational jumps),

as well as different geometries of the latter.

e The dynamic range covered by deuteron NMR spectroscopy is extraordinarily high. By
combining various techniques, such as the 2D exchange spectroscopy (1072 — 10% s71),
selective inversion (1072 — 10° s71), line shape analysis (10° — 10® s~!) and measurement
of T, (1072 — 10* s71), as well as Tiz (108 — 10'2 s7!) and T} anisotropies (107! —
10'2 s71), rotational motions can be monitored over many orders of magnitude of char-
acteristic frequencies. In addition, measurements of the spin-lattice relaxation time Tj
provide information about spectral densities in a wide frequency range around the NMR

frequency itself.

e Based on the above wide range of correlation times that are accessible, motional hetero-
geneity associated with different degrees of mobility present in heterogeneous materials

can be detected, as for instance in glasses and polymers or liquid crystals.

3.3.2.6 Line Shape Analysis

Molecular motion in the slow motion limit (1. >> QCC™1) can be assessed by 2D exchange
methods or selective inversion [161,179,183]. In this frequency range, the line shape is largely
insensitive to the motion because the extra broadening caused by slow or ultra-slow motions
is by far smaller than the natural line width.

Line shape analysis is one of the most powerful probes of dynamics in the intermediate ex-
change region where correlation times are on the order of QCC~! and signal intensity is
spread over the whole spectral frequency range. This technique allows for the determination
of the type of motion as well as its geometry and correlation time by analyzing changes of the
spectral line shape and width. In the fast exchange limit where 7. << QCC~! (frequency
range ~ 108 — 10'2 s7!) the calculation of the Bloch-McConnel-type equation 3.43 can be
reduced to a weighted spatial average over all positions of the motional process. In this fre-
quency regime, the line width and asymmetry change according to the geometry of motion,
however the principal line shape is retained and information on the exchange frequency is
entirely lost.

To probe processes beyond the fast exchange limit, 777 or T1g measurements or the use of
complementary techniques such as quasielastic neutron scattering, have to be employed.

For intermediate exchange frequencies, the line shapes of 2H echo spectra undergo significant
changes depending on the correlation time 7. and the evolution time t; of the solid-echo ex-

periment. Analysis of the line shape changes have been carried out with a program written
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by Greenfield et al. [181], which allows for the simulation of multi-jump processes for differ-
ent jump geometries, including the use of up to four independent jump axes and up to 100
deuteron sites, as well as different a priori probabilities. Parameters to be entered manually
include experimental parameters (pulse length of the 90° pulse, evolution time ¢1) and model-
dependent variables (quadrupole coupling constant, Euler angles defining the jump sites with
respect to the jump axis, exchange matrices, jump rates for each jumping frame). Artefacts
arising from finite pulse power are accounted for, as is the dipolar interaction of the deuterons
with their surroundings by convolution of the simulated spectra with a Gaussian function with
variable FWHM. Significant distortions in the experimental spectra arising from off-resonance
effects and the asymmetries caused by the probe head were typically accounted for in the sim-
ulated spectra by introducing a linear attenuation spreading over the whole spectrum.

Since MXQET only provides an interface for simulations based on one single quadrupole-
coupling constant, we independently designed a program for the simulation of 2H line shapes
based on the same mathematical procedure as described above (Eqgs. 3.37, 3.43 — 3.50) using
the C++ library Gamma [186]. Some mathematical routines were carried out with the com-
mercial program package MATLAB [187]. Using this routine for simulating spectra with up
to three QCCs it was possible to verify that this procedure gives identical results as compared

to summing up three separate spectra simulated with MXQET with one single QCC each.

Markov Equation Molecular reorientations in the solid phase can often be treated by
assuming the model of a stationary Markov process to apply. For systems in a thermodynamic
equilibrium, this is equivalent to a stochastic movement of the deuterons, where the conditional
probabilities of finding a deuteron at site €); at a given time ¢;, if at time ¢;_1 it has been
at site §2;_1, is only dependent on the time difference At = t; — ¢;_1 and — if applicable — on
the jump site ;_; [161,188]. The reorientational dynamics of an ammonium group can be
treated according to the above model, where the time-dependent change of the FID G(t) is
described by a Bloch-McConnel-type equation:

dG

The elements of the row vector G are the complex transverse magnetization vectors associated
with one component of the quadrupolar doublet arising from each of the orientational sites
in a static scenario. w is a diagonal matrix (w;; = d;w;€2;) representing the site frequencies
associated with the jumping site 2;. m denotes the exchange matrix and contains the jump
frequencies m;;. The matrix element 7;; represents the jump rate of the site exchange from site

i to site j. For reasons of microreversibility, the elements m;; must fulfill the “detailed-balance”
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condition
PiTij = PjTji, (3.44)

where p; is the a priori probability of finding the deuteron on site j and x is a symmetric
matrix only if all a priori probabilities are equal. Since the sum of the conditional probabilities

over all ¢ equals one, the diagonal elements are always the negative sum over a column, thus
i

The jump rates m;; can be extracted from solid-echo spectra, whose line shape is calculated as
the Fourier transform of the echo decay (Eq. 3.50 on page 62). The echo decay is summed up
over all possible orientations of the crystals in a powdered sample, and the contributions from
dipolar coupling to surrounding nuclei is accounted for by multiplication with a Gaussian
or Lorentzian function. Fourier transformation from the echo maximum with respect to ¢
then yields the spectral intensity I(w) and, accordingly, the line shape of the deuterium echo

spectra.

Motional Models For the ammonium ion in ND4[N(C=N);], 180° or 120° jumps about
one single Cy or U3 axis of the tetrahedron, respectively, were considered, as well as an
isotropic four-site exchange. The exchange matrices for the different processes are given by
Egs 3.46, 3.48, and 3.49. The a priori probabilities were chosen to be equal for all sites and
all models. The Euler angles for each site (in degrees) are indicated, following the sequence

(B,a,7). Since v could be set to zero in all cases, it is omitted for clarity.

-1 1 0 0 1. (54.75,0)

. 1 -1 0 . (54.
s (3.46) 2. (54.75,180)
= 0 0 -1 1 3. (125.25,90)

0 0 1 -1 4. (125.25,270)
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Alternatively, Eq. 3.46 was simplified taking into account the coupling between the exchange

sites in the above model and using only two sites (TS) given by the tetrahedral angle:

. ~1 1
0TS _ (3.47) 1. (54.75,0)
= 1 -1 2. (54.75,180)
00 0 0 1. (0,0)
. 0 —2 . (109.
o (3.48) 2. (109.5,0)
= 0 1 -2 3. (109.5,120)
0 1 1 -2 4. (125.25,240)
-3 1 1 1 1. (54.75,0)
1 -3 1 1 . (54.
e, (3.49) 2. (54.75,180)
= 1 1 -3 1 3. (125.25,90)
1 1 1 -3 4. (125.25,270)

where k is the reciprocal correlation time.

Solid-Echo For wide-line spectra extending over a considerable spectral frequency range,

the rapid decay of magnetization following the application of a § radiofrequency pulse pre-
cludes the use of standard FT methods, since a significant part of the signal is lost in the
inevitable dead-time of the receiver. By applying a second 7 pulse, in quadrature with the
first one, and with a pulse spacing of ¢1, the magnetization of spin = I nuclei can, however, be
refocussed, leading to the formation of a so-called “solid echo” [161,179,183]. The evolution of
the transverse magnetization under the quadrupolar interaction then results from integration
of Eq. 3.43 over the complete time period ¢, starting directly after the first pulse and including
the complete echo decay. By taking the FT from the echo maximum, undistorted absorption
spectra may be obtained.

Note that the resulting echo is identical with the FID only in the borderline cases of static
systems or in the fast exchange limit. In the presence of motion in the intermediate frequency
regime (w7t & 1), however, this is no longer valid, and the spectral shape is markedly depen-

dent on the evolution time ¢; [159,161]. This dependence can therefore serve as an additional
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verification of the motional model [183]. The spectral line shape in the presence of exchange
is calculated as a function of m;; and the interpulse distance ¢; and is given by the Fourier

transform of the echo decay
K(t,t1) = lexp ((—iw +7) (t — t1)) exp ((iw + m) t1) G(0), (3.50)

where ¢ > ¢ and the column vector G(0) represents the a priori probabilities p;.

3.3.2.7 Spin Lattice Relaxation

The spin lattice relaxation rate is determined by the transitions among the Zeeman levels, i. e.
the eigenstates of the Zeeman Hamiltonian. The orientation-dependent spin-lattice relaxation

constant szl (6, ¢) is given by the spectral density J(@®) [189]:

1

3
T SQac? 709 (wo) + 4709 (2u) | (3.51)

where QCC = e2Qqh~! and QCC/2r = €2Qqh~" is the quadrupole-coupling constant.

The above so called Bloembergen-Purcell-Pound (BPP) spectral density approach is only valid
for stochastic Markovian processes with a unique correlation time and overall isotropic motion
(cf. Eq. 3.43).

From the spectral density at the Larmor frequency wg

T

Jlwo) = 1+ wpr?

(3.52)

we can extract the correlation times 7 and — by assuming Arrhenius-type behavior — the

energy of activation E,(T') as well as the attempt frequency 7 L,

E,
T = T exp <RT> : (3.53)

The spin-lattice relaxation time 77 can be readily probed by using the saturation-recovery
method. The magnetization recovery M, subsequent to a radio-frequency perturbation can
be described by

M, x [ea:p (‘f) H] . (3.54)

The stretching parameter v is only relevant for heterogeneous relaxation processes, i.e. a dis-

tribution of relaxation times as for instance observed for glassy systems. A single spin-lattice
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relaxation rate (v = 0) leads to a monoexponential recovery behavior. In certain cases, two
or more relaxational stimuli may operate, which are associated with distinct correlation times
each, typically differing in more than one order of magnitude and may contribute to signifi-
cantly different extents to the overall relaxation process. This situation, as was encountered
for the intermediate exchange regime in ammonium dicyanamide, can be accounted for by

describing the saturation recovery by two exponentials with different weighting factors.

3.3.3 High-Resolution NMR: General Aspects and Techniques

The properties of the various interactions relevant to solid-state NMR, demonstrate that
though resolution is lost and complexity is created by the interplay of isotropic and anisotropic
parts of the Hamiltonians, a plethora of additional information is gained as compared to NMR
of liquids, which is influenced by ﬁ(o) only.

Nevertheless, the abundance of information contained in solid-state NMR spectra requires
techniques for spectral simplification, in particular line-narrowing and sensitivity enhance-
ment, in order to extract the different components of the NMR interactions discussed above.
The issue of obtaining high-resolution spectra of powdered samples despite the presence of
a variety of “disturbing” interactions has been tackled by the development of selective av-
eraging techniques based on multi-pulse sequences or magic angle spinning (MAS). Pulse
sequences such as frequency switched Lee-Goldburg (FS-LG) [190, 191] or TPPM decou-
pling [154] have been developed to suppress the perturbing influence of the heteronuclear
and homonuclear dipolar coupling caused by protons. These sequences allow for the acqui-
sition of high-resolution spectra of less abundant spins without dispensing with polarization

transfer from the abundant spin reservoir.

Magic Angle Spinning Another technique removes anisotropic components by manipula-
tion of the spatial part of the NMR Hamiltonian, followed by a selective re-introduction of the
orientation dependence, or anisotropy, into the spectrum by controlled manipulation of the
spin-system using rf-pulses and the concept of multi-dimensional spectroscopy (see below).

Whereas multi-pulse sequences are typically designed to average out “unwanted” interactions
by removing only particular spin operators,* the MAS technique removes the second rank
secular parts of all internal interactions by modulating ﬁo‘), leaving only the isotropic parts
unchanged [178]. Owing to the intrinsic angle dependence of the interactions, which is encoded
in the term (3cos?frp — 1) (cf. Egs. 3.20 on page 50, 3.25 on page 52 and 3.35 on page 54),

it is possible to eliminate all anisotropic interactions by rapidly spinning the sample about

4Typically, only spin operators transforming either according to 1 = 1 or 1 = 2 under rotation, are removed,
where 1 is the rank of the subspace of the spherical tensor operators of the irradiated spins.
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an axis tilted by the magic angle 8y = cos™'(1/v/3) = 54°44’ with respect to Bg. The finite
spinning frequency, however, leads to the appearance of spinning side bands in the spectra at
frequencies given by w* = w;so =M - wyrer (M = integer), whose intensities are directly encoded
in the static spectrum. Therefore, information about the anisotropic properties, given by dy

and 7)), are indirectly available by line shape analyses of the side band patterns.

Cross-Polarization The CP pulse sequence [192,193] is used to enhance the polarization
of low-gamma nuclei by transferring magnetization from the protons. After an initial §-
pulse on the protons, spin-lock rf-fields are applied on both channels. If the Hartmann-Hahn
condition is met, i.e. By = Bigys & wi1 = wi,s, the two spin species experience a
common frequency with respect to the quantization axis, hence energy-conserving “flip-flop”
terms are allowed and appear in the effective dipolar Hamiltonian (Fig. 3.4 (left), (a)). As
a result, the low-gamma nuclei are thermodynamically linked to the proton spin bath, and
polarization transfer occurs until spin-temperature equilibration. The initial -pulse ensures
that the polarization of the protons at the start of the spin-lock is oriented along the toggling
frame quantization axis. By varying the contact time 7., the magnetization build-up at the
dilute spins, which is a function of the internuclear distance d;_g, can be monitored and is

thus a measure of the number of protons in spatial proximity.

3.3.3.1 Spectral Editing

The assignment of solid-state NMR spectra of samples containing nuclei of natural abundance
is often hampered by the complexity of 1D MAS spectra and the low sensitivity of the nuclei
under study, such that the loss of signal intensity intrinsic to multi-quantum experiments
cannot be compensated.

As an alternative, special spectral editing techniques have been designed, which enable the sep-
aration of the resonances according to their multiplicity, i. e., the number of directly attached
protons. In fact, spectral editing when combined with chemical shift analysis is often sufficient
to provide an unambiguous characterization in medium sized molecular systems. Apart from
spectral editing techniques based on the scalar coupling, most experiments exploit the het-
eronuclear dipolar coupling by discriminating between different cross-polarization rates due
to variable strengths of the through-space interaction between abundant (typically 'H) and
dilute spins (13C, °N). A drawback of these techniques is their sensitivity to the presence of
molecular motion, as the latter modulates the dipolar couplings. They are therefore designed

for rigid solids and typically work only in the slow spinning regime (v,o; < 6 kHz).
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Cross-Polarization with Polarization Inversion (CPPI) The CPPI sequence (also
IRCP, Inversion Recovery Cross-Polarization) represents a spectral-editing technique which
is directly derived from the standard CP sequence. The latter is modified by introducing a
phase inversion during the contact time and changing the phase of the proton spin-lock pulse
by 180° (Fig. 3.4 (left), (b)). The inversion dynamics is largely dominated by the I — S
dipolar coupling, and is thus similar to the polarization build-up in the standard CP sequence
[82,161,194]. The major advantage over the latter is given by the fact that the magnetization
in the CPPI experiment starts from a maximum value, whereas the CP magnetization curves
rapidly build up from zero, where the data sampling is difficult for small contact times. In
contrast, the CPPI inversion curves associated with different proton environments can easily

be distinguished by their characteristic time-dependence also for small inversion times. As
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Figure 3.4: Left: (a) Standard CP impulse sequence; (b) modified CP sequence by applying a phase inversion
to the proton spin lock pulse (CPPI). 1.: contact time; 7:: inversion time; Tq: acquisition time. X and Y
denote the pulse phases. Right: Normalized CPPI signal intensities for different NH, species (n = 0 — 3),
plotted against inversion time. Both figures are taken from ref. [194].

the abundant spins I are typically protons, the CPPI sequence is very sensitive to the local
proton environment. As outlined in Figure 3.4 (right), the integrated normalized intensities for
different NH,, species (n = 0,1,2,3) exhibit markedly different polarization inversion dynamics,
which are a function of the number of covalently bonded protons.

The spin dynamics observed for different NH,, species can be classified according to two

models. The first model is associated with systems exhibiting only weak dipolar couplings
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(non-protonated heteronuclei), or with mobile species such as rotating ammonium groups
(Fig. 3.4 (left), curves (a) and (b), respectively). In this case, the decrease in magnetization

follows a single exponential [194,195]:

Mg(r;) = MO(r.) [2 exp (—TT ) - 1} : (3.55)

15

assuming that the cross-polarization time Trg, which is related to the strength of the I — S
dipolar coupling, is significantly smaller than the relaxation time of the protons in the rotating
frame TIIZ (Trs << T}Z). M?O(t.) denotes the polarized magnetization reached after the contact
time .

If strong heteronuclear dipolar coupling is present, as for instance in rigide NH or NHy groups
(Fig. 3.4 (left), curves (c) and (d), respectively), the time-dependence of the magnetization

inversion can be described by

2 T; 2n 37; 72
Mao() = MO s _ v . _ T i) 1. )
s(m) (1) [n 1 exp < TD> + i exp ( 2TD> exp < Té) ] (3.56)

Tc is again a time constant related to the dipolar coupling to nearby protons, leading to a
coherent transfer of polarization; T describes the decay caused by isotropic spin diffusion
(Te < Tp) and n corresponds to the number of directly bonded protons.

The polarization inversion according to Eq. 3.56 is characterized by two time-scales. The
initial rapid decrease in magnetization is due to the dipolar coupling with nearby protons,
whereas the equilibrium value is approached at a much slower rate due to spin diffusion. The
cross-over between the two time-regimes, indicated by a “kink” in curves (c¢) and (d) (Fig.

3.4), is given by
2/(n+1)] -1, (3.57)

where T << 7; << Tp and, therefore, exp(—372/TZ) ~ 0, and exp(—7;/Tp) ~ 1, leading to
Eq. 3.57.

In the absence of motion, the CPPI sequence can therefore be used as a straightforward
measure of the number of protons attached to a heteronucleus, in the present case °N,
thereby greatly facilitating the interpretation of CP-MAS spectra where the chemical shift

information is insufficient for a complete spectral assignment.
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3.3.3.2 Zero- and Double-Quantum NMR

To make use of the versatility of interactions that can be addressed by solid-state NMR, pulse
sequences have been developed in recent years which allow either to separate or to correlate in-
ternal interactions [178,185]. While seeking for high resolution, the focus is on the elimination
of the anisotropic signatures of the different interactions. A next step, however, is to retrieve
this information while keeping a high resolution spectral encoding. This is typically done in
multidimensional experiments or in spectral editing pulse sequences. To this end, complex ex-
citation sequences have been tailored so as to selectively reintroduce the different interactions
through different mechanisms (such as rotary resonances) taking advantage of their different
symmetry properties [175]. Among the different interactions, dipolar coupling is one of the
most important as it is a direct function of the distance between the interacting spins. Experi-
ments based on reestablishing the homo- or heteronuclear dipolar couplings through zero- and
double-quantum excitations have been devised in the past [156,196-204]. Pulse sequences such
as TOSSY [205], REDOR and READPOR [206—209], HETCOR [210-212], or the symmetry-
based CN? or RNY pulse sequences [198,200,213], allow for the determination of orientations
and distances via through-space couplings [156,196,197,201,202,205,213,214]. Through-bond
connectivities can be probed by pulse sequences such as INADEQUATE [201,215] and MAS-
HMQC [216] [202,205,217,218].

Based on the above experiments, the elucidation of structural motifs, as well as atom con-
nectivities and spatial orientations of molecular fragments has increasingly entered the focus
of modern solid-state NMR and is particularly promising if applied to semi-crystalline or

amorphous materials [214,219-222].

fp-RFDR An experiment designed to recouple homonuclear dipolar couplings between
dilute spin pairs was applied in this work to a semi-crystalline carbon nitride poly-
mer. The so called fp-RFDR (finite pulse radio-frequency driven dipolar recoupling)
restores homonuclear dipolar interactions based on constructive usage of finite pulse-
width effects in a phase- and symmetry-cycled m-pulse train [156,223-225]. By apply-
ing a rotor-synchronous 7 pulse of finite width every rotation period in the limit of
rapid MAS (such that 7, > 0.17g), non-zero effective homonuclear dipolar couplings are
generated, whereas chemical shift interactions (both isotropic shifts and chemical shift
anisotropy), are averaged out by the fp-RFDR sequence. The information contained
in the restored dipolar coupling can be “read out” through dephasing of the transverse
magnetization during proton decoupling, if transverse relaxation is neglibigle (cf. Fig.

3.5) [156, 223]. Typically, a CP sequence is implemented prior to the m-pulse train.
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G0

CPy Dec Dec

= I N

et p—

Figure 3.5: Pulse sequence for a fp-RFDR ex-
periment. An XY-16 pulse sequence (repeated N
times) is used so that a 7 pulse of duration Tw is
applied at the point in every rotor cycle, Tr. The
5 pulses sandwiching the RFDR sequence are not

shown. The picture was taken from ref. [156].

During the mixing time ¢, zero-quantum coher-
ences (i.e. the spin part of the restored dipo-
lar coupling has the form of zero-quantum dipo-
lar coupling, which is identical to that for a
static spin system) are created, if the nuclei are
close enough for magnetization exchange to take
place. Thus, the appearance of cross-peaks in the
2D spectrum obtained at sufficiently long mixing
times will be a signature of the spatial proximity
of the different resolved building blocks. At the
same time, a qualitative measure of the distance
information is at hand by recording different spec-

tra using varying mixing times.
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Chapter 4

Carbon(IV)Nitride Precursors 1.
Solid-State Dynamics and
Reactivity

Chapter 4 will be concerned primarily with an in-depth study on various aspects inherent
to solid-state reactions. As the study of solid-state reactions will mainly be used as a tool
to characterize dynamics on a molecular level and, ultimately, optimize the selection of pre-
cursors and the synthesis strategies for graphitic carbon nitride, we will deal with the goals
outlined in Chapter 1 in reverse order:

By delineating the basic principles governing typical solid-state reactions of model systems,
qualitative and quantitative aspects of the reaction mechanism will be addressed. In conse-
quence, an empirical basis will be established by which the selection of potentially reactive
CN,, precursors is driven (cf. Chapter 1) and which therefore precedes the issue of “Chemical
Screening” as explicated in Chapter 5. Two examples of solid-phase reactions have been se-
lected and will be discussed in some detail in this chapter, thereby constituting the basis for
the following investigation of the thermal behavior of various CN, precursors.

In the first part, the solid-phase transformation of the model system ammonium dicyanamide
into dicyandiamide will be discussed. To this end, a quantitative account of the temperature-
dependent molecular dynamics of the ammonium ion will be given and its impact on the
transformation will be outlined. In doing so, physical models of motion and their description
by complementary techniques will be of major importance, thereby providing a sound basis
for the discussion of thermally induced solid-state reactivity. As a next step, processes on a
submicroscopic level constituting the reaction mechanism and their kinetics will be delineated.

As this model reaction has recently been subject to a comprehensive study [122,123,163], we
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focus here on complementary results obtained by solid-state NMR spectroscopy and quasi-
as well as inelastic neutron scattering. The relevance of dicyanamides in general as potential
CN, precursors will be comprehensively addressed in Chapter 5.

In contrast, a rather complex solid-state reaction will be discussed in the second part, whose
reaction pathway will be traced in detail with the emphasis being on the qualitative descrip-
tion of the reactants, intermediates, and products involved. Ammonium cyanoureate has been
deliberately chosen as an example owing to its close relationship to ammonium dicyanamide
and its accordingly similar constitution, whose influence on the basic reaction pathway will
be elucidated. It can, however, not be considered as a classical CN, precursor compound and
will therefore not be discussed further in this context.

Thus, two examples of solid-state reactions will be presented in the following, which are guided
by varying central questions and thus characterized by fundamentally different analytical ap-

proaches.
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4.1 Ammonium Dicyanamide

4.1.1 Introduction

The need for understanding the elementary processes governing solid-state reactions in carbon
nitride chemistry has stimulated the search for simple model systems providing a link between
hypothesis and experience.

Ammonium dicyanamide NH4[N(CN)y] (NHydca,

N
/4 N .
NH* 'N// > 350 K N/// Figs. 4.1 and 4.4) has entered the focus as an
—_—
¢ N HN )I\NH ideal model system in that it intrinsically links
N 2 2 reactivity with function: The solid-state transfor-
X mation of ammonium dicyanamide involves the
NH; NCX~  — : : :
4 H NJLNH formation of classical CN, precursors such as di-
X=0, NCN 2 2

cyandiamide and melamine, thus constituting a

Figure 4.1: Concept of the isolobal anal- cornerstone in the reaction cascade towards g-

ogy between ammonium cyanate and ammo- C3N4.

nium. - dicyanamide according to the “cyanide- The thermal behavior of the molecular salt

displacement fau” NHydca closely resembles that of Wohler’s his-
torically important compound ammonium cyanate NH4[OCN], the two compounds being
related by an isolobal analogy [226-228] according to Grimm’s cyanide displacement law
(Fig. 4.1) [229]. At temperatures beyond 353 K, ammonium dicyanamide transforms into its
molecular isomer dicyandiamide NCN=C(NH3), in a topochemical reaction without passing
through the melt, which can be viewed in direct analogy to the conversion of ammonium
cyanate into urea O=C(NHs)y [121-123,230]. Although the latter reaction, which had given
birth to a new conceptual approach to modern chemistry, has been investigated thoroughly in
the liquid phase, only very little attention has been directed towards the solid-phase behav-
ior of the reactants [227,231,232]. Above 440 K, dicyandiamide is converted into melamine,
C3N3(NHg)s, which then polymerizes forming highly condensed CN, species [42,73,82].

N
// Z 2
NH+ _N/ > 350 K N// > 443 K )§
‘ T e T AL T ee,
N H,N” "NH, H,N” NZ NH
2 2
1 2 3

Figure 4.2: Transformation of ammonium dicyanamide into dicyandiamide and melamine et elevated tem-
peratures.
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Figure 4.3: Possible mechanisms for the thermal transformation of ammonium dicyanamide into dicyandi-
amide. The bottom reaction pathway is preferred.

Both the crystal structure and the thermal conversion of NH,dca were investigated in some
depth by a broad spectrum of analytical techniques, such as in situ single-crystal X-ray and
neutron powder diffraction, > N and 3C solid-state NMR spectroscopy, vibrational spec-
troscopy, and thermal analysis. The following study is conceived as a continuation of the
above preliminary results, which are summarized in the literature [122,123,163].

As a major result, the transformation was classified as a topochemical solid-state reaction
proceeding in a non-topotactic fashion, yet with minimal molecular movement and structural
changes under carefully controlled temperature conditions. The combined use of temperature
programmed Raman and solid-state NMR spectroscopy afforded a comprehensive picture of
the transformation mechanism on the molecular level, which can be described as an initial
proton transfer from the ammonium ion to one of the terminal nitrogen atoms of the ni-
trile groups, followed by a nucleophilic addition of the as-formed ammonia to the adjacent
electrophilic carbon (Fig. 4.3).

By tracing the time average of the nuclear density, neutron diffraction allows for the determi-
nation of the probability density function (pdf), therefore providing the a priori probabilities
for the site occupation of the four deuterium nuclei. On the other hand, solid-state NMR —
by offering an intriguing single-particle perspective owing to the dominant effect of the lo-
cal quadrupolar interaction on the spectra — is a valuable resource for gaining insight into
dynamical processes in solid materials on a large time scale.

Traditionally, 2H NMR spectroscopy is used as a powerful technique for the study of dynam-
ics in glassy systems, liquid crystals, and polymers, with the emphasis being on structural
phase and glass transitions of essentially amorphous systems [159, 160, 233-239]. As an ex-

tension, by performing 2H line-shape simulations with the symmetry restrictions imposed by

72



CHAPTER 4. DYNAMICS AND REACTIVITY 4.1. AMMONIUM DICYANAMIDE

the deuteron pdf in mind, we are capable of correlating structural and dynamic information
and, thus, may enter the realm of solid-state reactivity. As we are interested in the topochem-
ical transformation of ammonium dicyanamide into dicyandiamide, extending the 2H NMR
technique to the in situ study of solid-state reactions seems to be a straightforward issue,
which will be discussed in some detail in the following. As a guiding theme, the dynamics
of NDydca will be comprehensively delineated by means of wide-line 2H NMR spectroscopy,
and supplemented by results from inelastic and quasielastic neutron scattering, including the

pre- and post-transformation stages as well as the transformation process itself.

4.1.2 Solid-State NMR
4.1.2.1 Ammonium lIon Dynamics: Line-Shape Simulations

NH,dca and its deuterated analogue NDydca were

synthesized according to a procedure described in

section 10.1 on page 355 and in refs. [122,123,163, &

240]. Wide-line 2H NMR spectra of the ammo- te’ b
nium ion in NDydca were recorded in a temper-

ature range between 38 K and 390 K; selected

experimental spectra obtained by applying the

solid-echo technique are displayed in Figure 4.5. '

Spectra recorded above RT will be discussed sep- H3 Y
arately in section 4.1.2.3 on page 84. =, H4-'-____
On inspecting the line shapes, we can distinguish H1 Lo
between four major dynamic regions: The high- / :

temperature range (> 230 K) is characterized
by narrow (FWHM =~ 6 kHz) spectra of non-
Lorentzian type, whose line widths are slightly
decreasing with increasing temperature. The
line shapes do, however, not correspond to com-
pletely motionally averaged spectra as observed

for typical liquids, which are composed of a sin- . o ,
Figure 4.4: Coordination sphere and labelling

gle Lorentzian. In the upper intermediate re- ... of the ammonium ions in NHi[N(CN)a),

gion (160 < T < 190 K) the spectral shape be- displacement ellipsoids are drawn at the 50 %
comes increasingly featureless and collapses into Probability level. N and C: ellipsoids, H: circles.
a broadened quasi-Lorentzian line around 160 K. At even lower temperatures (100 — 150 K),

a gradual crossover to a broad powder spectrum can be observed, the latter being charac-
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teristic of slow motion. Towards the lower limit of the intermediate temperature range, the
spectra can best be described by a weighted superposition of a Lorentzian line and a Pake
spectrum with a variable, temperature-dependent ratio of the corresponding subspectra. In
the temperature range in which the line shape undergoes major changes, the motionally in-
duced spin-spin relaxation time 75 is short, leading to a drastic attenuation of the spectral
intensity of the powder spectrum due to the solid-echo acquisition, whereas the intensity of
the Lorentzian remains essentially unaffected (see below). The so-called reduction factor is
increasingly taking effect between 140 and 160 K in the experimental spectra. In the low-
temperature range (< 100 K), motion affecting the line shape is finally slowed down, leaving
behind a superposition of three axially symmetric Pake spectra with slightly different QCCs
and a common asymmetry parameter of essentially zero (n = 0.02(1)).

Finding an appropriate model of motion for the ammonium ion can be significantly facilitated
using the results of neutron diffraction as a starting basis [122, 163]: Since in the whole
temperature range the nuclear density of the deuterons is essentially concentrated around the
four tetrahedral sites, we can rule out models implying isotropic rotational diffusion of the
NDZLIr group in a flat potential with the deuteron sites distributed over spherical trajectories.
Similarly, 90° jumps around the C5 axes of the tetrahedron can be excluded, since this would
increase the number of accessible deuteron sites to eight, which does not conform to the
neutron diffraction data. Possible models are thus only those mapping all tetrahedral sites

before and after the jump onto themselves.

290 K 390K “
380K i

4K 190 K 375K A
38K 160 K 310K / \

e
L

-150 -100 -50 O 50 100 150 -20 -15 10 -5 0 5 10 15 20 -20 -15 -10 - 0O 5 10 15 20
v/ kHz v/ kHz v/ kHz

Figure 4.5: Representative solid-echo 2H spectra of ammonium dicyanamide as a function of temperature
between 38 and 390 K.
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Figure 4.6: Line-shape simulations carried out for different jumping geometries. Left: Jumps about a single
Cs axis; middle: isotropic tetrahedral jumps; right: coupled 180° jumps of two pairs of deuterons about a single
Cs axis. Exchange frequencies are indicated.

The latter scenario would be compatible with jumps of the tetrahedron about one of its
threefold (C3) or twofold (Cy) axes each, which are located along the N-D bonds or bisecting
the D-N-D angles, respectively. These models should be observed preferentially if site
symmetry constraints or characteristic distortions of the tetrahedral symmetry apply, the
latter being for instance induced by the hydrogen-bonding network. The most intuitive
model if symmetry restrictions can be neglected as in the present case (NDI located on
a general site with symmetry 1), is represented by a random four site exchange of the
deuterons, featuring an isotropic jump motion in a tetrahedral potential. This model can be
equally expressed as simultaneous jumps about all (5 and C3 axes, and according line-shape
simulations are depicted in Figure 4.6 (middle).

For comparison, Figure 4.6 (left and right) displays simulations carried out for jumps in
a strongly distorted fourfold potential. 120° jumps around a single (5 axis entail the
superposition of a static spectrum (one static deuteron) with that of the three exchanging
deuterons, which does not collapse into a single Lorentzian, regardless of the exchange
frequency (Fig. 4.6, left). As outlined in Figure 4.6 (right), for simultaneous 180° jumps
of two coupled pairs of deuterons separated by the tetrahedral angle about a single Cy axis
one would expect a narrowing of the spectra, yet not a complete motional averaging in the
high-frequency limit. As the line-shape simulations for a C jump therefore differ significantly
from those observed in the experimental spectra, this model of motion can be excluded as

well.
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Another scenario could be envisaged where jump motion about a fixed axis is accompanied
by tumbling of the axis itself, which nevertheless has to be compatible with the tetrahedral
potential. This model would however create redundancy in that it could be more easily
expressed in terms of a simple four site exchange of the deuterons without any symmetry
restrictions. From Figure 4.6 it gets evident that neither the two nor the three site exchange

can satisfactorily reproduce the experimental spectra.

According to the above line of argument, simulations based on a tetrahedral jump geometry
were performed, including all-site exchange with equal a priori probabilities. Three noticeable
aspects affecting the strategy of the simulations will be pointed out in the following:

The first detail that has to be addressed is given by the existence of three N-D quadrupole-
coupling constants in the low-temperature spectra. According to line-shape simulations car-
ried out with a program written to accommodate more than one QCC per ammonium group,
the spectra can in principle be reproduced equally well by a simple superposition of three
separate Pake spectra with QCCs of 161, 177 and 193 kHz as demonstrated in Figure 4.7.
Relevant fitting parameters are given in Table 4.1.

The intensity ratios obtained by the fitting procedure nicely sum up to a total of four Pake

spectra corresponding to four N-D QCCs, two of which being essentially identical. Since only

-150 -100 -50 0 50 100 150
v/ kHz

Figure 4.7: Deconvolution of a Pake spectrum of the ammonium group measured at 38 K. The spectrum
(crosses) can be fitted (solid lines) by a superposition of three static spectra with different QCCs (161, 177,
193 kHz) and intensity ratios of 1 : 2 : 1.

Table 4.1: Fit results for the deconvolution of a static 2H spectrum at 38 K.

(a) (b) (c)

QCC / kHz 193(2) 177(2) 161(2)
o 0.02(1) 0.02(1) 0.02(1)
intensity ratio 1 2.0(2) 1.1(2)
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one crystallographically independent ammonium ion is present in the unit cell of NDydca, the
different Pake spectra can be associated with the four N-D bonds rather than with different
types of ammonium ions. Since for a covalently bound deuteron the electric field gradient
is completely dominated by the electron distribution in the o-bond and its orientation with
respect to the external magnetic field, the magnitude of the quadrupole-coupling constant is
mainly determined by the strength of the N-D bond as well as dynamical processes affecting
the interaction of the deuteron with the electric field gradient.

Whereas at low temperatures the largest quadrupole-coupling constant of the spectra
(193 kHz, cf. Table 4.1) corresponds to those expected for static N-D bonds of ammonium
groups [176,241,242], we simultaneously find smaller values (161 kHz) at low temperatures as
well as a continuous decrease of the quadrupole-coupling constants from temperatures > 133 K
(125 kHz at 370 K). A possible explanation would be the presence of a process which leads
to an effective reduction of the QCCs, even if the principal reorientational process is assumed
to be unchanged. In agreement with the neutron diffraction data, librational motion of the
deuterons on the surface of a cone can well account for the observed phenomenon. As ammo-
nium ion librations are expected to be fast on the NMR time scale (771>> 3/2 QCC), their
influence on the spectra will be referred to only implicitly by starting from a reduced effec-
tive quadrupole-coupling tensor in the line-shape analyses. According to the simulations, the
librational amplitudes change with temperature, and hence the resulting effective quadrupole-
coupling tensor will also be a function of temperature as outlined in Figure 4.12 on page 82
below.

Provided that the N-D bond strength is similar for all N-D bonds, a marked difference of
the QCCs can only result from varying hydrogen-bonding strengths and, thus, degrees of
librational motion of the four N-D bonds. Evaluation of the thermal displacement parame-
ters of the deuterons by neutron diffraction suggests deuteron D2 to exhibit less pronounced
thermal motion as compared to the other deuterons D1, D3 and D4 (for nomenclature, see
Figure 4.4, D labelled analogously to H [122,123]). D2 could therefore be associated with the
largest QCC, yet no satisfactory differentiation and, hence, assignment can be made for the
remaining deuterons within experimental error.

Whereas in the slow motion region the experimental spectra are reproduced well by the sum
of three different subspectra, this is no longer valid in the high-temperature range. Sim-
ulations performed with three effective QCCs systematically overestimate the width of the
spectra above &~ 190 K and do not account for the observed “shoulders” on both sides of the
Lorentzian line (cf. Fig. 4.5 on page 74).

In general, one would expect the librational amplitudes of the deuterons to increase with tem-
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perature, thereby inducing a large-angle tumbling of the NDZr group and a gradual loosening
of the hydrogen-bonding network. As a consequence, the differences in the site frequencies
are averaged out, and so are the quadrupole-coupling constants. Therefore, at temperatures
above 160 K, a single QCC is sufficient for the simulation of the spectra.

As a second noticeable detail, the intensity in the center of the experimental spectra at interme-
diate temperatures (100 — 150 K) can only be satisfactorily accounted for by using a weighted
superposition of a broad powder spectrum and a single Lorentzian line, although a sharp — yet
weak — Lorentzian-type feature around the center frequency also arises from the simulations
using a homogeneous jump process (Figure 4.6 on page 75, middle; exchange frequency le4).
This observation also manifests itself in the bi-exponential behavior of the relaxation time
between 120 and 160 K, the best fit being achieved by applying a double-exponential function
accounting for two relaxational processes on a significantly different time-scale and with dif-
fering weight (cf. section 4.1.2.2 on page 82). The second relaxation process was found to be
around 10 ms, which is up to four orders of magnitude faster than the main relaxational pro-
cess, and to be essentially temperature independent in the small temperature window in which
its relaxation time could be extracted. The noticeable increase of the Lorentzian between 120
and 160 K can be attributed to the strong attenuation of the major part of the spectrum owing
to the influence of the reduction factor and simultaneous amplification of the Lorentzian by
motional narrowing, thereby falsifying the true relative intensities. As the contribution of the
second relaxational process is thus small (= 2 — 5 %) and restricted to a limited temperature
range, a separate treatment of the two different relaxational processes seems to be justified.

As possible sources for the observed Lorentzian, surface-adsorbed

( ammonium groups, volatile NDg3, or DoO with liquid-like dynam-

H-J ics may be considered.
. y Thirdly, the high-temperature region of the experimental spec-
P Jk. e tra can only be fitted accurately by using one single QCC and
WL e \- , - simultaneously introducing a distortion of the tetrahedral jump
(s_-/] geometry. Simulations performed with the sites being located on

. o an ideal tetrahedron are contrasted with those based on different
Figure 4.8: Definition of the

tetrahedral angles v and € used

distortions of the tetrahedral geometry in Figure 4.9. For a def-
in the text. inition of the tetrahedral angles referred to in the following, see
Figure 4.8. The latter vary either in the magnitude or type of the distortion. A compressed
tetrahedral geometry has been chosen exemplarily, which is in effect undistinguishable from
an elongation of the tetrahedron in the simulations, as the line shape is only affected by

the magnitudes of the respective angles. For an ideal tetrahedron with Ay = Ae = 0° one
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Figure 4.9: Experimental spectra (crosses) from 110 K to 290 K (bottom to top) and simulations (solid
lines) for different tetrahedral geometries with retention of at least one Ca axis. Deviations Ay and Ae from
the tetrahedral angle are (from left to right): Ideal tetrahedral symmetry, Ay = Ae = 0°; symmetrically
compressed (Daq symmetry), Ay = Ae = 1°; asymmetrically compressed (Ca, symmetry), Ay = 3.5°; Ae =
0.5°; asymmetrically compressed, Ay = 6.0°; Ae = 0.5°.

would expect a liquid-like Lorentzian at high temperatures, whose width is about one quarter
of the experimental line width; we can therefore discard ideal tetrahedral geometry for the
NDI ion in the high-temperature region. The same applies for a symmetrically compressed
(or stretched) tetrahedron, for which we would expect a slightly broadened line with a pro-
nounced symmetric splitting at fast reorientational frequencies. This effect is so pronounced
that even distortions of as little as Ay = Ae = 1° would clearly show up in the spectrum.
Around 190 K, a symmetrically distorted tetrahedron matches the experimental data quite
well; the same holds true for an asymmetrically stretched tetrahedron, which is shown for a
minor distortion of Ay = 3.5° and Ae = 0.5° in Figure 4.9. The high-temperature spectra
do, however, not satisfactorily reproduce the experimental results as the spectral width of the

signal — though slightly broadened — is still too small.
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The best fit is achieved when considering a signif-
icantly asymmetric distortion of the tetrahedral
jump geometry at higher temperatures, which
amounts to about Ay = 6° and Ae = 0.5°. The
broadening of the Lorentzian as well as the char-
acteristic “humps” of the otherwise straight flanks
RT are thus reproduced quite smoothly. At tempera-
tures below ~ 210 K, the simulated line shapes
overestimate the size of the spectrum, which
prompts us to postulate a decreasing distortion of
the tetrahedron with decreasing temperature. As
can be seen from Figure 4.9, the influence of the
160 K distortion diminishes below < 150 K, where sim-

ulations for different degrees of tetrahedral com-

pression essentially yield identical spectra. From

-600 -400 -200 O 200 400 600

a crystallographic point of view we would expect

v/ kHz

Figure 4.10: N wide-line spectra measured
at 160 K (bottom) and room temperature (top).
The full width of the spectra (o..) is disguised
by technical problems in realizing larger excitation

widths.

a distortion to take place at lower temperatures
when rotational motion gradually freezes out and
the cation no longer experiences an average crys-
tal field. This effect could principally play a role
in the case of ammonium dicyanamide as well, as

we cannot distinguish between different degrees of

distortions in the low-temperature region. It does, however, not seem straightforward to as-
sume significant distortion in the low-and high-temperature region, with a temporal lifting of
the distortion in the intermediate temperature range. This model is therefore not considered
further.

A possible source of increasing distortion of the tetrahedron could, however, be the anisotropic
temperature-dependence of the lattice parameters in ammonium dicyanamide [122,123,163].
Possibly, the observed decrease of the c-axis comes along with a compression of the ammonium
ion along an axis parallel to ¢, that is, roughly along the vector connecting D2 and D3 (cf.
Fig. 4.4 on page 73). Therefore, the latter deuterons may approach each other with increasing
temperature, thus well giving rise to the observed distortion of one tetrahedral angle (Av) of
~ 6°. An independent proof of the tetrahedral distortion can be expected from 4N (I = 1)
NMR spectroscopy, as the quadrupolar broadening at the ammonium-nitrogen would vanish

in case of perfect tetrahedral symmetry. Figure 4.10 displays two wide-line "*N spectra ob-
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tained at different temperatures, exhibiting powder spectra with widths in the 0.8 MHz range.
Owing to the limited spectral width of the probe and the final excitation width determined
by the pulse length, it was not possible to accurately determine both the asymmetry and
width of the spectra. Nevertheless, the obvious broadening of the spectra on going from low
to high temperatures clearly indicates a significant distortion of the tetrahedral symmetry to
be present, thus supporting the above line of argument.

Using the above findings as increments, based on which a general picture of the ammonium
ion geometry and dynamics can be established, the results from the line-shape simulations
between 38 K and 390 K are outlined in Figure 4.11.

In Figure 4.12, the change of the effective quadrupole-coupling constant is contrasted with the
change of the tetrahedral distortion as obtained by the simulation as a function of temperature.
In order to assess the librational amplitudes for the deuterons in the observed temperature
range, a common fixed QCC of 177 kHz at all temperatures as well as the respective reori-
entational frequencies obtained from the variable QCC-fits were used (Fig. 4.11), leaving the
librational amplitudes as the fitting parameter. Taking into account neutron diffraction and
quasielastic neutron scattering data (cf. section 4.1.3.3), we have to consider the presence of
significant librational motion at the lowest temperatures accessible in the NMR experiment.
When fixing the static QCC at 177 kHz, the corresponding librational amplitude is 5° at 38 K

which seems a reasonable value at this temperature. The librational amplitudes calculated

143 K 8.0e4 290K A 390 K JL

133K 1.6e4 230K 7.8e8 380 K JL

94 K 190 K ; % 3.5e7 375K A
0

38K 160 K 1.4e6 310K /\

-150 -100 -50 0 50 100 150 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 5 10 15 20
v/ kHz v/ kHz v/ kHz

Figure 4.11: Experimental spectra obtained between 38 and 390 K, together with the respective line-shape

simulations. Both a central Lorentzian and three QCC's at low temperatures (cf. text) were taken into account.

Jump rates m;; are given in seconds. The high-temperature solid-echo spectra at T > 375 K already show signs

of the transformation onset (increase of the central NDs signal).
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according to this procedure are displayed in Figure 4.12 (right), together with the amplitudes
extracted by neutron diffraction for comparison (cf. Figure 4.25 on page 100). The librational
amplitudes obtained from NMR were fitted by using an analytical function based on a sim-
ple cone-type librational model with one half of the cone opening angle being defined as the

librational amplitude. Owing to the somewhat arbitrary choice of the starting parameters,
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Figure 4.12: Left: Quadrupolar coupling constants and tetrahedral distortion (A, squares) as a function
of temperature. Right: Librational amplitudes for the ammonium group obtained by wide-line 2H NMR spec-
troscopy (circles) as a function of temperature, using a static QCC of 177 kHz and a simple cone-type librational
model, and by rigid-body analysis of neutron powder diffraction data (squares).

the values obtained from 2H NMR should not be over-interpreted, the more so by considering
the fact that the underlying models for librational motion are slightly different for the three
experimental data sources, rendering a direct comparison critical. From inspection of both
librational amplitudes and effective quadrupole-coupling constants (Fig. 4.12, left), which
are intrinsically linked with each other, we can associate the temperature range between 160
and 230 K with the most prominent dynamical changes. Most likely this feature correlates
directly with the onset of NDI—distortion developing with a sigmoidal increase as a function

of temperature.

4.1.2.2 Relaxation Studies

To learn about the time scale and homogeneity of the reorientational dynamics of the am-
monium group beyond the fast motion limit, which is not accessible by line-shape analysis,
the temperature dependence of the 2H spin-lattice relaxation time was probed by applying a
saturation-recovery sequence (Figure 4.13, left). The fast relaxational process attributable to
a liquid-like reorientational behavior of a small fraction of ammonium groups (cf. above) was
only taken into account at temperatures between 120 and 160 K by using a double-exponential

fit function; at all other temperatures, the relaxation behavior was found to be monoexpo-
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Figure 4.13: Left: Ty relazation time measurements for the reorientational motion of the NDf ion as a
function of the inverse temperature. The experimental data (circles) are fitted by using a BPP-type model
(solid line). Right: Arrhenius plot of the correlation time T versus inverse temperature. Synopsis of the data
obtained from Ty relaxation measurements (squares) and those extracted from the line-shape analyses (crosses)
by using the relation 7 = (4 - 7T7,'j)71. The spin-lattice relazation data based on Egs. 3.51 on page 62 and 3.52
on page 62 are considered more reliable owing to the larger number of data points and the smaller estimated
standard deviation.

nential. Note that this scenario is consistent with the line-shape analyses (cf. Fig. 4.11 on
page 81), which in the low and lower intermediate temperature regime were carried out using
a superposition of the powder spectrum and a Lorentzian line. The latter can therefore be
associated with the observed fast relaxational process. A contour plot of the relaxation time
measurements at 83 K is shown in Figure 4.14. The relaxation time of the central Lorentzian
is roughly 10 ms, whereas the saturation recovery for the main fraction of the spectrum gives
rise to T7 ~ 1800 s.

According to the above line of argument, only the data for the dominating structural re-
laxation process were taken into account for extracting the temperature dependence of the
longitudinal relaxation time, the latter spanning a range between a minimum of ~ 4 ms at
230 K to maximum values of > 2000 s below 100 K. The data could be fitted by using a
simple BPP-type model (Fig. 4.13, left), corresponding well to that expected for an isotropic
tetrahedral jump motion and an average QCC for the four deuterons of 177 kHz (Eq. 3.51 on
page 62).

By evaluating the spin-lattice relaxation rate 77" ! which is determined by the spectral density
and QCC (valid for isotropic jump processes), we can derive correlation times and jump rates
for the reorientational processes (Egs. 3.52 and 3.53 on page 62). In Figure 4.13 (right) the
correlation times obtained from relaxation measurements as well as such obtained from line-
shape analyses are plotted against the inverse temperature, yielding an essentially straight line.

From the Arrhenius-like temperature behavior and the magnitude of the attempt frequencies
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we can classify the reorientational jumps as a thermally activated single-particle process.

The slope of the straight line directly deliv-

ers the energy of activation for the jump
process as 25.8(2) kJ mol™!, and an at-
tempt frequency 7, of 440(80) THz. Com-
pared to similar simple non-deuterated am-
monium salts such as (NHy),X"~ (X =
SnClg, BF4, GeFg, PbClg, ClO4, PtClg,
PdCly) [243-248], which exhibit activation

energies in the order of 1.5 — 6.7 kJ mol~!,

v/ kHz

this value appears to be at the upper end

of the scale, which is indicative of compar-

atively high potential barriers for the reori-
Figure 4.14: 2D representation of the saturation- entational motion of the ions due to rather

lied t lid-echo *H ; t . .
recovery sequence applied to a solid-echo experimen strong hydrogen bonding of the ammonium

at 83 K. The longitudinal relaxation time of the central

Lorentzian amounts to 10 ms, whereas the Pake spectrum group to the surrounding anions.

has a relazation time of 200 s. The intensity ratio of the Lhis finding renders the presence of rota-
two spectral features is 0.02, thus justifying a separate tional diffusion highly unlikely as stated
treatment in a heterogeneous scenario. above: The latter type of motion comes
along only with flat potential walls, typically occurring in the high-temperature region and
displaying a non-classical temperature behavior. Similarly high activation energies were for
instance reported for NH4Cl (=~ 19 kJ mol™!) [249] and for [NH4][HF3] (25 kJ mol~! ex-
tracted from proton T; measurements) [250]. The magnitude of the jump rate 7! at the
high-temperature end is in the THz region and therefore close to the frequencies of the lattice

vibrations.

4.1.2.3 Reactivity: High-Temperature Studies

The conversion of NDydca into dicyandiamide has been investigated by in situ 2H measure-
ments at temperatures above 370 K (Figs. 4.5 on page 74 and 4.11 on page 81).

To record a close-to-realtime picture of the transformation process, typically a slow heat-
ing rate of the sample (1 K min~!) was chosen, followed by isothermal treatment at the
respective reaction temperature (372 — 380 K). The onset of the reaction was clearly indi-
cated by the gradual growth of a central Lorentzian line with a width of roughly 500 Hz
(FWHM). The increase of the Lorentzian was accompanied by a decrease of the NDI spec-

trum, which is shown at three different waiting times at 380 K in Figure 4.15 (left). An
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estimate of the relative fractions of the subspectra was carried out by deconvoluting the to-
tal spectrum and extracting the relative portions of the two contributing species as shown
in Figure 4.15 (right). The Lorentzian can be attributed to highly mobile ND3 being re-
leased during the reaction. Although theory and previous experiments already suggested
ammonia to be a reactive intermediate during the transformation [122,123,163], the evolu-
tion of the latter could be proven directly for the first time by the in situ 2H NMR. data.
However, it cannot be decided on the basis of the 1D spectra alone whether the Lorentzian
line originates from free NDg3 in the gas phase above the solid sample, or is rather due to
ND3 adsorbed on the sample surface, or even “quasi-free” NDj diffusing through the bulk
sample in statu nascendi. Towards the final phase of the reaction, spectra were recorded
using longer recycle delays (200 s) so as to probe spectral fractions pertaining to slowly
relaxing species, which were previously suppressed by applying short scan delays. By do-
ing so, a broad Pake spectrum superposed on the narrow ammonia signal could be visual-

ized, which most likely can be attributed to the product species dicyandiamide (Fig. 4.16).
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Figure 4.15: Left: Fits (solid lines) of the experimental spectra (crosses) recorded at 380 K for different
tempering times. Right: The fit can be represented by the sum of two subspectra pertaining to ND;r (broad
spectrum) and NDs (Lorentzian).
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Apart from small angle librations, the amino
groups of the latter are expected to be largely
static at the temperature under consideration,
thus giving rise to a quasi-static powder spec-
trum as was observed in the experiment. The
reduction of the NDZ{ portion of the spectra
proceeds on different time scales depending on
the chosen target temperature.

Interestingly, the evolution of ammonia does
not — as could be expected — approach a limit

value which is then maintained, since the reac-

tion proceeds in a closed system. Contrarily,

a gradual decrease of ammonia is observed be-

—

1 1 1 1 1
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v/ kHz

yond a certain point, which points to the suc-

cessive “consumption” of ammonia as the reac-

tion proceeds. The ammonia intensity is plot-
ted in Figure 4.17 as a function of time at four

Figure 4.16: >H wide-line spectrum measured after different target temperatures between 372 and

a tempering time of 360 minutes at 380 K (recycle
delay 300 s). The experimental spectrum is a super-

position of a broad Pake spectrum, presumably origi-

380 K. The origin of the time axis is associated
with the onset of heating at room temperature,

which results in the release of ammonia being

nating from dicyandiamide, and the NDs Lorentzian. )
observed only shortly before reaching the tar-

get temperature after 80 minutes on average.
The onset and initial velocity of ammonia evolution does not vary significantly with the tar-
get temperature chosen. For the lowest temperatures (372 and 375 K), however, the rate of
ammonia evaporation decelerates steadily (negative curvature), whereas at 378 and 380 K a
short “induction” phase is observed, followed by an acceleration period (positive curvature)
and a terminal slowing down near the maximum NDg intensity. As a consequence, the max-
imum NDg intensity is reached significantly later at lower temperatures as compared to the
situation at 378 and 380 K.
Since the generated ammonia is subsequently consumed stoichiometrically as the reaction
towards dicyandiamide proceeds, we deal with two independent processes characterized by
differing time constants, where the formation of ammonia is typically faster than its reassem-
bly. The latter is much more attenuated at lower temperatures, proceeding on a time scale of

several hours. At 372 K the decrease in ND3 intensity apparently levels off after isothermal
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Figure 4.17: Time evolution of the NDs intensity, monitored at 372 K (black), 375 K (red), 378 K (green),
380 K (blue) and fitted using Eq. 4.1.

tempering for 12 hours, suggesting the transformation did not proceed quantitatively within
the experimental time window.

To parameterize the time evolution of the ammonia intensity, an Avrami-type equation was
modified with an exponential decay as a function of the “reaction time” ¢. In its original
form, the Avrami-Erofeev expression was developed for nucleation and crystal growth kinet-
ics [251-254]; in the present context, however, it is simply used to continuously fit the observed
change from both sigmoidal and deceleratory growth to exponential decay. The isothermal

yield-time curves are represented by

1(t) = 1(0) + My - exp — ((t — to) /71)" - {1 = eap — (t — to)/m2)" } . (4.1)

where M is the fitting parameter for the maximum signal intensity. The most relevant fit
parameters (tp &~ 76 — 85 minutes) are listed in Table 4.2. 75 accounts for the rate of ammonia
evolution, while 7 is associated with the decrease of ND3. By introducing the exponents
a and b the curvature of both decay and slope can be suitably adjusted. From Table 4.2
it can be seen that 7 is similar for 378 and 380 K, whereas it is about ten times larger
at 375 K, and almost twenty times at 372 K. Similar relations hold for 79, suggesting the

rate of NDj3 evolution and consumption to increase significantly with isothermal temperature.
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Nevertheless, for temperatures > 378 K the kinetics of both ND3 evolution as well as decrease
are similar and can hardly be distinguished within experimental error. I(0) accounts for the
fact that no abrupt onset, but rather a smooth increase of ammonia evolution during the

heating period, i.e. already before reaching the target temperature, is observed.

Table 4.2: Fit results for the time dependence of ammonia evolution at 372, 375, 378, and 380 K, using Eq.
4.1. The time constants 71 and T2 are given in minutes, the initial NDs intensity at the target temperature 1(0)
in arbitrary units.

Parameter 372 K 375 K 378 K 380 K
T 370(9) 180(11) 19(2) 16(2)
T 345(23) 120(10) 36(2) 26(2)
a 1.8(3) 1.4(3) 0.7(1) 0.8(2)
b 1.0(2) 1.2(2) 4.2(6) 3.6(6)
1(0) 10(1) 11(2) 13(2) 14(2)

As outlined above, for the two lower temperatures a deceleratory kinetics, which can be
translated into a consistent reduction of the rate of ammonia evolution, is observed, while
a sigmoid-type curve best describes the growth kinetics for T" > 378 K, corresponding to
a change of b from ~ 1 at lower temperatures (first-order kinetics) to b > 1 at 378 and
380 K. In the latter temperature regime, a short “induction” time prior to the acceleratory
growth is observed, which may be associated with a structural rearrangement (generation of
defects, amorphization or microscopic melting) required for the release of ammonia from the
former ammonium sites. After passing an acceleratory regime at 7' > 378 K, the evolution
of ammonia finally slows down at all temperatures, possibly induced by the ND3 equilibrium
pressure reached in the gas phase, which counteracts further evaporation of ammonia. Am-
monia ‘“re-consumption” can roughly be described using a Gaussian-type decay (b =~ 2) at
lower temperatures, whereas at higher temperatures it becomes increasingly first-order (b ~
1), indicating the concentration of ammonia to be the rate determining factor for the conver-

2

sion of the presumed intermediate “HN(CN)s” into dicyandiamide.

Considering the entire reaction process including the initial deuteron (proton) transfer, we are
now able to draw a realistic picture of the different time scales on which the transformation
proceeds: According to Schotte et al. [255,256], a coupling between the relaxational single
particle motion and lattice modes is possible if both are of the same order of magnitude. We
can therefore argue that in the presence of fast reorientational motion of the ND} tetrahedra,
the transfer of a deuteron to an adjacent anion is stimulated by the coupling of the jump mo-
tion to the lattice modes, thereby providing a mechanism for the deuteron detachment and the

following transformation of the ionic ammonium dicyanamide into the molecular compound
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dicyandiamide. As the jumps of the NDZr group can be considered to be instantaneous (cf.
above), the dwell time of the deuterons (protons) on their actual sites roughly corresponds
to the correlation time at temperatures above 370 K. Thus, the detachment of the deuteron
(proton) is likely to proceed in a cooperative fashion upon translational-rotational coupling
on a time scale in the order of 107!* s. As the deuteron (proton) transfer is very fast, the
rate determining step of the overall reaction is not associated with the deuteron (proton)
transfer, but with the separation of ammonia from the ammonium sites, its diffusion through
the sample, and its subsequent nucleophilic addition to the nitrile carbon. These processes
may be retarded by a temperature gradient, giving rise to a non-uniform propagation of the
transformation within the powdered sample. At any rate, the velocity of the overall transfor-
mation is in the order of minutes, which corresponds to a time regime typically encountered
in solid-state reactions.

It has previously been observed that conducting the reaction under the pressure of ammonia
facilitates the product formation and leads to significantly higher yields [122,123,163]. From
the 2H NMR experiments we can therefore add evidence that counter pressure of ammonia is
essential for its re-uptake into the sample and stoichiometric consumption, which cannot be

ensured if

e ammonia is allowed to evaporate from the sample and

e the reaction time is chosen too short with respect to the reaction temperature.

We note that prior to these investigations it has not been clear that reaction times beyond a
minimum of four hours have to be chosen in order to furnish satisfactory conversion and yield.
If the reaction is terminated too early, a lack of ammonia will inevitably result in the formation
of a large fraction of amorphous material, presumably the polymerization product of the free
acid dicyanamide HN(CN)q, which is likely formed together with ammonia in the first step
of the reaction. Dicyanamide has long been known to be particularly acidic and, at the same
time, highly susceptible to polymerization [230,240]. The question to which extent ammonia
is inevitably “lost” in a side reaction, accompanied by polymerization of dicyanamide, cannot
be decided unambiguously. To resolve this issue, a simultaneous in situ screening of the 2H
spectra of the starting material and the product would be necessary, which is critical owing

to the long 2H relaxation time of the deuterons in dicyandiamide.
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4.1.3 Neutron Scattering

Information on the temperature-dependent rotational dynamics of the NHI ion and the vibra-
tional states of ammonium dicyanamide as a whole, which is complementary to that obtained
from 2H NMR, was furnished by quasielastic and inelastic neutron scattering experiments at
the BSS and SV-29 instruments of the FRJ-2 research reactor (Forschungszentrum Jiilich),
respectively.

Analysis of quasielastic scattering data, in a well-defined system, is very much simplified by
employing a strong incoherent scatterer, such as hydrogen. This eliminates the need to model
pairwise interactions between atoms and concentrates solely on the dynamics of the individual
hydrogen atoms. For an incoherent scatterer undergoing reorientational motion, the scatter-
ing function is composed of a quasielastic as well as an inelastic term and may be written as

(cf. section 3.2.1 on page 41)

S(Q,w) = exp [~ (v*) Q*| {EISF(Q)dw + [L — EISF(Q)] L(I',w)} ® R(w) + S™(Q,w)
(4.2)

1 T

L=

(4.3)
<u2> is the mean squared atomic displacement (MSD) whose @-dependence is expressed in
terms of the Debye-Waller factor exp [— <u2> Q2], and R(w) denotes the instrumental resolu-

tion function.

4.1.3.1 QENS: Inelastic Fixed Window Scans

Inelastic fixed window scans (IFW) at an energy offset of AE = 14.5 peV were carried out
in a large temperature range between 10 and 380 K in order to assess the compatibility of
the backscattering instrument with the energy characteristics of the reorientational motion of
ammonium dicyanamide. This technique allows relaxational processes to be observed by the
intensity of inelastically scattered neutrons at the specified energy, thus yielding information
similar to that obtained from dynamic mechanical or dielectric spectroscopies, or from T3
relaxation measurements as discussed in section 4.1.2.2.

A dynamic process is observed to enter the dynamic window accessible to the instrument
at temperatures of ~ 230 K, which peaks around 320 K (“low-temperature process”).

The regular descent of the intensity, however, is distorted by the onset of another process

90



CHAPTER 4. DYNAMICS AND REACTIVITY

220
200 |
180
160
140
120
100

80

60
40

Counts / monitor

9 1.87
9172
@ 1.53
9 1.29
2 1.02

7
o

ARLH >
gasdoduss

9
Q

shsie

50

220

150 200 250 300 350 400

Temperature / K

100

200
180
160
140
120
100
80
60
40

Counts / monitor

9 1.87
91.72
@153
9 1.29
9 1.02

5. )

) 0009,8
pptiiiisnls

50

100 150 200 250 300 350 400
Temperature / K

200
180
160
140
120
100

9
]
(]

Counts / monitor

-20 L

detectors 1-5 av. unreacted
detectors 1-5 av. reacted
Diff. (unreacted - reacted)
fit

%{Hﬁ

50

Figure 4.18: Inelastic fired window scans of NHaidca as a function of temperature at different wave vector
transfers (in A™'). Heating of ammonium dicyanamide is associated with the high intensity curves; the low
intensity curves correspond to heat treatment of the reacted sample.
scattering angle of the respective detector groups 1 to 5. Three different approaches to data evaluation are
shown: Top: model A; middle: model B; bottom: model C. The discrepancy between the fit curves and the

experimental data for model A is pointed out by arrows for two representative detectors. For further details see

text.

100 150 200 250 300 350 400
Temperature / K

91

4.1. AMMONIUM DICYANAMIDE

Color differentiation according to the



4.1. AMMONIUM DICYANAMIDE CHAPTER 4. DYNAMICS AND REACTIVITY

(“high-temperature process”), which is either correlated with the beginning of the slow trans-
formation of the sample, or can be interpreted in terms of changes in the energy characteristics
of the actual jump process (Fig. 4.18, heating curves for NHydca (high intensity curves)).
The effective onset of the transformation, however, can clearly be seen by the rapid drop-off in
the intensity around 360 K, which is not retraced by the fitting curves. This disproportionate
loss of intensity does, however, not necessarily indicate the absence of relaxational processes,
but rather the intensity of the inelastic scattering to move out of the energy window AFE of
the IFW scans, caused by a change of the characteristic time scale of the process.

In order to probe the relaxational processes present after the transformation, which may either
be specific of the product, or due to unreacted sample, or indicative of reactive intermediates
such as NHs not fully consumed during the transformation, IFW-scans were performed with
the reacted sample between 80 and 320 K. The slight increase in intensity at temperatures
around 260 K clearly suggests a relaxation process in the appropriate energy window to op-
erate, though detectable only with strongly attenuated intensity and a slightly different time
scale as compared to the unreacted sample (Fig. 4.18, heating curves for the transformation

product (low intensity curves); further discussion see below).

Table 4.3: Relaxation parameters obtained for the “low-temperature” relaxational process from different data
evaluations. The following data were used as the data basis: (A) Average from separate fits of detectors 1-5,
using a single exponential in each case; only the build-up of the curves (heating measurements, data points
1-85) were taken into account for the fits. (B) Separate fit of detectors 1-5 with a double peak function allowing
for the use of two relazational processes (heating measurements, all data points). (C) Difference plot between
the detector average of the unreacted and that of the reacted sample, respectively (all data points).

(A) (B) (C) 2H NMR
E,/kImol™! 209406 237417  23.3+£08  25.8+0.2
Tpae | K 310.3£2.0  306.8+3.7  306.9+2.8
7'/ THz 11.643.1 381487 319443 435480

Accordingly, when comparing the temperature dependence of the relaxation time with the data
from Figure 4.13 (left), which could be fitted using a BPP-type model with a single relaxation
time, the scenario is different for the IFW data. Considering only a single relaxational process
cannot fully account for the broadening observed in the high-temperature regime, as illustrated
in Figure 4.18 (top spectrum). However, as the “low-temperature process” dominates the
spectrum, the curve was fitted by using only the slope and ignoring the data points of the
drop-off (model A) as a rough approximation. The relevant fit parameters corresponding to
the dominant relaxational process are listed in Table 4.3 (left). A better fit is obtained when

using the sum of two Vogel-Fulcher-type equations accounting for the presence of two distinct
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relaxational processes with different energy characteristics (model B, Fig. 4.18 and Table 4.3,
middle) [150,151]. Owing to the very small contribution of the “high-temperature process”,
its energy of activation (= 25 kJ mol~!) could not be determined reliably. Considering the
temperature run for the reacted sample, a possible correlation with the shoulder observed for
the “high-temperature process” in the transformation region may be conjectured. Therefore,
the data for NHydca and the product were averaged and subtracted. The resulting data set
was then fitted inferring a single relaxation process, yielding a reasonable agreement with the
difference plot (model C, Fig. 4.18 and Table 4.3, right).

Figure 4.19 displays the temperature dependence of the inverse correlation time obtained
for models A — C. The linear correlation that arises when plotting In(7~!) vs. 1/T clearly

indicates an Arrhenius-type behavior typical of thermally activated processes.

All models used above principally furnish alternative approaches to the characterization of
the major relaxational process observed in the IFW-scans. Although model A slightly under-
estimates both E, and 7, ! the results of the different models are in reasonable agreement
with each other.

Though being similar in terms of the principal order of magnitude, the IFW-data yield sys-
tematically smaller values for F, and 7, 1 as compared to the 2H NMR data (Table 4.3 and

Fig. 4.13 on page 83). However, two facts must be taken into account: First, the reorienta-
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Figure 4.19: Arrhenius plots of the inverse correlation time In(1™1) versus the inverse temperature for IFW
models A — C. 7% was calculated based on the parameters obtained from the different IFW-fits as listed in
Table 4.3.
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tional dynamics may differ in terms of their energy characteristics for deuterated (?4 NMR)
and protonated (QENS) samples. Secondly, both techniques detect reorientational relaxations
with different correlation functions F'(¢), where that for QENS {(P; (cosf(t)))} is associated
with the first Legendre polynomial P;, while that for NMR {(P; (cosé(t)))} is proportional to
the second Legendre polynomial P». As a consequence, the inverse correlation times in QENS
may be smaller by a factor of > 10 [158,257], which may explain the observed discrepancy.
As for the nature of the minor relaxational process, no ultimate evidence can be given for either
of the possibilities outlined above. On the one hand, reorientational dynamics of ammonia
contained in the bulk sample or physisorbed on the surface during and after the transforma-
tion would presumably give rise to onset and maximum temperatures 7;, in the IFW-plot
significantly lower than that observed in the experiment (7,5 ~ 260 K, T;,, ~ 360 K) [258].
On the other hand, 180° jumps of the amide protons of the transformation product dicyandi-
amide NCN=C(NHj)2 are expected to give rise to inelastic scattering at significantly higher
temperatures, associated with a larger energy transfer. In fact, only a limited number of
180° rotational jumps observed within the time scale window available to quasielastic neutron
scattering have been reported [161,162,167,189,259-261]. As evidenced by ?H NMR. (cf.
Fig. 4.16 on page 86), the spectrum of the transformation product dda appears static at 380
K, which is diagnostic of slow exchange of the deuterons on a time scale < 1 kHz.

Another possible interpretation of the dynamic heterogeneity may come into play if the Q-
dependence of the minor relaxation process is considered. Purely rotational and thus local-
ized processes do not exhibit any ()-dependence of their maximum temperature 7T,,, whereas
spatially non-restricted processes such as diffusion do. A significant ()-dependence for the
“high-temperature process” cannot be unambiguously inferred, however, the latter appears
to “grow out” of the low-temperature relaxation curve on going from the high- (detectors 1
and 2) to the low-angle data (Fig. 4.18). This apparent shift in 7},, could be accounted for
by assuming the reaction intermediate NHj3 to diffuse through the sample in statu nascendi
before being reincorporated by nucleophilic addition to the nitrile carbon atom as has been
suggested in section 4.1.2.3 on page 84. It is, however, questionable whether non-consumed
NHj can still account for the intensity observed in the IFW-scans of the reacted sample as
this would presuppose ammonia not to penetrate the sample holder after the reaction. In ad-
dition, measurements using the reacted sample do no longer exhibit an obvious ()-dependence
and therefore have to be either associated with relaxational processes of the product dda as
outlined above, or with slightly altered reorientational dynamics of the ammonium group in
the starting material NH4[N(CN)3], which has not been consumed quantitatively during the

reaction.
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4.1.3.2 QENS: Elastic Fixed Window Scans

A less specific technique to study the dynamics of a material is to measure the temperature de-
pendence of the purely elastic scattering. The neutron scattered intensity is monitored within
a narrow energy range centered at w = 0 as a function of temperature and scattering vector
Q. When the width I' of the quasielastic component due to the stochastic dynamical processes
(cf. Eq. 4.2) reaches the instrumental resolution with increasing temperature, intensity is lost
from the energy window integrated by the resolution function. Thus, only the elastic part of
the model scattering function is measured, by means of which an efficient method is provided
to determine the temperature window in which relaxational processes appear in the system.

After convolution with the instrumental resolution function R(w), the observed intensity of

the elastic line follows a (-dependence determined by the Debye-Waller factor
Irw (Q, T\ w =~ 0) o eap [~ (u*) Q7] / R(w) Sire(Q,w) dw . (4.4)

In harmonic approximation, we expect the logarithm of the measured elastic intensity to
decrease linearly both in Q2 and in temperature due to a linear increase of the mean squared
displacement with temperature. The temperature dependence of the MSD was modelled by

making use of a series expansion where

(u*(T)) ~ (ug) + (0 (u) OT)T + - (4.5)
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Figure 4.20: Left: Fized window scans for ammonium dicyanamide, monitoring the temperature dependence
of the normalized elastic intensity at different QQ values. The relazation step centered at 230 K corresponds to
the reorientational dynamics of the ammonium group. Right: Model calculation for the relazation step observed
in the EFW-scan at Q = 1.87 A™Y. The elastic part of the scattering function was calculated by assuming E,
= 22(2) kJ mol™* and 7, ' = 37(3) THz.
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A fixed window scan taken at various wave vector transfers is shown in Figure 4.20 (left).
As can clearly be seen, a linear behavior of In(I.) vs. temperature can be observed up to
~ 190 K, where accordingly only the Debye-Waller factor contributes to the observed variation
of the elastic intensity. At 7" > 190 K the elastic intensity significantly drops, giving rise
to a characteristic temperature of 77/, &~ 230 K for the inclination point of the intensity
curves, where the quasielastic linewidth is equal to the instrumental resolution. The rapid
loss of elastic intensity can be associated with the time scale of the NH;L|r reorientational
dynamics entering the energy window accessible to the instrument. The EFW-scans were
used as a rough estimation of the onset-temperature for quasielastic intensity to be observed
in the I/w-scans, which will be discussed in section 4.1.3.3 on the facing page. The overall
decrease of the elastic intensity was fitted by applying a hyperbolic approximation of the
Debye-integral for (u*(T')) [262,263], which was then used in calculating the elastic intensity
according to Equation 4.4. A reasonable fit was obtained by using £, = 22(2) kJ mol~! and
an attempt frequency 7, L of 37(3) THz (Figure 4.20, right), which satisfactorily reproduces
the parameters obtained from the IFW-scans (Table 4.3).

The low-temperature part of the above EFW-scan exhibits an almost linear intensity loss with
increasing temperature, which according to Equation 4.4 can be ascribed to the growing MSD

of the scattering hydrogen atoms. Therefore, the temperature dependence of the Debye-Waller

0.10
—O0— MSD (EFW)
—m— MSD (w-scans)
~
<L o.0s5} _
A =
N3 /
\"/ ] 57
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Figure 4.21: Mean squared displacements of hydrogen in NHf as obtained from EFW- (circles) and w-scans
(squares), respectively, as a function of temperature. The MSDs extracted from the EFW-scans do not include
zero-point motion as this term cancels by normalizing.
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factor was fitted by making use of Equation 4.5 and the resulting relation [264,265]
In[I(T)] =a—[6(u?) /6T TQ*. (4.6)

The resulting MSDs (averaged over the data for @ = 1.87, 1.72, 1.53 Afl), together with
the values obtained from the I/w-scans (cf. section 4.1.3.3), are plotted as a function of
temperature in Figure 4.21. The EFW-values are extrapolated from the straight lines obtained
by using Equation 4.6 in the temperature range 15 to 170 K. According to Figure 4.21, the
results agree quite well within the experimental error.! The linear increase of the MSDs up
to 170 K is characterized by a slope 4 <u2> /6T =~ 2.07 - 10~* K= A2, conforming well to
literature data [264-266].

4.1.3.3 QENS: w-Scans

The onset of quasielastic scattering in the accessible energy window could be estimated by eval-
uating the peak intensity loss in the EFW-scans. For essentially model-independent quasielas-
tic fitting, a single elastic component at zero energy transfer of integrated area Ag = EISF
was employed in combination with a broader Lorentzian L, of integrated area A} = [1—EISF]
and width I'. Both were convoluted with the resolution function, R(w), appropriate for the
BSS instrument, at each momentum transfer @ (Eq. 4.2). The quasielastic broadening of the

incoherent elastic peak observed in the measurements is the Fourier transform of the van Hove

'Errors may for instance arise from neglecting the temperature dependence of the constant factor a in
Equation 4.6, representing a Q-independent loss of elastic intensity, which could account for multiple scattering
processes [264].
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Figure 4.22: Left: Normalized QENS spectra of NHy[N(CN)2] at five different temperatures. The scan at 4.6
K (solid line) only contains an elastic signal and was therefore used to determine the instrumental resolution
function. Right: Magnification of the region where quasielastic broadening is observed.
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self-correlation function (cf. section 3.2.1 on page 41). When this broadening has a Lorentzian
dependence on the neutron energy transfer, a self-correlation function is probed that has an
exponential time dependence on the observed picosecond time scale. Analysis of the spectra
was carried out after background correction and convolution with the instrumental resolution
function by simultaneously fitting the data of detectors 1-5 with an average scattering angle
of 260 = 99.3°. For the fit a Lorentzian was employed, whose temperature-dependent width
I'(T') was assumed to be constant for different @) values. In addition, the intensities of the
elastic and quasielastic components were extracted as a function of @ and T'.

Figure 4.22 exemplarily shows the QENS spectra obtained at five different temperatures at
the highest wave number transfer (1.87 A~!). No quasielastic scattering was observed below
218 K, and the spectra at 4.6 < T < 178.7 K were accordingly fitted with a single Lorentzian.
The temperature dependence of I, which is directly proportional to the inverse correlation
time 771, is plotted in Figure 4.23. The energy of activation was determined as 2425(72)
K (20.2(6) kJ mol™!), and 7, a 24.8(8) meV, which is similar to the values obtained from
the IFW-scans (Table 4.3). Nevertheless, it must be noted that a significant discrepancy is
observed with respect to the relaxation rates, which are on average smaller by a factor of
~ 1.5 when determined by the w-scans. This may most likely be due to deficient background
correction or use of an incorrect channel width when fitting the data with TOFSYS [152].

Both multiple scattering effects and the presence of more than one quasielastic Lorentzian,
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Figure 4.23: Arrhenius-plot of the width T’ of the quasielastic Lorentzian extracted from the I /w-scans, versus
the inverse temperature. Quasielastic broadening is observed only between 218 and 328 K.
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which would be diagnostic of an alternative jump model such as 90° jumps, would lead to
an increase of I' rather than an underestimation as observed in the experiment. Although
the small width may serve as an additional evidence for the correctness of the postulated
reorientational model, the relaxation rates extracted from the IFW-scans are nevertheless

considered more reliable.

Owing to the fact that the incoherent neutron scattering cross section for a hydrogeneous
crystal is proportional to exp(— <u2> Q?), as expressed by Equation 4.2, the variation of the
measured scattering intensity S(Q,w) vs. Q? yields a source for determining the mean squared
atomic displacement parameters, which is complementary to both EFW-scans and 2H NMR
measurements.

The significance of the MSDs obtained from this source is, however, somewhat limited in that
the elastic integrals of the reference scan are calculated based on the normalization factors,
which in turn depend on the choice of a “reference MSD”, since an independent vanadium
standard could not be used for data normalization. Based on the NMR data, the reference
parameter was chosen such that at 310 K <u2> ~ 0.135 A2; this seems to be a sensible choice
if we set <u2> to 0.007 A2 at 10 K and assume a linear increase of <u2> with T.

Figure 4.24 displays the plot of the total intensity versus @? for different temperatures. De-
spite of the high noise level, each data set can be fitted by a straight line, thus reproducing
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Figure 4.24: Elastic intensity [In(Iei4qe1)] vs. Q* at different temperatures as obtained from the w-scans. The
slopes of the fitted straight lines represent the MSDs at the respective temperatures.
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Figure 4.25: Librational amplitudes of the deuterons as obtained from *H NMR and neutron powder diffrac-
tion, contrasted with those of the hydrogenated sample measured by QENS w-scans. Note that the differences
may in part be due to different librational models used for the calculations.

the linearity in Q2 as required by Equation 4.2. Based on these results, the MSDs in the
temperature range 5 — 328 K were calculated and are shown in Figure 4.21 on page 96.
However, a constant factor of 0.01235 A2 was subsequently added to all MSDs in order to
account for the significantly larger MSDs obtained from neutron powder diffraction at low
temperatures [163]. This procedure may be justified by the fact that on the one hand, the
librational amplitudes of deuterons as probed by neutron powder diffraction of ND4[N(CN),]
are expected to be smaller by a factor of ~ v/2 as compared to the hydrogenated analogue.
On the other hand, anisotropic thermal displacements were probed by neutron diffraction,
whereas an isotropic librational model was used for the QENS data evaluation, yielding some-
what smaller values for the librational amplitudes. Thus, both effects should roughly cancel
out each other, thereby rendering the librational amplitudes extracted by the different meth-
ods similar, which is implemented by adding a constant factor to the less reliable QENS data.
In contrast, the 2H NMR data are calculated based on a cone-type model with the deuteron
librating on the surface section of a sphere, which is expected to yield slightly larger MSD
values as compared to neutron powder diffraction and QENS. Figure 4.25 shows a synopsis
of the librational amplitudes obtained by 2H NMR, neutron powder diffraction, and QENS
(w-scans) (see also Fig. 4.12 on page 82, right).

A measure of the quasielastic scattering is embodied in the elastic incoherent structure factor,
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Figure 4.26: The form factor associated with the elastic component as a function of wave vector transfer Q at
260, 300 and 328 K. The solid and dashed lines represent simulations for a threefold jump model around one
single Cs or Co axis and all Cs or C2 axes, respectively. The dotted lines mark variations in the jump distance
calculated using the multi-azis model for the lower limit 1.5 A and the upper limit 1.9 A.

EISF, the ratio of the elastic scattering to the total scattered intensity (cf. section 3.2.5 on
page 47). From the @Q-dependence of the EISF, it is possible to deduce information about
the geometry of single particle hydrogen motion, while the width of the quasielastic peak
gives information about the time scale of the motion. Note however, that the EISFs for
different jump models significantly differ only above jo(QR) with QR ~ 7. Thus, the EISF
is intrinsically sensitive to the reorientational geometry only for large jump distances and
wave vector transfers. As outlined above, free rotation or rotational diffusion of the NHI
ions as well as 90° jumps can be ruled out, as it would require a fairly uniform distribution
of hydrogen nuclear density on the surface of a sphere, or eight discrete hydrogen positions,
respectively, which clearly contradicts the neutron diffraction data. Whereas a differentiation
between 180° or 120° jumps about any of the Cy or (3 axes, respectively, on the basis of the
rotational EISF is not possible, proof of the predominance of single or multiple axis rotation
may nevertheless be furnished (cf. section 3.2.4 on page 46). Taking a jump distance of
1.7 A, the EISF displays a minimum at a distinct Q value (=~ 2.6 A~1) for rotation about a
single two- or threefold axis, thereby being close to one-half. This ) value is similar to that
for multiaxis rotation about any of the Cy or C'5 axes. However, the EISF for the multiaxis
model is significantly smaller at its minimum (= 0.1).

Figure 4.26 displays the experimental powder-EISF together with the theoretical EISF's for
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the models outlined above, all for R = 1.7 A. In addition, to demonstrate the influence of the
jump distance on the EISF, R is varied between 1.5 A (top curve) and 1.9 A (bottom curve)
for the multi-axis model, as represented by the dotted lines. Although the data do hardly
allow for a priori extraction of the correct jump model, the multiaxis model reproduces the
experimental EISF obtained at different temperatures quite nicely and thus corroborates the

isotropic jump model suggested previously by the 2H NMR. data.

4.1.3.4 Inelastic Neutron Scattering

Inelastic neutron scattering experiments were carried out at the thermal time-of-flight spec-
trometer SV-29 of FRJ-2/Jiilich in order to probe the density of states in the regime of
lattice and librational modes of NH4[N(CN)s] as well as its deuterated analogue. As the
intermolecular and even more so, the intramolecular vibrations extend to much larger energy
transfers in the meV-domain, information on the vibrational density of states is accessible.
Spectra obtained at T' = 2 K for two different wave vector transfers are displayed in Figure
4.27.

The energy gain spectra of NH4[N(CN)s] at 2 K exhibit a strong band in the regime of lattice
modes (acoustic and optic phonons) with maxima at 7 and 10 meV. This band — in this case
with a resolved doublet structure — is found for the deuterated analogue in the same energy
range and may therefore be attributed to acoustic phonons as no isotopic shift is observable.
Another feature of medium intensity is seen in the range 21 — 28 meV (maximum at 23 meV)
for NH4[N(CN)2] and between 20 and 26 meV (maximum at 22 meV) for ND4[N(CN)q] (Fig.
4.27, right), whose origin cannot be unambiguously established, since the isotopic shift is only
weak. The band centered at 36 meV in the low-temperature spectra of ND4[N(CN)] (Fig.
4.27, bottom right) is tentatively associated with the first librational transition energies Ey;.
The analogous band is not visible in the spectrum of NH4[N(CN)s], which can be rationalized
by the isotopic shift (=~ 1/2) towards higher energy transfers, which are outside the energy
range of the spectrometer. However, quantitative assignments of the observed bands can only
be done on the basis of ab initio in combination with lattice dynamical calculations.

To roughly assess the consistency of the INS data with those obtained for ammonium di-
cyanamide by QNS and 2H NMR, activation energies F, were computed (M. Prager, FZ
Jiilich) on the basis of librational transition energies Ep; tentatively extracted from the ex-
perimental spectra (33.9 and 38.3 meV). As a significant simplification, the ammonium ion

was considered to be a one-dimensional rotor in a constant potential [157],%2 using the frame-

2The rotational potential is usually represented by the first two terms of a Fourier expansion in the rotational
angle.
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Figure 4.27: INS spectra for NHy[N(CN)z2] (top) and ND4[N(CN)2] (bottom) in the regime of phonon energies
at Q = 1.59 A7 (left), and at 1.08 A= (right).

work of the single particle model (SPM) [157,267].3

The corresponding activation energies (242.6 (= 23.5 kJ mol™!) and 240.3 meV
(= 22.2 kJ mol 1) correspond closely to those obtained from the NMR measurements. The
corresponding librational amplitudes were estimated to be 14 and 13°, respectively, from the
proton probability density function and were found to correspond quite well to the value
obtained from neutron diffraction measurements at 10 K (10°) [163].

After the decomposition of the hydrogenated sample at 400 K, the spectrum below 25 meV

recorded at 3 K has changed completely according to the expectations. The new features

3The single particle model describes the dynamics of molecular species by assuming an isolated group whose
reorientations are hindered wia interaction with the environment. The total potential energy depends on the
symmetry of the rotating group and that of the environment.
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Figure 4.28: Synopsis of the INS spectra of pristine dicyandiamide (blue, T = 2 K) and the transformation
product of NHi[N(CN)2], pyrolyzed at 400 K (red, T = 3 K). Q = 1.59 A~*.

observed can be attributed to the formation of dicyandiamide on comparison with a spectrum
taken from a pure sample of commercially available dicyandiamide under identical conditions,
as shown in Figure 4.28. Apart from minor intensity differences, the regimes of lattice and
librational modes between 4 and 25 meV are largely identical. The better resolution of the
bands in the spectrum of pure dicyandiamide may result from different degrees of crystallinity
of the two samples.

In conclusion, INS spectroscopy provides yet another evidence for the identity of the trans-
formation product and the quantitative transformation of the starting material ammonium

dicyanamide.
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4.2 Ammonium Cyanoureate

4.2.1 Introduction

As demonstrated in the previous section, ammonium dicyanamide, whose solid-phase reactiv-
ity is largely driven by the nature of the cation, provides a versatile model system for the study
of reactions proceeding in the solid state. Due to the fundamental role of the ammonium ion
and the nitrile-group of the dicyanamide anion in this transformation, comparable systems
with similar reactive groups were devised in order to address the question as to whether or
not a core framework of molecular and structural features may be established that govern the
observed type of solid-state reactivity.

Among the potential candidates, ammonium cyanoureate (1) was found to be quite closely
related to ammonium dicyanamide (2), from which it can formally be derived by hydration
of one of the nitrile-groups, thereby maintaining the ammonium ion and one nitrile-group as
the reactive centres (Fig. 4.29).

Although the free acid cyanourea (N-cyanocarbamimidic acid) (3) has been mentioned as
early as 1870 in the literature [268] and its molecular structure and reactivity has been char-
acterized [269-272], crystal structure information is only available for the silver and, though
incomplete, for the potassium salt of cyanourea [273,274]. Studies of the behavior of cyanourea
in aqueous and organic solution reveal the susceptibility of cyanourea to intermolecular ad-
dition and consecutive decomposition reactions. In neutral and organic solution, different
degrees of cyanoguanylurea (4) and cyanobiuret (5) are formed [275], whereas ammeline (6)
(2,4-amino-6-hydroxy-1,3,5-triazine) and 1,3-dicarbamoylguanidine (7) are the main products
in alkaline and acidic solution, respectively (Figure 4.29) [276,277]. On the background of the
structural similarities to ammonium dicyanamide, an investigation of the structure-reactivity
relationship for ammonium cyanoureate in the solid phase seems worthwhile and will be elu-

cidated in a step-by-step fashion in the following sections according to ref. [278].

4.2.2 Crystal Structure

Ammonium cyanoureate was synthesized according to the procedure outlined in section 10.1
on page 3595.

The compound crystallizes in the space group P2;/c¢ (no. 14) with four formula units in the
unit cell. Details of the crystal structure solution and refinment are summarized in Table
4.4. For comparison, the unit cell of ammonium dicyanamide is depicted in Figure 4.31; the
coordination sphere of the ammonium ion is outlined in Figure 4.4 on page 73.

The cyanoureate anions are stacked in parallel chains along [001], forming a framework in
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Figure 4.29: Molecular formulas of several compounds which are chemically or structurally related to
the cyanourea structure: (1) ammonium cyanoureate, (2) ammonium dicyanamide, (3) cyanourea, (4)
cyanoguanylurea, (5) cyanobiuret, (6) ammeline, (7) 1,3-dicarbamoylguanidine, (8) biuret, (9) ammelide,
(10) guanidinium cyanoureate, (11) cyanocarbamoylguanidine, (12) [1-cyanoguanyl-3-guanyljurea.

which pairs of ammonium ions are embedded (Fig 4.30, left).

As observed in the silver salt of cyanourea [273], the molecular structure of the essentially
planar cyanourea anions exhibits a cisoid arrangement of the nitrile group and the oxygen
atom, rendering the amide group trans to the nitrile moiety. The central nitrogen atom carries

the negative charge without significant delocalization into the nitrile group, which is consistent
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Table 4.4: Crystallographic data of ammonium cyanoureate.

Formula NH4[HaNC(=0O)NCN]

M, / g - mol™! 102.11

crystal system, space group monoclinic, P2;/¢ (no. 14)
T /K 140

diffractometer, monochromator
radiation (A / pm)
monochromator

a / pm

b / pm

¢ / pm

B/°

vV /106 . pm?
Z

Pcalcd / g - cm-
F(000)

pu / mm~!
crystal size / mm
diffraction range
index range

3

3

total no. reflections
independent reflections
observed reflections

refined parameters / constraints
GooF on F?
R indices |I > 20(I)| (all data)

min./max. residual
electron density / e - 1076 pm—3

STOE STADI 4

Mo-K, (71.073) ~
graphite

388.95(8)

1121.0(2)

1096.4(2)

92.57(3)

477.5(2)

4

1.420

216

0.115

0.51 x 0.29 x 0.18

2.60 <6 <28.02
—5<h<5, -14<k<14,
-14<1I<14

6513

1158 (Rint = 0.0360)
980

with F2 > 20(F2)

89 /0

1.073

Ry = 0.0297 (0.0397)
wRy = 0.0769 (0.0829)
with w = [02(F2) + (0.0409P)2 + 0.1113P] !
where P = (F2 +2F?)/3

- 0.193 / 0.203

with the interatomic distances N2-C1 (116.5 pm) and C1-N3 (130.7 pm), corresponding to
the localization of the triple bond and, hence, to the molecular formula N=C-N-C(=0)NH,
for the cyanoureate anion (Table 4.5). The anions are hydrogen bonded via weak N2 --- H6
contacts (241.8 pm) between adjacent amide and nitrile groups along [001], and via medium
strong N2 --- H5 contacts (216.1 pm) along [001], [011] and [011].

The ammonium ion exhibits slight deviations from the ideal tetrahedral symmetry with H-
N-H bond angles between 108° and 113° (Table 4.5).
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Figure 4.80: Left: Crystal structure of NHi[HoNC(=0O)NCNJ, view along [100]. Ellipsoids are drawn at
the 70 % probability level. Right: Coordination sphere of the ammonium ion in NHy[HoNC(=0O)NCN]. The
hydrogen bonding network is indicated by dotted lines. Ellipsoids are drawn at the 70 % probability level.

iz

Figure 4.31: Unit cell of the related ammonium salt
NH4[N(CN)2], view along [100].

APy ofe o™,
R

108

The cation is coordinated by three pairs of
anions, of which one pair is doubly coordi-
nated via O1 and N2, forming an inner coor-
dination sphere that resembles an irregular
heptahedron. The six closest cation(N1)-
anion contacts range between 280 and 346
pm, involving O1 (3x), the central nitro-
gen N3 (2x) and the terminal nitrogen N2
(1x). The cation-anion assembly is charac-
terized by four hydrogen bonds of medium
strength in the range from 191 to 203 pm,
where two donors are oxygen and two are ni-
trogen atoms (bridging and terminal) (Fig.
4.30, right).

The temperature behavior of the lattice pa-

rameters and the cell volume of ammonium
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Table 4.5: Bond lengths and angles of NHy[Hy NC(=O)NCN].

Distances / pm Angles / °
01-C2 125.7(2) C2-N4-H5 121(1)
N4-C2 133.8(2) C2-N4-H6 120(1)
N4-H5 90(2) H5-N4-H6 118(2)
N4-H6 89(2) N2-C1-N3 174.7(1)
N2-C1 116.5(2) H1-N1-H2 109(2)
C1-N3 130.7(2) H1-N1-H3 108(2)
N1-H1 95(2) H2-N1-H3 109(2)
N1-H2 92(2) H1-N1-H4 108(2)
N1-H3 91(2) Ho-N1-H4 110(2)
N1-H4 91(2) H3-N1-H4 113(2)
N3-C2 137.5(2) C1-N3-C2 115.61(9)
01-C2-N4 121.9(1)
01 C2 N3 123.90(9)
N4-C2-N3 114.23(9)
Hydrogen bonding
NI-HI --- N2 200(2) NI-H1-N2 167(2)
N1-H2 --- O1 191(2) N1-H2-0O1 163(2)
N1-H3 --- N3 199(2) N1-H3-N3 170(2)
N1-H4 --- O1 203(2) N1-H4-O1 157(2)

cyanoureate is displayed in Figure 4.32.

As evidenced by the negative slope of the curve pertaining to the crystallographic c-axis, the
latter exhibits a negative coefficient of expansion, resulting in an anomalous thermal behavior
in the investigated temperature range. In contrast, the cell volume increases with temperature.
This phenomenon can also be observed for ammonium dicyanamide [122,123,163], which also
exhibits a contraction of the c-axis with rising temperature. In spite of the formal similarity
considering the symmetry and temperature characteristics of the structural parameters, the
inner coordination sphere and the arrangement of the ions in the unit cells of the two structures
differ. The question at issue in case of a solid-state transformation is the nature of the
product-determining factor. This may either be the extended solid-state arrangement of the
ions as determined by the pre-organization of the molecules in the unit cell and packing
effects, or the thermodynamic driving force generating the energetically most favored product
(i. e. molecular structure), irrespective of the crystallographic conditions (“solution-like”
conditions), or the co-action of both factors. This issue will be considered in detail in the

following sections.
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Figure 4.32: Temperature dependence of the lattice parameters (left y-azis) and cell volume (right y-azis) in
NH,[HyNC(=0O)NCN] as determined by X-ray powder diffraction between 150 and 2938 K. The contraction of
the c-axis with rising temperature indicates a negative thermal expansion coefficient, giving rise to an anomalous
temperature behavior.

4.2.3 Thermal Reactivity
4.2.3.1 Thermal Analysis

The investigation of the thermal behavior of the title compound seems to be particularly
intriguing in terms of comparison with that of the related compound ammonium dicyanamide.
The first question to be addressed is whether reactivity in the solid state is likely to occur in
this system, or if melting or complex decomposition are the prevailing temperature responses.
As a primary step, large crystals of ammonium cyanoureate (1) were investigated under a
microscope during thermal treatment of the sample up to 453 K. This procedure did not
affect the bulk crystal shape, yet led to a continuous clouding of the initially clear crystal
together with a keying of the surface and simultaneous softening of its consistency. This
indicates the conversion into polycrystalline material or potential solid-state reactivity to
occur.

DSC and DTA /TG measurements indicate significant differences in the thermal behavior of
ammonium cyanoureate depending on the heating and pressure conditions, rendering the
course of the thermal reactivity a complex interplay between the latter variables. The DSC
curve for a sample heated continuously up to 773 K in a closed aluminium crucible (heating
rate 0.5 K min~!) displays a weak and broad exothermic signal at 355 K, followed by a sharp
exothermic signal (onset 385 K), which is typically preceded by an endothermic deflection

of the baseline. Between 390 and 463 K, a complex series of thermal events is observable
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(Fig. 4.33, left). The main product recovered after the above thermal treatment is urea
together with ammeline (6) as proven by X-ray powder diffraction, a frequently encountered
decomposition product of C/N/O materials [275,277,279,280].
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Figure 4.33: Left: DSC heating and cooling curve (inset) of NHy[Hy NC(=O)NCN] recorded between RT
and 800 K with a heating (cooling) rate of 0.5 K min™'. Right: Isothermal TG and DTA heating curves of
NH,[H; NC(=O)NCN] recorded at 358 K. The weight of the sample was 21.97 mg.

It is known from the literature that ammeline (6) is formed to a small extent at temperatures
above 498 K as a minor decomposition product of urea besides the main products biuret (8),
cyanuric acid, ammelide (9), and melamine [281]. At temperatures below 473 K, however,
the formation of ammeline by urea decomposition is negligible, suggesting a different source
of ammeline in the present case. If the above heating experiment is conducted in an Al,O3
crucible open to the atmosphere (< 1 K min~!), the products differ substantially from those
obtained under DSC conditions. In this case, no ammeline formation is observed, whereas
urea is detected in all product mixtures obtained below ~ 425 K (at higher temperatures
sublimation of urea occurs). Above 473 K the products are transformed into amorphous
graphitic C—N materials.

If the sample is heated to 358 K (1 K min~!) in unsealed Al;Oj3 crucibles and annealed for
40 h, no thermal event is recorded (DTA) in spite of the ongoing transformation of the sample
as evidenced by X-ray powder diffraction. The powder pattern of the product phase recovered
after 40 h is largely identical to that obtained in the heating experiments. The TG curve shows
a continuous mass loss, which decreases after 5 h at 358 K where it amounts to ~ 9.1 %. Most
likely, the observed mass loss is due to the formation of ammonia. When annealing further
the curve flattens, yet the mass loss continues beyond the end of the measurement after 40 h,
where it has added up to 16.8 % (Fig. 4.33, right). The number of products obtained by
reaction in an open system is very sensitive to only slight variations of the reaction conditions

and may in the most unfavorable case lead to a complex mixture of side phases along with the
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main products. In the following, the thermal behavior under optimized isothermal conditions

(358 K, pressure equalization), leading to a minimum of products, will be considered in detail.

4.2.3.2 In situ X-ray Powder Diffraction

The in situ observation of the phase transformation by means of variable temperature X-
ray powder diffraction further approves the absence of melting under controlled temperature
conditions. When heated isothermally at 358 K for several hours, the onset of the phase
transformation is observed after 8 h (Fig. 4.34). As indicated by the comparatively long
coexistence of the starting material and product phases (> 2 h), the reaction kinetics of the
phase transformation may qualitatively be assessed as relatively slow. The transformation
onset and rate both increase exponentially by raising the transformation temperature, the
crystallinity of the product however being correlated inversely with the annealing temperature.
When compared to ammonium dicyanamide, whose optimum transformation temperature is
between 368 and 373 K, the temperature characteristics for the transformation process of the
two compounds is quite similar, which may suggest the ammonium ion to play a decisive role

for the solid-state reactivity in both salts.
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Figure 4.34: Isothermal X-ray powder diffraction patterns of NHy[H> NC(=0O)NCN] recorded at 358 K for 20
h. The measuring time for each diffractogram (7 — 15.5° 20) was 11 minutes and the heating rate up to the
starting temperature 5 K min~". The starting material and products are indicated at the right margin.

Due to the moderate crystallinity of the product phase, indexing of the powder patterns was
not successful. By comparison, a part of the reflection lines could again be attributed to urea
as observed in the heating experiments in a closed vessel, yet all other components could not
be identified from the heterogeneous product phase by X-ray diffraction methods. Therefore,

the identification of the products was attempted by complementary analytical methods, which
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was, however, complicated by the poor solubility of a large fraction of the product phase in
water or organic solvents apart from DMSO.

In accord with the above observations, a series of single-crystal X-ray diffraction measure-
ments conducted isothermally at 348 — 351 K confirm the conversion of a single crystal of
NH4[HoNC(=0O)NCN] into polycrystalline material after ~ 14 days. The transformation is in-
dicated by the complete disappearance of the reflections and the emergence of Debye-Scherrer
rings. The transformation can also visually be confirmed on inspection of the single crystal

prior to and after the heating procedure as demonstrated in Figure 4.35.

Figure 4.35: Micrographs of the capillary containing a single crystal of ammonium cyanoureate prior to (left)
and after isothermal heating at 348 — 351 K for 14 days (right).

The refinement of the data sets reveals the site occupation factor of N1 (ammonium nitrogen)
to be smaller than one (0.89 < sof (N1) < 0.93), suggesting a slight tendency towards the
release of ammonia without effecting a collapse of the structure. In order to fulfill the criterion
of electro-neutrality, an intermolecular proton transfer to the anion must occur, leading to
a small yet undetectable fraction of the free acid cyanourea, which may be incorporated
statistically into the parent structure. Allowing the site occupation factor for N1 to be smaller
than 1 (= 0.944(6)) for the data set collected at 140 K also slightly improved the refinement.
This finding may further corroborate the occurrence of an energetically favored static disorder
due to facile proton exchange reactions in the solid state even at low temperatures, which is

accompanied by the loss of small amounts of ammonia.
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4.2.3.3 Vibrational Spectroscopy

In accordance with the IR spectra of the transformation product the presence of urea in
the product mixture is corroborated as indicated by the intense absorption lines around 1664,
1620 and 1450 cm~! (Fig. 4.36, middle). Principally, the appearance of the product spectrum
suggests the conservation of the majority of molecular fragments as compared to ammonium
cyanoureate, since the presence and location of the absorption bands pertaining to the N-H,

C=0 and C=N moieties are not significantly altered upon transformation.

Transmission

2 [ 2 [ 2 [ 2 [ 2 [ 2 [ 2 [
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 4.36: IR spectra of ammonium cyanoureate (top), the decomposition product obtained at 358 K (mid-
dle) and cyanoguanylurea (bottom), recorded in the range 4000 — 400 cm™' at room temperature.

This is indicative of the core of the starting material staying intact. In particular, a nu-
cleophilic attack of ammonia at the nitrile carbon as observed in ammonium dicyanamide
seems to be most unlikely due to the still clearly visible nitrile band in the product spectrum.
Owing to the product mixture and the appearance of several minor bands and band shifts,
the complexity of the spectrum is increased. Among the newly emerged bands are signals
at 2199 /2159 em~! and 1703, 1499, 1346, 1136, 1079, 972, 739, 674, 635, and 458 cm™ .
In order to establish the identity of the missing product components, the IR data are not

sufficient and need to be complemented by other spectroscopic data.
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4.2.3.4 NMR Spectroscopy

LH and '3C spectra of a range of products that were obtained under varying temperature con-
ditions were recorded in DMSO-dg solution at ambient temperature. The '3C NMR spectrum
of the product obtained after optimizing the reaction parameters and thus the degree of purity,
shows three signals at 160.2, 156.0, and 116.8 ppm (Fig. 4.37, left). In some cases signals at
167.1, 158.6, and 124.3 ppm are also present, whose intensities strongly depend on the ther-
mal history of the sample. When the spectral region between 150 and 170 ppm is visualised
enlarged, the splitting of the signal at 160 ppm becomes evident. Comparison with the '3C'
NMR spectrum of urea permits the assignment of one of the signals at 160 ppm to urea. The
signal around 117 ppm is easily attributed to a nitrile carbon atom, whereas chemical shifts
of the signals at 156, 158 and 160 ppm are characteristic of amide- or amino(imino)methyl-
groups with sp?-hybridized carbon atoms. The signals at 167 and 124 ppm are identical with
the 13C chemical shifts of ammonium cyanoureate, yet are also observed when no ammonium
ion is detectable by N/ N NMR spectroscopy. The ' H spectrum of the product typically
exhibits six signals at 5.40, 6.47, 7.13, 8.20, 8.71, 9.45 ppm and an impurity at 6.08 ppm,
where the signal at 5.40 ppm can again be attributed to urea (Fig. 4.37, right). In several
spectra, the signal around 7 ppm is superposed by a broad feature, indicating fast exchange
of acidic N-H protons as typically observed for ammonium or guanidinium ions. Simulta-

neously, a medium intense signal at 5.10 ppm is present, which is close to the NHs protons

156.00 ppm

160.&1 ppm
160.10 ppm

\/

116.75 ppm

Intensity / a. u.
Intensity / a. u.

200 190 180 170 160 150 140 130 120 110 100 10 8 6 4
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Figure 4.37: Left: > C NMR spectrum of the solid-state decomposition product of ammonium cyanoureate
recorded in DMSO-ds solution at 293 K. The region between 150 and 163 ppm is shown enlarged in the inset.
Right: *H NMR spectrum of the solid-state decomposition product of ammonium cyanoureate recorded in
DMSO-ds solution at 293 K. The ' H spectrum of cyanoguanylurea is shown in the inset; the asterisk denotes
an unknown impurity.
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of ammonium cyanoureate. The integrated intensities of the five major resonances, which
appear in the region of both acidic and non-acidic NH and NHy groups, are approximately
equal. Based on the spectroscopic information sketched above the molecular structure of the
missing product components may be derived:

Apart from wurea, the major NMR sig-

N

M / nals indicate the formation of the iso-

RN
(o) NH /N HN N . . .
)|\ )\ // 2\ meric urea derivatives cyanoguanylurea
HoN N N
H
4

([(cyanoamino)iminomethyl]-urea) (4, 4a)
or [N-cyanocarbamoyl]-guanidine (11, 11a),
which are sketched in Figure 4.38.

)\ JO\ / Exemplarily, two possible conformational or

a0
| Z
HzN)\N)\”//
1

AN N N tautomeric isomers of each compound are
1 11a shown, which are supposed to be particularly
Figure 4.38: Conformational isomers of favored energetically if intramolecular hy-

cyanoguanylurea (4), (4a) and cyanocarbamoyl-  drogen bonding is possible (“chelate effect”).

guanidine (11) and (11a). Intramolecular hydrogen Some spectra can only be interpreted conclu-

bonding is indicated by dashed lines.

sively by assuming the guanidinium salt of
cyanourea (10) to be present in the product mixture along with the above main products.
Thus, the presence of the '3C signals at 158 (cation), 167 and 124 ppm (anion), as well as the
sharp 'H signal around 5 and the broad signal at 7 ppm can be explained without invoking

the presence of small portions of unreacted starting material.

4.2.3.5 Mass Spectrometry

The structural picture outlined above may be corroborated by mass spectrometry. Spectra
obtained by Direct Electron Ionization (DEI+) clearly contain peaks at m/z 60 and 127,
which can be assigned to the two main products urea and cyanoguanylurea (4) or cyanocar-
bamoylguanidine (11).

The molecular peaks are supplemented by peaks at m/z = 111 [M-NHy]", 84 [M-HNCO]|™,
44 Myreq—NHo] ', and 43 [M—(HaN)oCNCN]*T / [Myeq—NH;3] T, belonging to molecular frag-
ments of the parent mass peaks. DEI+ spectra of some decomposition products further
contain weak peaks at m/z 169 and 152, which are consistent with the molecular structure
of [1-cyanoguanyl-3-guanyljurea (12). Although the formation of the latter as a result of
thermal decomposition reactions during sample evaporation in the mass spectrometer can-
not be excluded, the presence of small amounts of 12 in the initial product mixture must

be assumed and may be corroborated by the observation of additional NMR signals in some
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product samples. Some spectra exhibit signals at m/z 126 and 85, which are larger than the
expected isotope peaks of 127 and 84, respectively. These peaks may be attributed to the
trimerization of the intermediately formed cyanamide HoINCN to melamine C3NgHg and to
the corresponding decomposition products, or to the [M — H|T peak of m/z 127. No mass
spectroscopic evidence is found for the formation of cyanobiuret (5), which was claimed to
occur as a by-product in the decomposition of cyanourea in solution [275]. Mass spectra
recorded in the FAB' mode contain a large signal at m/z 60, whereas FAB™ spectra show
the presence of an anion with m/z 84. These findings are fully consistent with the assumption
of guanidinium cyanoureate (m/z (cation) 60, m/z (anion) 84) to be formed under certain
conditions as a minor conversion product.

As for the identity of the main transformation product, several reasons can be cited as evidence
for cyanoguanylurea (4) to represent the appropriate molecular structure, yet the formation
of small fractions of 11, depending on the temperature conditions, cannot be excluded:
Foremost, the decomposition of cyanourea or a mixture of the potassium salt of cyanourea
with the parent free acid in aqueous solution was reported to entail the formation of
cyanoguanylurea (4, 4a) as the major product [275]. In order to compare the solid-state
transformation product with that obtained in aqueous solution, a mixture of ammonium
cyanoureate and cyanourea in a 3:1 ratio were reacted in water at 308 K for 7 — 10 days. Both
the X-ray powder pattern as well as the ' H and '3C NMR spectra of the above product corre-
spond to those of the solid-state decomposition product, neglecting the reflections/signals due
to urea present in the latter (Fig. 4.37). Additionally, > N spectroscopic investigations of the
sample synthesized according to the above procedure give strong support for the validity of
structure 4. In the proton coupled or decoupled spectra, !N signals are observed at — 181.1
(s, C=N), — 264.6 (s, NH), — 278.0 (s, C=N), — 291.2 (t, NHy), and — 295.3 ppm (t, NHy).
For structure 11 the 'V signal of the bridging -NH- unit would be expected at o < — 300
ppm by analogy with the related cyanourea or cyanoureate structures.

Moreover, the band location of the cyano-groups observed in the IR spectra (2200 /2159 cm™!)
is very close to the nitrile signal in dicyandiamide (HaN)2C=N-C=N (2205 /2165 cm™!),
whereas that of cyanourea (HaN)(O=)C-HN-C=N is positioned at 2254 cm ™!, accompanied
by a weak signal at 2203 cm~'. The observed differences in the C=N stretching frequencies
owing to the isolobal substituents O and HN may further substantiate the validity of the
cyanoguanylurea structure.

In addition, the mass spectra strongly corroborate the above conclusion by the presence of a
fragment peak at m/z 84, which equals the molecular peak of dicyandiamide. The facile frag-

mentation of the parent peak at m/z 127 via a McLafferty type rearrangement into HNCO
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Figure 4.39: Two alternative mechanistic pathways of the solid-state transformation of 1. The two-step mech-
anism sketched to the right is characterized by the nucleophilic attack of the intermediately formed cyanamide
at the nitrile carbon of a neighboring anion, resulting in cyanoguanylurea (4) and urea. The alternative path-
way (left) shows the nucleophilic addition of ammonia to the cyanamide carbon C1, leading to urea and the
guanidinium salt of cyanourea (10) without evolution of one mole of ammonia.

(m/z 43) and dicyandiamide (m/z 84) is in agreement with the experimental pattern. The
isomeric cyanocarbamoylguanidine structure (11, 11a) would generate fragments with m/z
42 and 85, the latter of which however is not observed to a significant extent in most of the
mass spectra.

Finally, the principal existence of cyanocarbamoylguanidine (11, 11a) has not yet been estab-
lished, since no data whatsoever are available for this compound in the literature. Therefore,
the lack of information on the hypothetical cyanocarbamoylguanidine strongly suggests the
instability of this compound, presumably with respect to the cyclization to the isomeric com-

pound ammeline (6), which thus adds to the correctness of the above line of argument.

4.2.3.6 Discussion

The previous section has given an outline of the tentative reaction participants and charac-
teristics, yet no conclusive picture of the reaction mechanism has been presented. This can
however only be done speculatively on the argumentative basis sketched above. In order to
illuminate the potential course of the transformation, crystallographic details have to be taken
into account. First of all, the product distribution strongly suggests the reaction pathway to
differ substantially from that observed for ammonium dicyanamide:

Whereas in the latter case, the nucleophilic attack of the in situ generated ammonia occurs
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at the nitrile carbon atom of the dicyanamide anion, the conservation of the nitrile moiety
in ammonium cyanoureate indicates the role of the ammonium group to be fundamentally
different in the two compounds. The evolution of ammonia appears to be more pronounced
in the latter case, since it is observable by a weak exothermic event around 355 K in the DSC
measurements when the sample is heated gradually. In contrast, in ammonium dicyanamide
the small mass loss due to evolving ammonia is not detectable by DSC. These observations
suggest that ammonia is not retained in the transformation products of ammonium cyanoure-
ate stoichiometrically as is the case for ammonium dicyanamide. As described previously,
the overall assembly of the ions shows a tendency towards H --- O hydrogen bonding in the
present case, which is in contrast to the molecular arrangement in ammonium dicyanamide
(H --- N bonding) and may therefore significantly alter the solid-state reactivity as compared
to the latter. In ammonium dicyanamide, the trajectory of the protons during the transfor-
mation is directed towards the terminal and, to a lesser extent, to the central nitrogen atoms
of the anion.

Whereas the nucleophilic attack of the in situ generated ammonia can only proceed at one
of the chemically equivalent electrophilic carbon atoms in ammonium dicyanamide, leading
finally to the molecular compound dicyandiamide in either case, the potential attack of am-
monia in ammonium cyanoureate may proceed at two different carbon atoms, leading in each
case to different products. The conservation of the nitrile group in one of the products sug-
gests the attack of ammonia to take place at the carbamoyl C2 atom, thereby inducing a
breakage of the C2-N3 bond and, ultimately, the generation of urea and cyanamide HoNCN
after proton exchange. The intermediately formed cyanamide is prone to consecutive reac-
tions, such as the nucleophilic attack at a neighboring nitrile carbon to form cyanoguanylurea
(4) (Fig. 4.39, right).

An alternative scenario resulting in a different product distribution comes into play if am-
monia is not evolved from the sample, but adds to the cyanamide intermediate to form the
stable guanidinium cation, thereby blocking the nucleophilic attack of cyanamide at the par-
ent cyanourea anion (Fig. 4.39, left). The spectroscopic data suggest the coexistence of both

reaction pathways at low temperatures, which are realized by different targets of the initial

o] NH,

w—=r + MK A o G I~
H,N N H N

4 12

Figure 4.40: Mechanism of the assumed formation of [1-cyanoguanyl-3-guanyljurea (12) from cyanoguanylurea
(4) by nucleophilic addition of the latter to the intermediately formed cyanamide.

119



4.2. AMMONIUM CYANOUREATE CHAPTER 4. DYNAMICS AND REACTIVITY

nucleophile ammonia. However, the significant mass loss observed in the isothermal DTA /
TG experiments (first step 9.1 %, final mass loss 16.8 %) suggests the former reaction path-
way (Fig. 4.39, right) to be the dominant one. Also, the observed exothermic event at 355
K in the DSC heating curve can be correlated with the evolution of ammonia, which at this
stage does not induce significant structural changes as evidenced by X-ray powder diffrac-
tion. This may be assessed as further evidence for the facile release of ammonia, necessarily
resulting in follow-up proton-transfer reactions. In a consecutive reaction, the main product
cyanoguanylurea may further act as a nucleophile, attacking the intermediate cyanamide to
form [1-cyanoguanyl-3-guanyljurea (12), which is detected as a side phase by mass spectrom-
etry (Fig. 4.40).

Since the reaction sequence leading to the observed products proceeds in the solid state and,
hence, is dominated by little molecular freedom, the pre-orientation of the reactive centers is
assumed to be such that the diffusion length necessary for the reaction to occur is minimized.
Taking into account the thermal behavior of the lattice parameters, a competing reaction
pathway may become increasingly favored. Since the anions are arranged in a head-to-tail
manner along [001], the amide group of one anion is located close to the nitrile moiety of a
neighboring anion (N4 --- C1 355 pm at 140 K) (Fig. 4.30). Owing to the anomalous contrac-
tion of the c-axis with rising temperature, the reactive centers move closer and a nucleophilic
attack of the amide N4 at C1 prior to or after breakage of the C2-N3 bond would lead to
the isomeric cyanocarbamoylguanidine structure (11) as sketched in Figure 4.41. Although

this reaction pathway seems to be facile in terms of the structural arrangement, no evidence

o

)CI’\ /N___' )l\(?/N—> H;N———=N )T\N
1NH4+ NHy HoN H,

NH4

N

HoN NH,
o L2
NYN HoN \N ﬂ// ' HaN NH,

OH
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Figure 4.41: Tentative reaction mechanism leading to the isomeric cyanocarbamoylguanidine (11) and urea
by the action of the amide nitrogen of 1 as nucleophile. Subsequent cyclization of cyanocarbamoylguanidine to
ammeline (6) may be favored under certain temperature conditions.
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has been found for the formation of 11 as discussed above. It may however not be excluded
that under certain reaction conditions the formation of this isomer 11 is favored, presumably
followed by rapid cyclization to ammeline, which is found as the major product in the DSC
experiments (Fig. 4.41).

In conclusion, the observed transformation can be classified as a non-topochemical thermally
induced reaction which despite its complexity proceeds in the solid phase, yielding a microcrys-
talline mixture of several reaction products. The thermal reactivity of ammonium cyanoureate
fundamentally differs from the related compound ammonium dicyanamide, which may tenta-
tively be correlated with the differing hydrogen bonding network, resulting in a more facile
release of ammonia, and the altered reactivity of the anion due to the presence of an elec-
trophilic amide carbon. The above example demonstrates the interplay between the chemical
functionality and the reaction conditions, leading to a variety of possible reaction pathways

different from those in solution, which are not significantly limited by the rigid crystal lattice.

4.2.4 Cyanoguanylurea

The above line of argument in delineating a qualitative reaction pathway has been exclu-
sively drawn upon the evidence obtained from a combination of analytical techniques. At-
tempts to directly prove the correctness of the product identification and the postulated struc-
ture of the major decomposition product cyanoguanylrea ([(cyanoamino)iminomethyl]-urea,
HoNC(=O)NHC(NH2)NCN (4) invariably failed in the first instance owing to the difficulties
in obtaining single crystals of the main product. The presumptions made above could however
be verified by establishing independent access to cyanoguanylurea, which accrued as a side
product in the synthesis of zinc cyanoureate (5) (cf. ref. [282]). The synthesis conditions
proved suitable for the growth of single crystals, by means of which the identity and proposed

structure of the main product could be confirmed.

4.2.4.1 Formation of Cyanoguanylurea

Previous synthetic approaches towards cyanoguanylurea in organic solvents utilized reac-
tions between the urea derivative carbamoyl-O-alkylisourea (6) [283,284] or trimethylsilylated
cyanourea (7) with cyanamide (8) or cyanourea (1) [285], respectively. A simpler synthesis
was proposed by [io et al., who obtained cyanoguanylurea from solutions containing free acid
cyanourea or combinations of the latter with one of its salts [275] (Fig. 4.42).

In the present case, ammonium cyanoureate (2) was added to an ion exchange resin, whose
acidic sites had been loaded by an aqueous ZnCls solution. It is well-known that despite thor-

ough washing small amounts of a salt solution may be adsorbed by the resin, depending on
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Figure 4.42: Molecular formulas of cyanourea and structurally related species referred to in the text: (1)
cyanourea, (2) ammonium cyanoureate, (8) ammonium dicyanamide, (4) cyanoguanylurea, (5) zinc cyanoure-
ate, (6) carbamoyl-O-alkylisourea, (7) N-cyano-N-(trimethylsilyl)-urea, (8) cyanamide.

the ionic interactions with the matrix, and subsequently released upon consecutive exchange
steps. The latter scenario may be applicable also in this case, as evidenced by the presence of
traces of NH4Cl in the product mixture alongside cyanoguanylurea (4) and the main product
zinc cyanoureate (5). This is indicative of an incomplete removal of ZnCly after the loading
and washing procedures. A potential formation mechanism for 4 may therefore be proposed
as follows:

ZnCly is assumed to stimulate the molecular degradation pathway, which otherwise is in-
duced thermally in a like manner as discussed above. The cleavage of the C(=0)-NCN single
bond, which can thermally be stimulated by a proton transfer from the ammonium ion to the
oxygen atom, can be effected by ZnCly in two ways: By coordination of ZnCls to the oxy-
gen atom, the C(=0)-NCN single bond becomes strongly polarized, leading to subsequent
cleavage with formation of hydrogen isocyanate, cyanamide and ammonia or related species
after proton transfer reactions. A more simple explanation is invoking the Brgnsted acidity
of concentrated aqueous solutions containing Zn?* species:

As was reported previously, cyanoguanylurea is formed in a slow reaction in aqueous and or-
ganic solutions containing the free acid cyanourea together with a cyanoureate salt [275]. In
an investigation of the influence of pure Brgnsted acidity on the formation of cyanoguanylurea,
the attempt of a quantitative synthesis of cyanoguanylurea from ammonium cyanoureate in
mildly (pH ~ 3, HCI) acidic aqueous solution led to the formation of cyanourea and ammo-
nium chloride only.

In strongly acidic solution (pH ~ 1, HCI), cyanourea and ammonium chloride were formed
together with an unknown phase. Consequently, HyNC(=O)NHC(NH2)NCN will only be
formed in the presence of Brgnsted acids via the intermediate formation of cyanourea and

subsequent reaction of the latter with unreacted ammonium cyanoureate, but not if cyanourea

122



CHAPTER 4. DYNAMICS AND REACTIVITY  4.2. AMMONIUM CYANOUREATE

is formed quantitatively. Therefore it is assumed that in the present case cyanoguany-
lurea is obtained by the interplay of the Brgnsted and Lewis acidic character of aqueous
Zn** solutions, the latter of which playing the decisive role in the decomposition reaction.

Given that the formation of cyanoguanylurea

zn _H -NH,  pyn_ 5. Ny i only occurs as a minor side reaction, the exact
A NH, . .
N H stoichiometry of the overall reaction cannot be
A i} /0\
H-N NI HNCO? _ //,N\ resolved. Furthermore, for the same reason the
H | \ Nt | HNTNT
l N+ 3 outline of the tentative reaction mechanism ap-
& ¢ NH,+ " .
H=O 22 o R ¢ pears to be critical, since the nature of the
2 N . . .
H NJLNJ\\N/// species actually involved cannot be verified.
2 H -

However, in light of the corresponding product
Figure 4.43: Tentative mechanism for the forma- formation by either thermal treatment or the

tion of cyanoguanylurea from ammonium cyanoure- presence of ZnCly in an ammonium cyanoure-

ate in the presence of ZnCla. The Zn®T species in

‘ , ate solution, the acid species ZnCly may be
aqueous solution are only drawn schematically so as

to indicate their function. assumed to act as a catalyst in the fragmenta-
tion of the cyanoureate anion. In a subsequent
step, addition of cyanamide to another cyanoureate anion may occur, resulting in the forma-
tion of cyanoguanylurea (Fig. 4.43).

Another question to be addressed is the poor water solubility of cyanoguanylurea, and hence,
the inhibited crystallization from aqueous solution observed in the above investigations (cf.
4.2). The fact that the opposite was found in the ion exchange reaction, namely the facile
crystallization from aqueous solution, suggests a significant increase in water solubility, pre-
sumably owing to the different pH of the solution due to the slightly acidic character of ZnCls.

The tendency towards crystallization may, however, also result from the presence of NHyCl,

which has been reported in the literature to act as a mineralizer [286-290].

4.2.4.2 Crystal Structure

Cyanoguanylurea crystallizes in the monoclinic crystal system, space group P2;/n (no. 14),
with four formula units in the unit cell. Details of the crystal structure solution and refinement
are given in Table 4.6. As proposed in the above study on the thermally induced formation of
HyNC(=0O)NHC(NH2)NCN, the molecule has a cyanoguanylurea structure and not that of its
isomer cyanocarbamoylguanidine (Fig. 4.44). All protons could be unambiguously localized at
N1, N2 and N5. Thus, the “imino” tautomer (HoN)(HRN)C=NCN (R = H, organic residue)
rather than the “amino” tautomer (HRN)(HN=)CNHCN represents the molecular structure

of cyanoguanylurea as also found for dicyandiamide (cyanoguanidine) as well as for some N-
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Figure 4.44: Environment of the cyanoguanylurea molecule in a layer formed by a hydrogen bonding network
(dotted lines). The displacement ellipsoids are drawn at the 50 % probability level.

cyano- N’-substituted guanidines both in solution and in the solid state [291-298]. By analogy

with the structural data reported for the prototype structure of dicyandiamide [291,292], the

bonding situation is not fully accounted for by assuming the prevalence of the resonance

structure a as depicted in Figure 4.45.

Although drawing a double bond between C2 and N3 appears to be energetically reasonable in

-

. NP . N

HN 7 HN 7
N I

Figure 4.45: Resonance structures of N-cyano-N’-substituted guanidines. The “true” electronic structure
may be considered as a superposition of the neutral structure a and the charge-separated structures b and d.
Given the relatively long bond length C2-N2, structures ¢ and e obviously contribute to a lesser extent in

cyanoguanylurea.
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terms of conjugation and mandatory in view of the experimentally found proton distribution,
the adjacent bond distances C3-N3 (132.0(2) pm) and C2-N5 (131.5(2) pm), though formally
drawn as single bonds (Fig. 4.45), are shorter than C2-N3 (133.3(2) pm); their values are all
intermediate between those of a single and a double bond (Table 4.7).

This finding is indicative of the 7 electron density being equally distributed over parts of
the guanidine system (N5-C2-N3) as well as the N3-C3 bond. This suggests that structures
b-e jointly contribute as much as a to the total valence structure. This phenomenon is fre-
quently encountered in structures containing the cyanoguanidine unit [291-298], indicating
the conventionally reported structure for cyanoguanidine derivatives to be rather simplistic
and inappropriate if the contributing charge separated forms b — e are neglected [291-293].
Although the C3-N4 distance of 116 pm indicates that the cyanamide and not the carbodi-
imide structure represents the bonding situation most appropriately, the N3—C3-N4 moiety
is slightly bent (< 173.3°) and the atomic displacement ellipsoid of C3 is not elongated per-
pendicular to the molecular plane as observed for the adjacent atoms N3 and N4 (Table 4.7).
This result may not be an artifact but truly reflect the “superposition” of structures a, d and
e on the one hand, and b and ¢ with two adjacent allenic double bonds on the other hand,
thus dislocating the electron density of C3 along and not perpendicular to the N3-C3-N4 bond
system.

The nitrile region in the IR spectrum of cyanoguanylurea showing a “doublet” at 2199 (s) /

2158 cm~! (w) is very similar to that of dicyandiamide ((2202 (s) / 2160 cm~! (w)) which may

DJ N1 & N2 3 N3 3
W‘:gf\ﬁ“’“ Wf}f‘ﬁ
o 2, 2,

Figure 4.46: Left: Unit cell of cyanoguanylurea, view along [100]. Displacement ellipsoids are drawn at the
50 % probability level. Right: Layered structure of cyanoguanylurea made up from hydrogen-bonded molecules;
view along the planes spanned by [010] and [301]. Displacement ellipsoids are drawn at the 50 % probability
level.
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also serve as evidence for a similar electron density distribution in the two related compounds
(Fig. 4.36).

The molecule is embedded in a hydrogen bonding network, comprising medium strong and
weak hydrogen bonds (H --- N/O & 210 — 240 pm). The intramolecular contact N5-H51
-+ 01 represents the strongest hydrogen bond, resulting in a six-membered “chelate ring”

reminiscent of keto-enol tautomeric systems. This interaction seems to direct the structural

Table 4.6: Crystallographic data for guanylurea dicyanamide.

Formula HoNC(=O)NHC(NH2)NCN
M, / g - mol™? 127.12
crystal system monoclinic
space group P2;/n (no. 14)
T /K 200
diffractometer Nonius Kappa CCD
radiation (A / pm) Mo-K,, (71.073)
monochromator graphite
a / pm 476.7(1)
b / pm 965.3(2)
¢/ pm 1165.6(2)
g /° 97.75(3)
vV /10% - pm3 531.4(2)
Z 4
Pcalcd / g - Cm_3 1.589
F(000) 264
p / mm~? 0.127
crystal size / mm? 0.23 x 0.13 x 0.07
diffraction range 3.53 <0 <27.50
index range —6<h<6 -12<k<ll,
-15<1<15
total no. reflections 9162
independent reflections 1215 (Rt = 0.0423)
observed reflections 1048
with F2 > 20(F2)
refined parameters 103
GooF on F? 1.081
R indices (all data) R; = 0.0357 (0.0429)

wRy = 0.0964 (0.1016)
with w = [02(F?)
+(0.0510P)2 + 0.1677P] !
where P = (F2 +2F2)/3
min./max. residual 0219 / 0.193

electron density / e - 1076 pm~3
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Table 4.7: Bond lengths and angles of HoNC(=0O)NHC(NH; )NCN.

Distances / pm Angles / °
01-C1 123.5(2) C2-N2-C1 126.3(2)
N1-C1 133.2(2) C3-N3-C2 119.1(2)
N2-C2 136.7(2) 01-C1-N1 123.8(2)
N2-C1 139.3(2) 01-C1-N2 121.6(2)
N3-C3 132.0(2) N1-C1-N2 114.6(2)
N3-C2 133.3(2) N5-C2-N3 125.6(2)
N4-C3 116.4(2) N5-C2-N3 120.7(2)
N5-C2 131.5(2) N3-C2-N2 113.7(2)
N4-C3-N3 173.2(2)
N1-H11 88(2) C1-N1-H11 118(2)
N1-H12 88(2) C1-N1-H12 120(2)
N2-H21 83(2) H11-N1-H12 119(2)
N5-H51 95(2) C2-N2-H21 115(2)
N5-H52 88(2) C1-N2-H21 119(2)
C2-N5-H51 118(1)
C2-N5-H52 120(2)
H51 N5 H52 122(2)
Hydrogen bonding
NI-HIL--- N4 214(2) NI-H11-N4 179(2)
NI-HI12 --- O1  226(2) N1-H12-01 146(2)
N2-H21 --- N3 215(2) N2-H21-N3 168(2)
N5-H51 --- O1 198(2) N5-H51-01 130(2)
N5-H51 --- N4 237(2) N5-H51-N4 134(2)
N5-H52 --- O1  206(2) N5-H52-01 162(2)

arrangement, which significantly deviates from molecular planarity: Whereas the cyanoguani-
dine fragment is almost planar (torsion angle C2-N2-N3-C3 = 179°), the urea unit is twisted
with respect to the former around the C1-N2 bond, thus introducing torsion angles N1-C2-
N2-C3 of 164° and O1-C2-N2-C3 of 16°, thereby circumventing an eclipsed arrangement of
the atoms (Fig. 4.46, left). This situation may explain the virtual absence of m-delocalization
into the C2-N2 bond of the guanidine system (136.7(2) pm), since potential conjugation with
the C1-O1 double bond is reduced by the above twisting. The molecules are stacked along
the b-axis, forming planes extending in the [301] direction (Fig. 4.46, right). While the planes
are spaced by about 470 pm, the shortest “interplanar” distances are the hydrogen bonding
contacts between O1 and H12 which are as short as 230 pm. However, owing to the relatively
sparse interactions between the planes, the crystal structure of cyanoguanylurea may be con-
sidered as a layered structure, the layers being made up from hydrogen bonded molecular

units.
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Chapter 5

Carbon(IV)Nitride Precursors II.
Chemical Screening and Thermal

Reactivity

This Chapter will be concerned with chemical principles governing the molecular precursor
route towards graphitic carbon nitride, which may be considered to represent the ultimate
pre-stage to the three-dimensional modifications of C3Ny. According to Chapter 1, a vital
issue is set by an adept choice of molecular precursors that combine on a molecular level
all essential features crucial for the construction of extended CN, networks. Therefore, in
choosing possible precursors, a range of prerequisites have to be considered, among which the
chemical composition and reactivity are the most prominent ones.

Suitable molecular systems may exhibit a simple constitution, combining an alternate arrange-
ment of carbon and nitrogen, thereby featuring a carbon(IV)nitride core, with a minimum
content of hydrogen and possibly an excess of nitrogen, such as found for instance in cyanuric
azide. Whereas solid-state reactivity in the actual sense is not a crucial condition, reactivity
in a general sense is an almost trivial requirement for the essential crosslinking reactions to-
wards highly condensed CN, systems.

However, the formation of extended carbon nitrides has long been treated as a “black-box
reaction”, with no particular attention being paid to possibly general reaction principles and
analogies when using different precursor sources.

Similarly, information about the exact stoichiometry and composition, as well as struc-
tural building units of the as-obtained CN, materials is still sparse and rather specula-
tive [73,82-85,124,299-301]. Although the importance of reproducible and tailored synthesis

strategies towards low-dimensional CN, networks as well as their structural characterization
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is beyond controversy, little advertence has been attached to resolving the detailed mechanism
of thermal condensation reactions of molecular precursors. However, in order to compile basic
principles of thermal reaction pathways and to identify the smallest structural motifs of the
resulting “g-CsNy” structures, a broad overview over different reaction types of various sub-
strates, the formation of intermediates and potential analogies between them is mandatory.
Special emphasis is therefore placed in this work on the screening and selection of potential
precursors exhibiting solid-state reactivity, as this non-trivial feature may afford an in-depth
insight into well-defined processes on a molecular level leading to the construction of extended
networks.

The molecular systems chosen comprise dicyanamides [N(CN)qo|~ and tricyanomelaminates
[H,C3N3(NCN)3]3="~ (n = 1,2), which are known to exhibit various types of thermally
induced transformations [121-126,302,303]. A guiding principle has been the extension of
dicyanamide and tricyanomelaminate chemistry to non-metal representatives by selection of
salt-like C/N/H compounds, in order to ensure facile conversion into pure, metal-free carbon
nitride materials. All compounds selected have been checked for thermally induced solid-state
reactivity, which clearly imposes severe limitations on the choice of possible precursor com-
pounds, as further discussed in section 5.2.

In the following, a systematic investigation of different precursor systems is presented, both
with respect to principal structural features and properties. The focus is thereby placed on
possible interrelations between structure and reactivity, and common aspects entailing general

trends will be emphasized.
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5.1 Dicyanamides

According to Franklin, dicyanamide can be classified as a member of the series of ammono-
carbonic acids, which is obtained by successive de-ammonation of a hypothetical ortho-
ammonocarbonic acid (Figure 5.1) [80]. This concept is built upon the formal analogy be-
tween carbonic acids of water /oxygen and those based on the ammonia / nitrogen system,
and therefore delivers a classification scheme according to which the compositions of the fa-
miliar compounds guanidine, biguanide, cyanamide, dicyandiamide, and melamine as well as

melam, melem, melon and hydromelonic acid can be traced back to a single common ancestor.

C(NH,), —= (H,N),C=NH —= (H,N),C(ENH)NHC(=NH)(NH,), —=  H,NCN  —= HN(CN), —= C,N,(HNCN),

Ortho-Ammono- Guanidine Biguanide Cyanamide Dicyanamide Tricyanomelamine

carbonic Acid /
(H,N),C=NCN
Dicyandiamide

—

HNGCN, —=  [HNLCN)INH —= [CN,(NH ), —=  [CN,(NH)NH, I —= CoNy(HNCN), —=o  Cal,
Hydromelonic Carbon Nitride

Melamine Melam Melem Melon
Acid

Figure 5.1: Formal series of the de-ammonation products of the hypothetical ortho-ammonocarbonic acid
by analogy to the well-known dehydration products of ortho-carbonic acid C(OH)s, namely H2COs and COa,
according to Franklin [80].

Note, however, that this scheme only works out the formal relations between the above carbon
nitrides, displaying in a simplified form transformations that may in principle be feasible.
However, not every single transformation has been accomplished yet by the simple loss of
ammonia, for instance the conversion of cyanamide into dicyanamide, which has however been
achieved by dissolving melon in fused disodium cyanamide [80]. This classification scheme is
additionally supported by the behavior of the ammonocarbonic acids toward water. When
heated in the presence of water, all ammonocarbonic acids are hydrolyzed, usually through
various mixed aquo-ammonocarbonic acids, to carbon dioxide and ammonia in accordance

with the general equation
xNHsz-yC3Ny+ 6y HO — 3yCOy + (x + 4y) NH3 (5.1)

where x NHjs - y C3Ny represents any of the known ammonocarbonic acids.
The free acid dicyanamide HN(C=N), is unstable in its free state; it can, however, be sta-
bilized in aqueous solution. The latter was prepared by decomposing a suspension of silver

dicyanamide in water by means of hydrogen sulfide. Madelung and Kern determined the
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equivalent conductance of HN(C=N), to be as high as 392 ¢m?- Q! -mol~!, being indicative
of a strong acid. On evaporation of the solution thus obtained, a white, flocculent, polymeric
material of undetermined composition deposited [80,230]. According to Burdick, a crystalline
solid of composition HC9oN3 - HoO is obtained by filtering of the flocculent material, which,
however, could not be reproduced by others [80,230, 304, 305].

The first dicyanamide salt has been prepared as early as in the 1870s by Bannow, who obtained
a silver salt with the sum formula “AgCsN3” by addition of ammoniacal silver nitrate to the
aqueous solution of a potassium salt synthesized by the reaction of potassium cyanide with
mercuric cyanide [306,307]. Franklin optimized the synthesis procedure by heating a mixture
of mercury and sodium cyanide, from which mercury is driven off, yielding dicyanogen, and

sodium dicyanamide is formed according to
NaCN + C3Ny — Na[N(CN)q] +C (5.2)

which is isolated as the monohydrate and finally gives off its crystal water under heating
at 573 K [80]. Notably, by reaction of melon and sodium amide as described above, using
appropriate portions of the reactants, a good yield of sodium dicyanamide instead of disodium
cyanamide has been obtained by Franklin [80]. Several synthetic routes to the sodium salt of
dicyanamide, which was used in this work as a convenient reagent, have been developed in
the meantime. As they have been comprehensively discussed in the literature, only a short

summary will be given by the following equations [80, 163,230, 240, 304]:
NayCNy + BrCN — NaN(CN)y + NaBr (5.3)

HyCNy + 2NaOH + CICN — NaN(CN); + NaCl + 2H,0 (5.4)

An alternative approach [231] utilizes the reaction of chlorine with NaOH, KCN and ammonia,

which via several intermediates proceeds according to
2KCN +2H;NCl — 2KCl+ NHs + HN(CN)q (5.5)

The dicyanamide anion can be formally derived from the amide ion by replacing both hydrogen
atoms by cyanide moieties. It thus possesses a planar bent structure with point group Co,,.
Unlike the pyramidal structure of HN(C=N)a, the planar form of the anion brings about
significant contributions from mesomeric resonance structures (Fig. 5.2), which is supported
by the high frequency of the antisymmetric N-C stretching mode (~ 1400 cm~!), and the

considerable stability of the dicyanamide salts as compared to the free acid.
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Figure 5.2: Mesomeric forms of the dicyanamide anion, leading to a charge delocalization and increase of the
acidic character of the parent acid dicyanamide.

The N(CN); is isoelectronic to a number of 34 electron species, such as cyanazide NC(N3)
(308, 309], the polynitrogen ion NF [310-313], the N-carbonyl-1-oxo-methaneiminium ion
[N(CO)o]* [314] and to the neutral species malonic acid dinitrile CHy(CN)y, or diiso-
cyanomethane CHy(NC)y (Fig. 5.3) [315].

The conformation and chemical behavior of the dicyanamide can nicely be rationalized with
the concept of “pseudoelements”, which has originally been formulated in 1922 by Madelung
and Kern in the so-called cyanide displacement law, according to which atoms adopt the
properties of atoms having atomic numbers higher by n by addition of n (= 1, 2, 3) cyanide
groups [230]'. Thus, the members of the sequence OCN~, N(CN), and C(CN); can be
considered as pseudohalogenides [319,320]; likewise, N(CN), has pseudochalkogenocyanate

character by analogy with the cyanate ion.
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Figure 5.3: Neutral and charged 34 e~ species, which are isoelectronic to the dicyanamide anion.

The IR and Raman spectroscopic characterization of dicyanamides has been advanced pre-
dominantly by Kuhn and Mecke (Na-, Hg-, Cu- and Pb-salts) [305], Perkins (Hg-, Pb- and Ba-
salts) [321], and Kdhler, by whom the first organometallic dicyanamides (CHg)2Sn[N(CN)sg]2,
(CeHs)2Sn[N(CN)z]2, and (CeHs)3sM[N(CN)2] (M = Ge, Sn, Pb) have been prepared and
spectroscopically characterized [322-324].

Throughout the last decades, much progress has been done with respect to the struc-

tural characterization of dicyanamides by means of X-ray single-crystal structure analysis.

'Both the cyanide displacement law as well as the hydride displacement law developed by Grimm in 1925
[229] represent special cases of the isolobal principle [316-318]
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Britton and Chow communicated the first crystal structure analyses of (CHg)2Sn[N(CN)z]2,
(CH3)3Sn[N(CN)s] [325], and (CHs3)2TIN(CN)s2] [326]. In recent years, Jirgens and oth-
ers have structurally characterized a considerable number of mono- (MT = Li [240, 327],
Na [125], K, Rb [126], Cs [328], Ag [329,330]) and divalent (M?* = Mg, Ca, Sr, Ba [331,332],
Pb [333], Zn [334,335], Cd [336]) metal dicyanamides. The first solvent-free dicyanamides of
the trivalent lanthanides (Ln = La, Ce, Pr, Nd, Sm, and Eu) have been presented recently by
Jirgens [337).

Transition metal dicyanamides M?**[N(CN)s]y (M = Cr, Mn, Fe, Co, Ni, Cu) adopting a
Rutile-type structure were found to exhibit a variety of magnetic properties [338-344]. Driven
by the quest for molecular magnets based on dicyanamides, a plethora of solvated transition
metal dicyanamides has been synthesized recently in which the dicyanamide anions act as
terminal and bridging ligands in various bonding modes [345-351]. In this context the com-
plex dicyanamide k-{(BEDT — TTF)2Cu[N(CN)2]Br} (BEDT — TTF = CjoHgSg) has
attracted attention owing to its high transition temperature to the superconducting state T
of 11.6 K [352]. An account of the different coordination types of the dicyanamide ion in these
complexes is given by Jirgens [240].

In contrast, little research had been focused on the synthesis of non-metal dicyanamides,
and as a consequence, only ammonium [121-123,240], hydrazinium, as well as methyl- und
N,N-dimethylhydrazinium-dicyanamide were known until recently [353]. Stimulated by the
“re-discovery” of ionic liquids, the pseudohalide anions tricyanomethanide [C(CN);] and di-
cyanamide [N(CN)2~] have very recently been shown to produce a range of useful ionic liquids
with imidazolium, ammonium, pyrrolidinium [354-357], and trialkylsulfonium cations [358].
They are presently discussed as promising candidates for applications such as components in
new solar cells. Concurrently, the anions have also been used as ligands in the synthesis of a
large range of coordination polymers which display fascinating structures and long-range mag-
netic ordering [359]. In particular, it has been found that the structures of anionic M(dca)3~
networks are templated by the nature of the counter cation required for charge balance [359].
Tetramethylammonium dicyanamide was identified to form a plastic crystal phase exhibiting
conductivity based on a vacancy-diffusion model [360]. Despite the newly gained interest in
metal-free dicyanamides, little advertance has been attached to the crystal structure elucida-
tion of these compounds. The following sections will focus on the study of novel non-metal
dicyanamides as potential CN,, precursors, which besides the characterization of their thermal
behavior will also cover aspects of their structural properties.

Structure and thermal behavior of metal-dicyanamides has been subject to previous studies

reverting back to investigations by Madelung and Kern [125,230,240,302,361]. It has been
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recognized that sodium dicyanamide undergoes trimerization to sodium tricyanomelaminate
upon heating to 595 — 695 K in a thermal solid-state reaction without passing the melt (cf.
section 5.5 on page 167) [125,240]. Similarly, potassium and rubidium dicyanamide form cyclic
tricyanomelaminate anions between 530 and 700 K; however melting occurs prior to trimer-
ization at 505 K (K[N(CN)g]) and 463 K (Rb[N(CN)3]) [126,240]. Whereas the dicyanamides
Cs[N(CN)3] and NaCs3[N(CN)2| exhibit a thermal reactivity similar to that of potassium and
rubidium dicyanamide, the product of the thermal oligomerization of Li[N(CN)s] above 565 K
could not be identified unambiguously as being composed of isolated [CgNg]?~ ions [240]. In
contrast, di- and trivalent dicyanamides polymerize to amorphous products of yet unknown
composition upon thermolysis, thus giving rise to particularly diverse modes of thermal reac-
tivity in dicyanamide chemistry. As discussed in detail in section 4.1 on page 71, the thermally
induced reactivity of NH4[N(CN)o] significantly differs from that of metal-dicyanamides in that
the cation is actively involved in the observed solid-state transformation. A similar behavior
has been claimed for hydrazinium dicyanamide, which was reported to be thermally unstable
with respect to cyclization, forming guanazole CoN5Hs in a strongly exothermic reaction at
temperatures as low as 323 K [353]. Along these lines it gets evident that the nature of the
cation in salt-like dicyanamides exerts a pronounced influence on the thermal reactivity of
dicyanamides. Hence, dicyanamides may be tuned with respect to their thermal behavior
according to the counter ions, and may thus be envisaged to represent versatile precursor
compounds for the synthesis of extended carbon nitride solids, the absence of hydrogen in the

anion adding to this line of argument.
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5.2 Guanidinium Dicyanamide

5.2.1 Introduction

Guanidinium dicyanamide was considered an appropriate model system for the study of ther-
mal solid-state reactivity as it shows potential to rearrange in a manner analogous to that
found for ammonium dicyanamide: For instance, by nucleophilic addition of one or more of
the cation NHg groups to the nitrile carbon of the anion, carbon(IV) nitride oligomers with
an alternating arrangement of C and N may be accessible. Guanidinium dicyanamide may
therefore be used to validate the reaction pathway sketched for the ammonium salt and to
check its transferability to other systems (cf. ref. [303]).

As yet, the only source of information about the existence of this dicyanamide has been a
patent mentioning it as an air-bag component [362]. However, this reference does not furnish
information on structural and spectroscopic data, nor does it explicate the thermal behavior
of guanidinium dicyanamide.

The synthesis of guanidinium dicyanamide led to two polymorphic forms, which were obtained
under slightly different reaction conditions, starting off from ion exchange synthesis (Fig. 5.4).
The high-temperature polymorph, henceforth denoted with “a”, is easily obtained under am-
bient conditions, whereas the directed synthesis of the low-temperature polymorph (“4”)

crucially depends on the correct choice of reaction conditions (cf. section 10.1 on page 355).

5.2.2 Crystal Structures

In the following, the crystal structures of the products are contrasted, and their similari-
ties evaluated. Details of the structure determination and relevant crystallographic data are
summarized in Table 5.1. Interatomic distances and angles are listed in Table 5.2.

The orthorhombic unit cell of the S-polymorph (Pna2;, no. 33) contains eight formula units
of [C(NHz2)3|[N(CN)2], of which two build up the asymmetric unit. The guanidinium and

dicyanamide ions are alternately stacked and about equally spaced, forming arrays of parallel

. N
///N NH, ion 9 NH,
/C exchange /C
T Na TN X HN NH L N 2\ +  NaX
\ 2 2 HZO AN H2N NH2
WV RN
¥ Y

X~ =CI, NO3, AcO-

Figure 5.4: Synthesis of guanidinium dicyanamide by means of ion exchange in aqueous solution starting
from sodium dicyanamide and a guanidinium salt.
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Table 5.1: Crystallographic data for 3- (left) and a-guanidinium dicyanamide (right).

Formula ﬁ— [C(NHg)g] [N(CN)Q] O[-[C(NH2>3] [N(CN)Q]
M, / g - mol™? 126.14 126.14

crystal system orthorhombic monoclinic

space group Pna2; (no. 33) P2i/c (no. 14)

T /K 200 200

diffractometer Nonius Kappa CCD Nonius Kappa CCD
radiation (A / pm) MoK, (71.073) MoK, (71.073)
monochromator graphite graphite

a / pm 1373.1(3) 1924.9(4)

b / pm 495.5(1) 496.0(1)

¢ / pm 1802.9(4) 1372.4(3)

B/° 110.46(3)

vV /10% - pm3 1226.7(4) 1227.5(4)

Z 8 8

Pealed | € - cm ™3 1.366 1.365

F(000) 528 528

p/ mm~? 0.102 0.102

crystal size / mm?3

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters
extinction coefficient y
GooF on F?

R indices (all data)

min. /max. residual
electron density /
e-1076 pm3

0.30 x 0.22 x 0.09

3.18 <0 <27.47

—17<h <17, -6 <k <6,
-17<1<23

16123

2510 (Rin = 0.0499)

1838

with F2 > 20(F2)

212

0.013(2)

1.043

R; = 0.0423 (0.0687)

wRy = 0.0967 (0.1100)
with w = [02(F2)
+(0.0569P)2 + 0.1346 P) 1
where P = (F2 +2F?)/3

~0.168 / 0.241

0.31 x0.22x0.14

3.17 < 0 <27.50

—23<h <25 —6<k<6,
—17<1<17

14135

9814 (Rjp = 0.0669)

1820

with F2 > 20(F?)

212

0.012(3)

1.038

Ry = 0.0474 (0.0860 )
wRy = 0.1118 (0.1290)
with w = [02(F2)
+(0.0579P)2 + 0.1554P) 1
where P = (F2 +2F2)/3

-0.273 / 0.310

chains along [001] (Fig. 5.5). The cations of the chains are inclined with respect to [010],
their molecular planes being tilted in two different directions while forming angles with the
b-axis of about + 40° and — 40°, respectively, but being twisted relative to each other. The

cations are connected by dicyanamide ions which are arranged in a screw-wise manner along
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Figure 5.5: Left: Crystal structure of 3-[C(NHsz)3][N(CN)2], view along [010]. Right: Crystal structure of
a-[C(NHz)3][N(CN)z], view along [010]. Thermal displacement ellipsoids (except for H) are drawn at the 50 %
probability level.

[001] and twisted around their (idealized) Cj, axes along [100] (Fig. 5.6).
The crystal structure of a-[C(NHs)3][N(CN)s] can be described in an analogous way as that of
(3-]C(NH2)3][N(CN)2]. The polymorph crystallizes in the monoclinic space group P2;/c¢ (no.

Figure 5.6: Left: Crystal structure of 3-[C(NHz)3][N(CN)2], view along [001]. Right: Crystal structure of
a-[C(NH2)3][N(CN)z], view along [201]. Thermal displacement ellipsoids (except for H) are drawn at the 50 %
probability level.
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14) with lattice parameters differing only slightly from those of its orthorhombic counterpart
B-]C(NHz2)3][N(CN)a] (cf. Table 5.1).

Table 5.2: Selected bond lengths (in pm) and angles (in °) for B-[C(NHz)s[[N(CN)2] (left) and o-

B-|C(NHz)3][N(CN),] a-[C(NHz)s][N(CN),]
C1-N1 131.9(5) C1-N1 132.6(2)
C1-N3 132.3(3) C1-N3 132.3(2)
C1-N2 133.7(5) C1-N2 132.1(2)
C2-N4 133.1(5) C2-N4 132.5(2)
C2-N5 130.3(5) C2-N5 132.0(2)
C2-N6 133.2(3) C2-N6 132.6(2)
C3-N7 115.7(4) C3-N7 115.2(2)
C3-N8 129.0(4) C3-N8 128.9(2)
C4-N9 113.1(5) C4-N9 114.3(2)
C4-N8 132.4(4) C4-N8 131.0(2)
C5-N10 114.9(4) C5-N10 115.8(2)
C5-N11 129.5(4) C5-N11 129.6(2)
C6-N12 115.3(4) C6-N12 115.0(2)
C6-N116 129.8(4) C6-N11 130.2(2)
N1-C1-N3 120.8(3) N1-C1-N3 120.5(2)
N1-C1-N2 119.6(3) N1-C1-N2 119.7(2)
N2-C1-N3 119.6(3) N2-C1-N3 119.8(2)
N5-C2-N4 120.7(3) N5-C2-N4 119.7(2)
N5-C2-N6 119.1(3) N5-C2-N6 119.6(2)
N4-C2-N6 120.1(3) N4-C2-N6 120.7(2)
N7-C3-N8 169.8(3) N7-C3-N8 170.4(2)
N9-C4-N8 174.0(4) N9-(4-N8 173.6(2)
C3-N8-C4 121.3(3) C3-N8-C4 122.4(2)
N10-C5-N11 172.4(3) N10-C5-N11 171.7(2)
N12-C6-N11 174.4(4) N12-C6-N11 174.3(2)
C5-N11-C6 123.0(2) C5-N11-C6 121.7(2)

The molecular ions are stacked alternately along [201] and assembled in an analogous manner
as in the orthorhombic f-form (Figs. 5.5 and 5.6). The main differences between the two
crystal structures, which show variations in the long range order of the molecules, may become
apparent by comparing the spatial orientations of the ions along the equivalent directions [001]
(B) and [201] (o) (Fig. 5.6). While being tilted with respect to the b-axis to about the same
extent (+ 40 and — 40°) and twisted relative to each other as in the -form, the planes formed

about parallel to (001) contain cations with tilt angles alternating in an A A B B A ... manner
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along [201] in the a-polymorph. In the orthorhombic form, the layers are made up alternately
by cations with a uniform or with opposite tilt angles. In layers with opposite tilt angles
the cations are arranged as A B A B... along [001]. Thus, although being similar in terms
of their principal arrangement, the relative orientation of the anions is different in the two
modifications. This corresponds to the differing glide planes in the monoclinic as compared
to the orthorhombic space group.

The first coordination spheres of the two crystallographically inequivalent guanidinium ions
in 3-[C(NHz)3][N(CN)2] and a-[C(NHz)3][N(CN);] are largely identical with respect to the
arrangement of the anions. They are composed of eight dicyanamide ions each, which are
grouped into pairs around the central cation with C---N contacts ranging from 325 to 448
pm in both polymorphs (Fig. 5.7). Thereof six (C2) or five (C1) of the closest anion-cation
contacts, respectively, include terminal nitrogen atoms, whereas the remaining two or three C
.-+ N contacts, respectively, involve bridging amido-nitrogen atoms. The three-dimensional
hydrogen-bonding network can be characterized in both modifications by the prevalence of
medium strong hydrogen bridges [363] ((N—)H:--N 194 — 260 pm (8) and 204 — 270 pm («);
angles N-H---N 172 - 111° () and 172 — 115° («)). In a similar way, the two crystal-
lographically inequivalent dicyanamide anions in both polymorphs are surrounded by eight

guanidinium ions each, the latter building up two sorts of layers by the spatial orientation

Figure 5.7: Left: Coordination sphere of the guanidinium cation I in 3-[C(NHz)3][N(CN)z]. Right: Coordi-
nation sphere of the guanidinium cation I in a-[C(NHs)s][N(CN)2]. The coordination sphere is indicated by
dashed, hydrogen bonds by dotted lines. Thermal displacement ellipsoids (except for H) are drawn at the 50 %
probability level.
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Figure 5.8: Left: Coordination sphere of the dicyanamide anion I in 3-[C(NHz)s3][N(CN)2]. Right: Coordi-
nation sphere of the dicyanamide anion I in a-[C(NHz)3][N(CN)2]. The cations form two types of layers in a
[4 + 4] manner. Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability level.

of their molecular planes. These are aligned almost perpendicularly in a [4 + 4] and [6 + 2]
manner, respectively (Fig. 5.8).

The angles (N-C=N) 170 — 174°, for § and «) and bond lengths (C-N 129 — 132 pm ()
and 129 - 131 pm («), C=N 113 — 116 pm () and 114 — 116 pm («)) of the bent planar
dicyanamide anions correspond to the localization of the electron density according to the
formula [N=C-N-C=N]~, which is in agreement with the bond lengths observed in other
dicyanamides [125, 126, 287, 302, 332, 333]. The planar guanidinium ions exhibit three NCN
bond angles which are very close to 120°, and all three C-N bond lengths of the guanidinium
cations are essentially equal (Table 5.2). All three nitrogen atoms are associated with two
protons each, corresponding to the complete delocalization of the double bond within the C-N
backbones and thus, to only minor deviations from Ds; point symmetry.

Principally, the bond lengths and angles of the ions in the monoclinic form show less devi-
ations from the idealized molecular geometries than in the orthorhombic modification, the
significance of which should, however, not be overestimated in view of the lower data quality
for the latter.

The observed X-ray powder data of both modifications could be reproduced and indexed
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completely by the diffraction patterns calculated on the basis of the respective single-crystal
data. Although the energy difference between the two polymorphs at room temperature was
found to be extremely small (cf. section 5.2.4) and, hence, a facile reversible conversion of the
two modifications may be expected in the first instance, leading to the coexistence of both

phases, the powder patterns obtained were on the contrary almost exclusively single-phase.

5.2.3 Vibrational Spectroscopy

The vibrational spectra of both polymorphs of guanidinium dicyanamide are practically in-
distinguishable and resemble very much those of other ionic dicyanamides which are char-
acterized by an intense triplet in the v(C=N) region (Fig. 5.9) [302,332,333,353]. Raman
spectra were recorded in situ during the transformation of §- into a-[C(NHs)3][N(CN)2], the
differences of the educt and product spectra however being negligibly small. The bands ob-
served in the IR and Raman spectra together with the respective assignments are listed in
Table 5.3 [302,333,364-366]. A formal consideration of the theoretical number of vibrations
expected for [C(NHz)3][N(CN)2] based on a factor group analysis, requires a total of 264 inter-
nal modes after subtraction of the librational and translational lattice modes [367]. However,
in first approximation the internal modes of the molecular ions may be regarded as unaffected
by the crystal field due to the weak interionic interactions.

Furthermore, the two inequivalent molecules building up the asymmetric unit may not lead
to a systematic splitting of the bands if the molecular geometry of the molecules do not differ
significantly, thereby reducing the relevant contributions to the internal modes to those from

one molecular unit. In total, 3N — 6 internal modes per ion (N = 10 and 5, respectively),
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Figure 5.9: Left: IR spectra of B-[C(NHz)s][N(CN)2] (bottom) and a-[C(NH;)3][N(CN)2] (top) recorded in
a range from 4000 — 400 cm™' at room temperature. Right: Raman spectra of 3-[C(NHz)3][N(CN)z] (bottom,)
and a-[C(NHz )3J[N(CN)2] (top) recorded between 4000 and 80 ecm™" at room temperature.
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Table 5.8: Vibrational frequencies (in cm™") of B-[C(NHz)3][N(CN)z2] (upper row) and a-[C(NHz )3 ][N(CN)z]
(lower row) as observed by FTIR and Raman spectroscopy at room temperature. The assignments are based
on reference data (v = stretching, § = in-plane deformation, v = out-of-plane deformation, p = rocking, w =
wagging; vs: very strong, s: strong, ms: medium strong, w: weak, vw: very weak, b: broad, sh: sharp, comb =
combination band / overtone).

IR ps Raman,ps Assignment [302,333,364,365]

3449.8, 3348.4, 3245.9 (s, b) 3349, 3199 (w, b)
3421.3, 3347.0, 3175.3 (s, b) 3356, 3268, 3200 (w, b)
3036.2, 2794.1

3038.2, 2795.0 (w)

Vs/as(NHQ)

comb

2261.5 (s) 2262 (vw) ) )
2260.5 (s 2257 (vw) Vs(N-C)aca + Vas(N-C)aca
2208.9 (ms) 2210 (vs) Vs(N=C)dea

2141.4 (ms) 2148 (ms) B

2148.7 (vs) 2153 (ms) Vas(N=C)dca

1652.9 (vs) 1650 (vw, b) :

1663.4 (vs) 1650 (vw, b) Vas(C-N)gua + 6(NHz)
1570.0, 1547.1 (ms) 1553 (w, b)

1567.5, 1547.0 (ms) 1549 (w, b) 6(NHz)

1419.0 (vw) )

1417.1 (vw) com

1342.2, 1331.4 (s)

1341.4, 1332.2 (s) Vas(C-N)aea

1110.0 (vw, b) 1112 (vw)

1122.8 (vw, b) 1112 (vw) p(NHz)

1009.6 (vw) 1010 (s) B

1007.6 (vw) 1010 (s) Vs(CN)gua

930.5, 907.7 (w, sh) 907 (w) -

930.7, 908.3 (w, sh) 908 (w) Vs(CN)dca

714.0 (w, b)

714.0 (,w7 b) V(CN?))gua + (A)(NHQ)
662.0 (w, sh) 662 (ms) N

661.4 (w, sh) 662 (ms) 95(CN-Caca

545 — 525 (’LU, b) ’75/a8(N7CEN)d6a
516.0 — 523.0 (s) 518 (ms) 5(CN3)gua + 6(NHy)
518.0 — 523.0 (s) 523 (ms, b) 3as(N—C=N) geq

< 500 (w)

giving rise to 24 4+ 9 = 33 optical modes may be expected. The validity of this simplification
is justified by the clarity of the vibrational spectra, where less than 33 bands are observed.

A splitting of the bands due to the inequivalent sites of the molecules may be disguised
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by a broadening of the absorptions which especially applies to the intense bands at 2149
and 1663 cm™! in the IR spectra of both polymorphs. The IR-bands at 1570 /1568 (- / a-
polymorph) and at 1547 cm~! (both polymorphs) are associated with the in-plane bending
modes of NHs, the strong absorption at 1653 /1663 cm™! is attributed to a coupling of the
asymmetric C-N stretching vibration with the in-plane NHs bending of the guanidinium ion.
These modes as well as the split bands assigned to the asymmetric and symmetric C-N stretch-
ing modes of the dicyanamide ions (Table 5.3) may be a manifestation of the slightly differing
geometry of the two molecules in the asymmetric unit (it should be noted, however, that the
absence of the mode at 931 cm™! in the Raman spectrum may invalidate the above assign-
ment). The differences in the IR-spectra of the polymorphs mainly consist in slightly varying
band intensities or asymmetries. Besides, minor band shifts are observed which, however,
are not exactly reproducible in the Raman spectra. For instance, the high-frequency shift of
the N-H stretch at 3450 cm™! for the S-form (a: 3421 cm™!) as well as the low-frequency
shifts of v45(C=N) (2141 vs. 2149 cm™ 1) and v,5(C-N)+ §(NHsy) (1653 vs. 1663 cm™!) may
tentatively be associated with the hydrogen bonding network and local geometric differences.
The most evident shift associated with the band at 3450 cm™! might be traced back to the
less dense hydrogen network in the g-form compared to the a-form: Whereas in the latter, all
H atoms participate in hydrogen bonding and three H are involved in a bifurcated hydrogen
bond, in the former one hydrogen (H11) does not possess a nearest neighbor acceptor within
a sphere of 283 pm and only two bifurcated hydrogen bonds are present. However, comparing
the strengths of the existing hydrogen bridges in the two modifications, there is evidence for
slightly stronger bonding in the §-form, which might be substantiated by the red-shift of the
Vas(C=N) and the slight-blue shift of 6(NHy).

5.2.4 Thermal Behavior
5.2.4.1 In situ X-ray powder diffraction

Variable temperature X-ray powder diffraction measurements have been conducted between
293 and 410 K. When starting from [-[C(NH2)3][N(CN)2|, the transformation into a-
[C(NHz2)3][N(CN)3] can clearly be distinguished at temperatures between 315 and 323 K.
Subsequently, melting occurs at 329 K, being followed by a re-solidification around 387 K
(Fig. 5.10, top). The solidification is accompanied by the emergence of a new phase which was
identified as melamine by X-ray powder diffractometry. When heating a-[C(NHs)3][N(CN)q]
from room temperature, no phase transition is observed prior to the melting of the sample
(Fig. 5.10, bottom). Comparing the melting points in both temperature runs, minor devia-

tions in the melting onsets become apparent, while the principal temperature characteristics
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Figure 5.10: Variable temperature X-ray powder diffraction patterns of 8-[C(NHz)s][N(CN)2] (top) and o-
[C(NH2)3][N(CN)2] (bottom) conducted in a temperature range between 297 and 410 K at intervals of 3 K.
The measuring time for each diffractogram (20 = 7 — 16°) was 20 minutes and the heating rate for each step
5 K min~t. The B — a phase transition is indicated by arrows.

and transformation products are identical for both measurements. Whereas in the case of
a-[C(NHz)3][N(CN)2], melting already occurs between 325 and 326 K, 3-[C(NHz)3][N(CN)g]
does not melt until the transformation into a-[C(NHz)3][N(CN)2] is complete (328 — 329 K),
which effectively delays the melting process slightly.

5.2.4.2 Differential scanning calorimetry

As a supplement to the temperature-dependent X-ray powder experiments, DSC measure-
ments with samples of both modifications were carried out. The resulting curves (Fig. 5.11)

exhibit two well distinguishable features between RT and 473 K and several weak thermal
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Figure 5.11: DSC heating curves and cooling curves of [(-[C(NHz)3][N(CN)z](bottom) and o-
[C(NH3)s][N(CN)2] (top) between 247 and 473 K, as well as a TG heating curve of the a-phase, each recorded
with a heating (cooling) rate of 0.5 K min~' (the DSC heating curves are normalized and the cooling curves
are plotted enlarged). Due to the facile conversion of the (B- into the a-polymorph upon gentle heating, the
cooling curves for the B-form were only recorded from 300 K downwards. The endothermic signal of the phase
transition 3 — « prior to the melting onset is clearly distinguishable in the lower curve.

events in the range 247 K — 293 K. Using a heating ramp of 0.5 K min~!, a sharp endother-
mic melting signal peaking at 335 K (onset: 325 K) is observed for 8-[C(NHz2)3][N(CN)2],
which exhibits a shoulder peak at 332 K prior to the melting signal. This feature, which is
not observed when heating the a-form, can be attributed to the phase transformation of 3-
into a-[C(NHz2)3][N(CN)3]. A strongly exothermic signal with a maximum at 427 K (onset:
388 K) can be attributed to the formation of melamine from the melt.

Similarly, a-[C(NHz2)3][N(CN)2] is melting at 338 K (onset: 318 K) and exhibits an exother-
mic signal at 431 K (onset: 395 K). Two more heat anomalies may be distinguishable at 255
K (endo, a) /254 K (endo, ) and at 293 K (exo, §/endo, a), where for the latter event the
sign of energy flow is not clearly distinguishable due to the uneven baseline. The appearance
of the cooling curves is strongly dependent on the thermal history of the sample, typically
lacking reproducibility of the onset temperatures and appearance of the signals due to the
extreme weakness of the thermal events (< 0.2 mW). Whereas for 3-[C(NH3)3][N(CN)2], weak
anomalies are observed at 260 K and 252 K (— 0.5 K min~1), for a-[C(NHz)3][N(CN)y] three
signals (288 — 285, 262 and 255 K; — 0.5 K min~!) are present, which in general are not

classifiable unambiguously with respect to the sign of energy flow (Fig. 5.11). Correlation
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with the signals obtained from the heating curves is complicated by the variable onsets and
large hystereses and was therefore not attempted.

Complementing these measurements with low-temperature X-ray diffraction at various tem-
peratures between 268 and 200 K reveals that the low-temperature events detected by thermal
analyses do not correspond to major structural rearrangements (such as the transformation
a — [3), since no significant changes in the powder patterns of both phases are observed. The
heat anomalies below the melting signal may therefore be attributable to phase transitions
induced by a change of the reorientational state of the guanidinium ions. A feature typical of
guanidinium salts is the onset of two-dimensional jumps in a three-fold potential around the
molecular C5 axis at sufficiently high temperatures, which may be followed by diffusive rota-
tional motion at higher temperatures. The associated thermal events are observed in a wide
temperature range (103 — 493 K) [82,368-370] largely depending on the anionic sublattice,
and are interpreted not only in terms of changes in the rotational state of the cations (order-
disorder transitions) but also in the activation energies [369]. If these phase transitions were
only associated with an entropy (and no enthalpy) change as observed for glass transitions,
an increase of the heat capacity and, thus, a step in the DSC curve would result, which is not
observed for the thermal anomalies at low-temperatures for both modifications. As suggested
in the literature [368,369], they may therefore be associated with a first-order phase transi-
tion whose heat tonality is composed of both enthalpic and entropic contributions, or with
a continuous second-order phase-transition with only minor structural rearrangements. To
shed light on this issue, spectroscopic approaches such as 2H solid-state NMR measurements
will be necessary. The o — [ conversion was not observed to proceed within the measuring
interval of typically 2 — 14 h within the investigated temperature range.

Observations pertaining to the preparation procedures may provide additional information
on the relative stability of the two modifications. [-[C(NHz)s3][N(CN)2] was only obtained
from aqueous solutions that were concentrated under vacuum. Upon storing this polymorph
under humid air it deliquesced and subsequently recrystallized as a-phase. Moreover, samples
originally crystallized as 5-[C(NHz)3][N(CN)2] that were stored under atmospheric conditions
(regular air humidity) transformed into the a-modification within weeks at room temperature.
The following conclusions may therefore be drawn:

(-[C(NHz2)3][N(CN)g] is transformed into o-[C(NHz)3][N(CN)z] under atmospheric conditions
within weeks and with increased rates upon heating above room temperature. The transfor-
mation proceeds endothermically, which may indicate the thermodynamic stability of the
[-form at room temperature, while the reverse transformation @ — ( cannot be effected and,

therefore, seems to be kinetically hindered in the temperature range accessible to diffraction

146



CHAPTER 5. CNx PRECURSORS 5.2. GUANIDINIUM DICYANAMIDE

experiments. However, since the presence of moisture and / or pressure seems to play a vital
role for the conversion of - into a-[C(NHz)3][N(CN)2| and seems to promote the transforma-
tion even at room temperature, the formation of §-[C(NHz)3][N(CN)q] may require special
crystallization conditions. «a-[C(NHg)3|[N(CN)so| is stable at temperatures at > 303 K and,

while being metastable, may be super-cooled down to temperatures as low as < 200 K.

5.2.4.3 Mechanistic considerations

Regarding the transformation of guanidinium dicyanamide into melamine from the melt re-
veals an interesting analogy to the thermal behavior of ammonium dicyanamide. The latter
dicyanamide transforms into dicyandiamide according to a solid-state transformation which
was discussed in detail above (cf. section 4.1). In case this mechanism is transferable to
other solid-state systems, its application to guanidinium dicyanamide results exactly in the

observed reactivity (Fig. 5.12).

N NH;
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Figure 5.12: Mechanism of the transformation of guanidinium dicyanamide into melamine drawn by analogy
with the solid-phase reaction of ammonium dicyanamide. N-guanyl-cyanoguanidine (cyano-biguanide) may be
formed as an intermediate.

According to the sketched mechanism, the reaction may be initiated by a proton transfer from
the cation to one of the basic centers (terminal N) of the anion, followed by the nucleophilic
attack of a guanidinium nitrogen atom at an electrophilic nitrile carbon. As a result, the
intermediate formation of N-guanyl-cyanoguanidine (cyano-biguanide) may occur. Different
to ammonium dicyanamide, the possibility for an intramolecular nucleophilic addition at the
remaining nitrile carbon is given, resulting in a ring closure with subsequent formation of
melamine.

The observed thermal behavior of guanidinium dicyanamide may be further strong evidence for
the validity of the mechanism proposed for the thermal reactivity of ammonium dicyanamide.
It should however be noted that since the melamine formation proceeds wvia the melt, no
identical “solid-state approach” to the reaction pathway is possible and the comparability of
the two systems is thus limited. Nevertheless, one may assume the reaction mechanism to
operate in an analogous manner as observed for ammonium dicyanamide, yet “solution-like”

due to the significantly increased mobility of the molecular ions in the melt.
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5.3 Melaminium Dicyanamide

5.3.1 Introduction

As seen in section 5.2, the intramolecular reaction of the components of guanidinium di-
cyanamide essentially yield melamine, a prototypic CN,, precursor. In order to provide an ad-
ditional reactive “linkage” for further condensation to occur, melaminium dicyanamide mono-
hydrate was synthesized, by means of which the feasibility of connecting melamine residues
with the dicyanamide ions wvia guanyl-type linkers should be tested (Fig. 5.13). The unsat-
urated imine-type endgroups may then be prone to additional condensation reactions upon
thermal treatment, leading to 1D or even highly cross-linked carbon(IV) nitride aggregates.

Melaminium dicyanamide hydrate [C3N3H(NHz2)3][N(CN)2] - HoO was prepared by metathe-
sis reaction in aqueous or methanolic solution (cf. section 10.1 on page 355). The compound
crystallizes in the form of very thin, long needles, rendering the crystal quality insufficient,
irrespective of the solvents used for recrystallization (MeOH, EtOH, DMSO). Therefore, only
crystals with very poor I/o and accordingly moderate R-values could be grown (cf. Table

5.4), the crystal structure solution of which is presented in brief in the following section.
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Figure 5.13: Cross-linking of the ions in melaminium dicyanamide hydrate to form covalently bonded, extended
arrays. Only a possible linear 1D polymer is shown; other variants may also be formed.

5.3.2 Crystal Structure

Selected data of the crystal structure solution and refinement are summarized in Table 5.4.
Although the data quality is only moderate owing to the weak scattering power of the single
crystal, all hydrogen positions have been located from difference Fourier syntheses and refined
isotropically without using restraints.

Melaminium dicyanamide crystallizes in the form of a mono-hydrate (P21 /¢), which is made

up by a mono-protonated melaminium cation and a dicyanamide anion. The protonated site
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Figure 5.14: Asymmetric unit of melaminium dicyanamide hydrate (left) and hydrogen bonding network
linking neighbored ions (right). Thermal displacement ellipsoids are drawn at the 50 % probability level.

at the planar melaminium core (N2) can be easily identified, as the crystal water (O1) is
directly hydrogen-bonded via H2A (Fig. 5.14, left) to the donor nitrogen atom N2 with a
short donor-acceptor distance of 267 pm. In addition, C-N bond lengths within the triazine
ring are significantly alternating, being by more than 2 pm longer adjacent (C1-N2 / C2-N2:
136 — 137 pm) and opposite (C3-N1/C3-N3: 135 — 136 pm) to the protonated nitrogen
atom as compared to those in between (C1-N1/C2-N3: 132 — 133 pm). This trend is

Figure 5.15: Unit cell of melaminium dicyanamide monohydrate, view along [010]. Thermal displacement
ellipsoids (except for H) are drawn at the 50 % probability level.
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observable also for other melaminium cations as well as protonated tricyanomelaminate anions
(cf. 5.6 on page 170) [127,371-392]. Interestingly, the exogenous C-N bond lengths (Cy/5/3-
Ny/5/6) exhibit pronounced double-bond character (131 — 133 pm), forcing the amide groups

to planarize within the triazine ring plane.

Table 5.4: Crystallographic data for melaminium dicyanamide hydrate.

Formula [C3NgH7][N(CN)2] - H2O
M, / g - mol™! 211.21

crystal system monolinic

space group C2/c (no. 15)

T /K 150

diffractometer Nonius Kappa CCD
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 2735.5(6)

b / pm 364.43(7)

¢/ pm 1884.1(4)

G /° 103.17(3)

V /105 . pm3 1828.9(6)

Z 8

Pcalcd / g cm ™3 1.534

F(000) 880

g/ mm~? 0.119

crystal size / mm? 0.48 x 0.08 x 0.05
I/o 3.18

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
extinction coefficient y

GooF on F?

R indices (all data)

min./max. residual
electron density /
e- 1076 pm=3

4.17 <60 < 24.98
—32<h<32 —4<k<4,
—22<1<22

11736

1617 (R = 0.1449)
1037

with F2 > 20(F2)

173 /0

0.0034(6)

1.038

Ry = 0.0504 (0.1004)
wRy = 0.0977 (0.1165)
with w = [0?(F?)
+(0.0340P)% + 2.7576 P!
where P = (F2 +2F?)/3

—0.226 / 0.234
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The C-N bond lengths of the dicyanamide anion clearly support the carbodiimide-type no-
tation of the bent planar species with significant delocalization of electron density from the
central nitrogen atom into the nitrile moieties (N7-C4/5: 131 pm; C4-N8 / C5-N9: 116 pm).
The dicyanamide ion is hydrogen-bonded by medium strong hydrogen contacts to four sur-
rounding melaminium cations (not all shown in Fig. 5.14, right) via the terminal nitrogen
atoms N8 /N9 (N --- N: 304 — 311 pm), and to two water molecules via the central and ter-
minal nitrogen atoms N7 and N9 (N --- O: 286 pm). The melaminium cations are arranged
in chains along [100], exhibiting identical tilting angles with respect to [010], with pairs of
adjacent cations being hydrogen-bonded (N1 --- N4: 295 pm) and embedded in a “matrix”
of anions and water molecules as outlined in Figure 5.15. The molecular planes of the tri-
azine rings are stacked along [010] with distances corresponding to the lengths of the b-axis
(360 pm).

5.3.3 Thermal Behavior
5.3.3.1 Thermal analysis and In situ X-ray powder diffraction

The thermal behavior of melaminium dicyanamide hydrate was investigated by means of differ-
ential scanning calorimetry, thermogravimetry and temperature programmed XRD (TPXRD)
in a temperature range between ~ 300 and 750 K. From Figure 5.16 a very complex thermal
behavior can be derived, which is characterized by a rapid succession of phase transitions
associated with different degrees of mass loss. A similar scenario is disclosed by TPXRD,
which, however, is not as sensitive with respect to thermal events with small heat of reaction
(Fig. 5.17). It should be noted that on performing the DSC scans with different samples,
varying curves are obtained, which though exhibiting the same approximate pattern show
differences in the peak positions and exo- or endothermicity of the respective events. Thus, a
strong dependence on the heating conditions (heating rate, pressure) may be inferred.

In the low-temperature range (300 — 450 K) a succession of two major and one minor en-
dothermic event is observed in the DSC curve, which is approximately reproduced by the
TPXRD measurement.

The phase transition commencing at 350 K, which is accompanied by a mass loss of about
7.0 % is most probably due to the loss of crystal water (theor. 8.5 %), upon which unsolvated
melaminium dicyanamide is retained as evidenced by IR measurements at 423 K (“phase X”).
The second and third endothermic signal may be associated with structural changes in the
dehydrated phase, as minimal mass loss is observed by TG and the majority of reflections
in the TPXRD measurements remains unaffected. The intense exothermic signal at 475K

is related to the formation of melamine, which is clearly visible by TPXRD. A very similar
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Figure 5.16: DSC and TG curves recorded for melaminium dicyanamide hydrate in a temperature range
between RT and 750 K with a heating rate of 1 K min™'.

curve progression is observed for guanylurea dicyanamide, which transforms into melamine
at even lower temperatures (cf. section 5.4.4.1 on page 160). The significant mass loss pro-
ceeding in two steps (5.7 % and 8.7 %, respectively) between 500 and 600 K may result from
the sublimation of melamine as well as from the beginning decomposition of the latter upon
polymerization, during which ammonia is evolved. In particular, the endothermic signal at
595 K may be associated with both sublimation of melamine and the onset of the formation
of melem as well as adduct phases, which will be discussed in Chapter 6 on page 196. Owing
to the poor signal-to-noise ratio of the powder patterns, the latter events are not visible by
TPXRD. However, a broad signal around 12° 26 can be observed from temperatures around
570 K onwards, which is typical of graphite-like CN, phases of varying composition. In con-
trast to the decomposition of pure melamine, however, the corresponding onset temperatures
for melaminium dicyanamide are significantly lower, presumably indicating an increased re-
activity of this CN, precursor.

In general, the expected cross-linking by intramolecular condensation reactions is not observed
by thermal analysis nor by X-ray diffraction, yet melamine is formed as the only crystalline
phase by a simple acid-base reaction. However, the formation of CN, networks may not be
completely excluded, as they may form to a small extent as amorphous side-phases, which are

not detectable by X-ray powder diffraction.
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Figure 5.17: Variable temperature X-ray powder diffraction patterns of melaminium dicyanamide hydrate
conducted in a temperature range between 293 and 663 K at intervals of 5 K. The measuring time for each
diffractogram (5 — 20° 20) was 26 minutes and the heating rate between the steps 50 K min™".

5.3.4 Temperature-Dependent FTIR Spectroscopy

In order to independently identify the products of the thermal transformations of melaminium
dicyanamide hydrate, ez situ IR measurements were carried out on samples heated in closed
aluminium crucibles as used for the DSC measurements, which were placed in glass tubes
under pressure equalization. Owing to the different temperature characteristics and heat
transfer of the different heating procedures, direct comparison of the absolute temperature
values is critical.

The room temperature spectrum of melaminium dicyanamide hydrate is characterized by
a ring-sextant out-of-plane bending vibration at 780 cm™', which is characteristically red-
shifted for protonated triazine (and heptazine) rings as compared to the non-protonated
rings [293,383,384,393,394]. Furthermore, the typical dicyanamide vibrations (cf. section 5.2
on page 135) and those of the melaminium core [240, 383-385] are evident. The medium
intense and strong bands at 1708 and 1660 cm ™!, which are assigned to the NHy bending and
ring C=N stretching vibrations [383,384], gradually shift towards lower wavenumbers upon
heating, whereas the band at 1500 cm™! vanishes, giving rise to two new bands at higher
(centered at 1553 cm™!) and lower (centered at 1450 cm™!) wavenumbers, respectively. At
the same time, the sextant-bend is blue-shifted by ~ 30 cm™!, indicating the deprotonation
of the triazine ring. The intensity of the characteristic dicyanamide triplet between 2166 and
2286 cm™! continuously decreases, as does the intense band at 3391 cm~!. The latter is
additionally red-shifted on heating by about 30 cm™!.

Taken these findings together, the following picture of the thermal behavior of the dicyanamide
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Figure 5.18: IR spectra of melaminium dicyanamide (a) recorded after temperature treatment at increasing
temperatures: (b) 423 K, (c) 533 K, (d) 773 K.

salt can be outlined: At 423 K, the principal arrangement still seems largely unaffected apart
from the loss of crystal water ((b) in Fig. 5.18). The IR spectrum of (c) is essentially iden-
tical with that of melamine, visible in particular by the characteristic ¥(NHs) doublet at
3470 /3419 cm™!; this is in agreement with the DSC and TPXRD measurements. The IR
spectrum (d) for the sample decomposed at 773 K shows well-resolved bands in the C=N and
also C-N stretching region between 1650 and 1250 cm~!. As will be discussed in Chapter 7
on page 280, this pattern is reminiscent of that of graphitic carbon nitride, apart from the
low-intensity band at 2200 cm™', which is presumably due to non-consumed melaminium
dicyanamide. Therefore, the reflection at 260 = 12° seen in the TPXRD patterns above 570 K
can be correlated with the formation of a graphitic CN,H, material made up from triazine or
heptazine rings as indicated by the sharp band at 810 cm~! (for a more detailed discussion
see Chapter 7 on page 280).

The thermal decomposition of melaminium dicyanamide hydrate was also probed by
temperature-dependent gas phase vibrational spectroscopy by heating up the powdered sam-
ple in an evacuated IR cell to 743 K (1 K min~!) while scanning the range between 450 and
4000 cm~! at intervals of 5 — 10 K. Figure 5.19 clearly shows the evolution of HNCO at tem-
peratures as low as 390 K, ceasing around 513 K. The subsequently observed traces of CO5 are
presumably a consequence of the decomposition of HNCO in the presence of water according
to HNCO (g) + H20 (g) — CO2 (g) + NHj (g), the latter of which being the dominant gas
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Figure 5.19: Temperature dependent FTIR gas spectra of melaminium dicyanamide collected between 343 and
743 K (back to front). The peak assignments are indicated by arrows; rotational side bands are visible for NHs.

phase species at T > 560 K.

The origin of HNCO remains critical in so far as it cannot be ruled out completely that
HNCO is formed by reaction of water with traces of cyanamide, which may be formed as a
reactive intermediate from depolymerization of melamine or decomposition of the free acid
dicyanamide. The latter presumably forms together with melamine as an unstable product
of the intramolecular proton transfer between the melaminium cation and the anion. Di-
cyanamide may then rapidly decompose by the action of crystal water present either in the
gas phase or within the solid, forming HNCO and cyanamide. HoNCN then trimerizes to
melamine, thereby providing an alternative source for melamine in addition to the proton-
transfer reaction (Fig. 5.20).

Melamine subsequently decomposes to melem, finally yielding condensed CN, H, polymers
accompanied by the evolution of ammonia as can be seen at temperatures between 500 and
743 K. The latter transformations proceed in close agreement with the processes observed for
pure melamine, which together with its condensation products presumably is the only solid

product of the decomposition of melaminium dicyanamide hydrate.

5.3.5 Discussion

The comparability of the DSC, TPXRD and ez situ IR measurements with the TIR experiment
may be limited in so far as the gas phase in the IR measurement represents a closed system,
from which water vapor may not escape, but react with the solid phase in an equilibrium
reaction. Thus, whereas the reaction pathway in an open system may be initiated by the

evaporation of crystal water, followed by the formation of melamine and polymerization of the
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free acid dicyanamide, HNCO may be formed by the reaction of water with the (protonated)
anion. This hypothesis is supported by the fact that the existence of a dehydrated phase of
melaminium dicyanamide can be inferred from systematic IR measurements of the sample
after treatment at different temperatures below ~ 773 K in an open system. This observation
could not be explained if the first phase transition around 350 K was associated with the
reaction of crystal water with the dicyanamide anion, yielding isocyanic acid and melamine

via cyanamide. The two alternative reaction pathways are sketched in Figure 5.20.
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Figure 5.20: Two alternative reaction pathways for the thermal decomposition of melaminiun dicyanamide
hydrate in open (top) and closed systems (bottom). Whereas crystal water plays an important role for the latter,
it is evaporated in open systems, leaving behind a pure CNyH, precursor.

The above results demonstrate that the initially proposed condensation pathway (Fig. 5.13)
does not adequately represent the thermal behavior of melaminium dicyanamide hydrate.
As observed for the previously investigated dicyanamides, an intramolecular proton transfer
seems to initiate the thermal decomposition, yet no evidence is found for condensation of the
as-formed neutral species melamine and dicyanamide to build up oligo- or polymeric CN,H,
networks as put forward above. Instead, melamine is the only identifiable reaction product,
whose thermal behavior accordingly dominates the decomposition of melaminium dicyanamide
hydrate. Although the reactivity of the latter seems to be somewhat increased as compared
to that of melamine, this dicyanamide represents yet another potential CN, precursor whose

functionality can be reduced to that of melamine.
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5.4 Guanylurea Dicyanamide

5.4.1 Introduction

In order to extend the study of reactive molecular systems with potential thermal solid-
state reactivity, another dicyanamide salt, guanylurea dicyanamide, was synthesized by ion-
exchange reaction (cf. section 10.1 on page 355). Its solid-phase transformation was compared
with previously observed reaction schemes of related systems as outlined in the previous
sections 4.1 on page 71, 5.2 on page 135, and 5.3 on page 148. Though not being a pure
CN.H, compound, the suitability of guanylurea dicyanamide as a precursor will be probed
owing to the possibility of unexpected condensation pathways stimulated by the presence of
oxygen in the starting material. The following study, which is based on ref. [124], is thus
intended to investigate the temperature response of this model system and to place it in
the broader context of the observed thermal solid-state reactivity of molecular — especially

dicyanamide- and tricyanomelaminate-based — CN, precursors.

5.4.2 Crystal Structure

Guanylurea dicyanamide [(HoN)C(=O)NHC(NHz2)2][N(CN)q] crystallizes in the space group
C2/c with eight formula units in the unit cell. Both anions and cations are loosely embedded
in a hydrogen bonding network consisting of medium strong and weak hydrogen bonds with

H --- N/O contacts between 207 and 250 pm. The first “coordination sphere” of the cations

consists of three guanylurea and four dicyanamide ions, while the anions are surrounded solely

by cations (Fig. 5.21, left).

Figure 5.21: Left: Coordination sphere of the dicyanamide ion and hydrogen bonding to neighboring guanylurea
cations (dotted lines). Right: Unit cell of guanylurea dicyanamide, view along [010] onto the chains composed
of alternating ions running along [100]. The displacement ellipsoids are drawn at the 50 % probability level.
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In the latter case, both bridging and terminal nitrogen atoms of the anion are involved in
one medium strong and one weaker hydrogen bridge each. Details of the crystal structure

determination and refinement for guanylurea dicyanamide are listed in Table 5.5.

Table 5.5: Crystallographic data for guanylurea dicyanamide.

Formula [HoNC(=0O)NHC(NH2)NH;][N(CN)2]
M, / g - mol™? 169.17

crystal system monoclinic
space group C2/c (no. 15)
T /K 130
diffractometer STOE IPDS
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 2249.0(5)

b/ pm 483.9(1)

¢/ pm 1382.4(3)

B/° 99.49(3)

vV /10% - pm3 1483.8(5)

Z 8

Pcalcd / g - CIH_3 1.514

F(000) 704

p / mm~? 0.119

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters

GooF on F?
R indices (all data)

min./max. residual

0.20 x 0.16 x 0.10
2.99 < 6 < 30.50
—32<h<32 —6<k<6,
—19<1<19

8419

2170 (Rjnt = 0.0581)

1496

with F2 > 20(F2)

137

0.910

Ry = 0.0352 (0.0617)

wRy = 0.0758 (0.0826)
with w = [02(F?)
+(0.0453P)2 + 0.0000P) 1
where P = (F2 +2F2)/3

electron density / e - 1076 pm™3 - 0.201 / 0.202

The deviation of the molecular geometry of the protonated guanylurea species from planarity
is more pronounced than in the other structurally characterized guanylurea salts [395-397].

The guanyl-fragment is twisted about 11° relative to the plane of the urea portion, which
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may be due to packing effects in the solid state. Despite the non-planar arrangement, an
intramolecular chelate-like hydrogen bond O1 --- H22-N2 is formed. The C-N distances
of the guanidinium fragment are similar (N2—-C1: 131.4 and N1-C1: 132.4 pm), indicating
significant delocalization of the double bond over the involved guanyl-backbone. The distances
found for the urea fragment (O1-C2: 122.7 pm, N4-C2: 133.4 pm) also suggest at least partial
resonance within the N-C-O portion. The bond distances of the inner C1-N3-C2 fragment
are close to those observed for C-N single bonds (136.3 and 140.4 pm). The molecular ions
are stacked alternately in chains along [100], forming hydrogen bonds both within a chain and
to adjacent chains running parallel (Fig. 5.21, right), thus building up a loosely packed quasi

two-dimensional network.

5.4.3 Spectroscopic Characterization

Guanylurea dicyanamide can easily be identified by its *C' NMR spectrum, which in DMSO-
dg solution exhibits characteristic signals of sp-hybridized carbon at 155.2 and 156.1 ppm,
as well as a weaker signal at 119.2 ppm, indicating the presence of a nitrile group. The 'H
spectrum is less meaningful, since the three signals found at 7.1 (amide-NHy), 8.1 (2 NHa,
guanidine moiety) and 10.0 ppm (NH) are broadened owing to rapid exchange of the protons
at room temperature. Mass spectra acquired in the FAB+ mode also give strong evidence for

the salt like character of the title compound by indicating the presence of guanylurea cations
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Figure 5.22: FTIR (top, left axzis) and Raman spectrum (bottom, right axis) of guanylurea dicyanamide,
recorded between 3500 and 400 cm™" at room temperature.
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with m/z = 103 (100 %).

The vibrational spectra of guanylurea dicyanamide are characterized by the typical di-
cyanamide triplet in the v /,s(C=N) region at 2252 (m), 2219 (m) and 2150 cm™! (s), which
can rudimentarily be observed with reversed intensity distribution in the Raman spectrum at
2252 (w), 2217 (s) and 2154 ecm™! (m) (Fig. 5.22). Strong absorption due to the cation is
found in the C=N stretching and N-H bending region between 1450 and 1700 cm™!, as well
as for the C=0 oxygen giving rise to a sharp band at 1717 cm~!. Typical dicyanamide bands
are located at 1317 (v45(C-N)), 914 (v5(C-N)), 518 (vy4s(N-C=N)) and 501 cm ™t (845(N—
C=N)) [332,333].

5.4.4 Thermal Behavior

5.4.4.1 Thermal analysis

DSC measurements recorded with a heating rate of 1 K min—!

reveal a pronounced exothermic
event around 390 K, which is preceded by an endothermic “spike” in the baseline (Fig. 5.23).
At 430 K a broad, though less exothermic signal is observed, which is followed by an endother-
mic process around 610 K and another broad endothermic event with an onset around 635 K.
A first hint at the nature of the processes observed is the resemblance of the high-temperature

part of this DSC curve with that of melamine, which decomposes at 620 K and transforms

Heat Flow / mW

21

4}

300 350 400 450 500 550 600 650 700
Temperature / K

Figure 5.23: DSC heating curve of guanylurea dicyanamide recorded between 300 and 740 K with a heating

rate of 1 K min™".
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into melem around 660 K [82,240]. Thus, the formation of melamine, presumably following a

two-step process, may be considered further as working hypothesis.

5.4.4.2 In situ X-ray powder diffraction

Temperature programmed X-ray powder patterns collected at intervals of 5 K show a clear
break at 378 K, after which the sample temporarily passes through an essentially X-ray
amorphous state (Fig. 5.24). Regarding however the single powder patterns collected between
378 and 405 K, a weak reflection at 20 = 12.4° can be observed, suggesting a small degree
of long range order to be retained in this temperature range. Around 405 K, a crystalline
phase emerges, which can easily be identified as melamine [240]. At 585 K, the reflections
largely disappear, leaving a single broad peak around 26 = 12°, corresponding to d ~ 340 pm;
this may be assigned to an intermediate phase being discussed as a yet unidentified pre-
stage of melem (cf. Chapter 6 on page 196). At 650 K, low intensity reflections of melem
can be observed, which disappear around 760 K, yielding a graphitic CN, material with an
approximate d-spacing of 340 pm [42,73,83,84,300].

Guanylurea
dicyanamide

) '_:| Y Intermediate
phase |

Melamine

T/IK

Intermediate
¥ phasell

Melem

graphitic
CN,H/(O,)

il Lot E T i ey » . T T
5.0 7.0 9.0 1.0 13.0 15.0 17.0

20/°

Figure 5.2/4: Variable temperature X-ray powder diffraction patterns of guanylurea dicyanamide recorded in
a 20 range from 5 to 18° between 303 and 823 K. Starting material, intermediate phases and products are
indicated at the right margin.

The above observations clearly indicate that melamine is formed without passing through
crystalline intermediates detectable by X-ray powder diffraction. Slight discrepancies of the
respective onset temperatures found for the complementary analytical methods are a trivial
consequence of the different heating and pressure conditions. The stepwise character of the
transformation as observed in the DSC measurements is however not detectable by X-ray

powder diffraction. Since the collection time for a single scan amounts to 20 minutes, events
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that appear on a shorter time scale such as the formation of short lived intermediates may
not be accessible by this technique. Furthermore, low crystallinity of the intermediate phases

may further deteriorate their observability and differentiation.

5.4.4.3 Temperature dependent mass spectrometry

In order to detect volatile species being potentially evolved during the observed transformation
of the title compound, mass spectra were acquired while heating an evacuated sample of
guanylurea dicyanamide in a furnace up to 493 K. Since no significant thermal event was
expected up to about 353 K, a heating rate of 2 K min~! was applied until 348 K. Subsequently,
the sample was heated with 1 K min~'. Until 365 K, a peak of relatively low intensity with
m/z = 18 is dominating the spectra, which can be attributed to water adsorbed on the sample
and adhering to the inside wall of the spectrometer and glass tube. At 333 K, a peak at m/z
= 43 is appearing, which is rapidly growing and by 369 K dominates the spectra (Fig. 5.25).
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Figure 5.25: M/z curves for the most significant mass peaks obtained by thermal decomposition of guanylurea
dicyanamide while conducting temperature-dependent DEI mass spectrometry between 313 and 493 K. Heating

rates for T < 848 K and T > 348 K were 2 K min~™" and 1 K min~', respectively. The temperature range
between 350 and 493 K is displayed enlarged in the inset.

In view of the potential decomposition pathways of the title compound as will be discussed in
the following sections, this peak can be attributed to isocyanic acid HNCO. Ammonia (m/z
= 17) simultaneously appears, the associated intensity, however, being orders of magnitude
smaller as compared to that of HNCO. The maximum intensity of the latter is reached around

411 K, and commences to drop continuously until 440 K. Here again, the peak at m/z = 17,
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together with a low intensity peak at m/z = 42, is steadily increasing as shown in the inset
of Figure 5.25. The maximum of the peak at m/z = 42, which may indicate the presence of
small amounts of cyanamide HoN—C=N, is shifted to lower temperatures with respect to the
maximum intensity of m/z = 17, indicating two different underlying processes at least partly
decoupled from each other. Beyond 450 K ammonia is the prevailing species in the system,
while the peak at m/z = 43 is hardly detectable up to 470 K. From a local maximum of the
total intensity at 578 K on, the latter is continuously diminishing and no additional volatile

compounds are observed.

5.4.4.4 Temperature-dependent FTIR spectroscopy

The identity of the species evolved during the mass spectrometric experiments can best be
probed by temperature-dependent gas-phase vibrational spectroscopy. To this end, an evacu-
ated IR cell containing the powdered sample was heated to 740 K (1 K min~!) while scanning
the range between 450 and 4000 cm ™! at intervals of 5 — 10 K. For clarity, the spectra obtained
are shown in Figure 5.26 in the reverse order (back to front).

Around 363 K, an asymmetric doublet in the nitrile region (2260 cm™!) is rapidly gaining
intensity, which — together with the absorption at 3550 cm ™! and between 680 and 820 cm~! —
can be assigned to isocyanic acid HNCO [398]. After reaching its maximum intensity around
413 K, the bands have essentially disappeared by 453 K. As observed by mass spectrometry,

strong absorption due to ammonia is emerging around 470 K and growing continuously up to

HNCO

Transmission / a. u.

4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber / cm™

Figure 5.26: Temperature dependent FTIR gas spectra of guanylurea dicyanamide collected between 368 and
693 K (back to front). The peak assignments are indicated by arrows; rotational side bands are visible for NHs.
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the end of the measurements at 740 K. Strong NHs bands together with their well resolved
rotational side bands are found at 929, 964, 1625 and 3333 cm™'. At the same time a broad
band located around 2330 cm ™!, together with a weak band around 2970 cm™!, both being
presumably due to COs, is increasing. The simultaneous presence of the latter may result
from the ongoing decomposition of HNCO at elevated temperatures by trace amounts of wa-
ter, yielding NH3 and COs2 [398]. However, at the end of the experiment a sublimation zone
is visible, which has formed just outside the furnace. Besides melamine, a glassy substance
together with small white crystals were recovered, which by IR spectroscopy and powder
X-ray diffractometry were identified as urea containing small amounts of X-ray amorphous
material. Absorption around 2145 cm™! in the IR spectrum can best be explained by traces
of NH4;NCO, yet — owing to weak additional absorption at 2255 cm™! — the presence of small
amounts of sublimed starting material or cyanamide cannot be excluded. Thus, according to
the expectations the simultaneous presence of HNCO and NHj in a closed glass tube leads to
the formation of urea via NH4NCO. There is no evidence for the formation of other decom-
position products of HNCO such as biuret or cyanuric acid.

The differences in the relative intensity of the main species isocyanic acid and ammonia found
for IR and mass spectrometry may be due to the intrinsic, non-quantitative sensitivity of
IR spectroscopy for particular vibrations depending on symmetry considerations. In addi-
tion, the ongoing chemical decomposition of guanylurea dicyanamide is largely dependent on
the pressure and temperature conditions, which are necessarily different for both analytical
techniques. Thus, as will be discussed in the following, the condensation of melamine and,
as a result, the amount of ammonia evaporated will be affected particularly strong by the

respective reaction conditions.

5.4.4.5 Discussion

As evidenced by the entirety of the temperature-programmed spectroscopy and diffraction
experiments, the following conclusions concerning the thermal behavior of guanylurea di-
cyanamide may be drawn:

At temperatures around 373 K an exothermic transformation leads to the formation of
melamine, the latter being detectable around 405 K by X-ray powder diffraction. Whether
or not melting occurs prior to the decomposition reaction cannot be unambiguously resolved,
yet visual inspection during sample decomposition in a sealed glass tube, as well as during the
temperature-dependent spectroscopic experiments, strongly supports the solid-state character
of the observed transformation process. However, the powder appears to be sintering while

being heated, adopting a sort of porous outer appearance.
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Figure 5.27: Tentative reaction pathways for the formation of melem from guanylurea dicyanamide. In the
top mechanism a non-aromatic intermediate is passed through, whereas the bottom pathway yields the stable
ureido-melamine as intermediate. After 1,3-H-shift and subsequent HNCO elimination melamine is formed as
an intermediate product in both cases. Condensation yields graphitic CN, Hy material via melem.

Whereas the DSC measurements indicate two essentially exothermic events to accompany the
formation of melamine, this two-step character is neither visible by X-ray powder diffraction
nor by the spectroscopic measurements.

In accordance with the results from temperature-dependent IR and mass spectrometry, the
major thermal event around 390 K is most likely associated with the onset of HNCO forma-
tion, whereas the second exothermic signal may rather be due to the evaporation of ammonia
or caused by structural changes owing to molecular reorientations or “recrystallization” of the
sample from an intermediate amorphous stage. Possibly, the decomposition or polymerization
of the evolved HNCO may also give rise to the observed broad signal.

Based on the above experimental evidence, the microscopic mechanism of the melamine for-
mation may be sketched as follows:

Given the presence of nucleophilic and electrophilic sites carried by the molecular ions which
are situated in close proximity within the crystalline structure, a cyclization reaction may
proceed as depicted in Figure 5.27. Two alternative ring closure reactions are possible, which
owing to the guanidinium-like delocalized system of the cation are assumed to be very similar
in terms of activation energy; both finally yield melamine and HNCO in accordance with the
above results. However, as may be seen from the proposed transition states, the top reac-
tion pathway necessitates the passage of a non-aromatic intermediate, which is subsequently
stabilized by facile elimination of HNCO wvia a 6-membered cyclic transition state similar
to a [1,5]-sigmatropic rearrangement. The alternative pathway results in the formation of
ureido-melamine ((4,6-diamino-1,3,5-triazine-2-yl)-urea), which is known to be stable up to
temperatures above 500 K [399-402]. Given the transformation into melamine proceeds at

T < 450 K, the top pathway seems to be clearly more realistic.
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In general, the cyclization reaction follows a pattern analogous to that observed for the thermal
conversion of both ammonium dicyanamide into dicyandiamide and guanidinium dicyanamide
into melamine. Both transformations proceed wvia addition of the nucleophilic component
(cation) after an initial proton transfer to the electrophile (anion), followed by a 1,3-H-shift
and — in the case of guanidinium dicyanamide and presumably in the present case as well
— a second nucleophilic addition leading to a ring closure reaction and subsequent proton
rearrangement. Cyclization taking place at the urea moiety of the cation would analogously
yield ammeline (4,6-diamino-1,3,5-triazin-2(1H)-one, C3N5H50) and cyanamide NCNHy, the
latter of which is known to undergo trimerization giving melamine at temperatures around
443 K [82,240]. This pathway may occur to a small extent in a side reaction as indicated by
the m/z = 42 peak observed in the mass spectrometry experiments.

The evolution of ammonia at temperatures above 450 K can be correlated with the onset
of melamine condensation, resulting directly or via the crystalline intermediate melem in the
formation of amorphous CN,H, condensation products. In addition, hydrolysis of HNCO also
contributes to the evolution of ammonia, the amount of which is dependent on the reaction
conditions and the presence of traces of water. It is assumed that by conducting the reac-
tion under vacuum, the equilibrium between melamine and its condensation products will be
pushed to the latter side by enhancing the formation of volatile ammonia. Accordingly, the
early onset of ammonia formation as detected by mass and IR spectroscopy and the produc-
tion of relatively large amounts of amorphous CN,H, phases can be explained. The yellowish
residue of the decomposition carried out in closed glass ampoules at 743 K mainly consists of
melem together with an unidentified crystalline side phase as well as graphitic CN,H, material.
Taking into account the elemental composition of melamine, which is isolated as a sublimate
at the cold zone of the ampoule, and the oxygen content of the residue, which amounts to
5.6 wt.%, indicates the initial oxygen content of the starting material (theor. 9.5 wt.%) to be
significantly reduced in the final product though working in a closed system.

Presumably, the generated HNCO partly decomposes irreversibly into CO and NHj as de-
scribed above. Thus, an “inert gas atmosphere” is produced which does not further affect
or inhibit the formation of condensed CN_ H, phases. According to the above results, the
formation of melem is favored in closed systems under NHs back pressure. In contrast, the
evaporation of HNCO is supported when conducting the reaction under vacuum, which, how-
ever, stimulates the uncontrolled condensation of melamine to amorphous hydrogen containing
carbon nitride materials. Thus, optimal conditions are given when working in “semi-closed”
systems where pressure equalization is possible, as for instance in tightly filled glass capillaries
used for XRD.
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5.5 Tricyanomelaminates

The chemistry of molecular carbon-nitrogen compounds is largely shaped by the reactivity of
the functional groups and the types of reactions induced accordingly. Molecules containing
unsaturated moieties are prone to oligo- and polymerization reactions, thereby providing the
elementary building blocks for the design of heterocycles and polymeric materials. Carbon
nitride chemistry offers a plentitude of thermal addition reactions, versatile representatives of
which being oligomerization reactions of cyanogen derivatives and organic nitriles [403].

By analogy to the trimerization of acetylene to benzene, of formaldehyde to 1,3,5-trioxane, or
the synthesis of 1,5,9-cyclododecatriene from 1,3-butadiene [403-405], simple cyanide derivates
of the general composition R-CN-R’ (R, R’ = H, alkyl, aryl, halogen, O...) undergo heat

induced or catalytic trimerization reactions according to Figure 5.28.
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Figure 5.28: Top: Trimerization of cyanide derivatives forming symmetrical triazines; bottom: Trimerization
of isocyanates, leading to cyanuric acid derivatives. Cyanuric acid adopts the keto-form (left) in the solid-state.

Dimerization or trimerization of nitriles, the latter leading to aromatic s-triazines, is effected
under a variety of conditions [406,407]. Hydrogen cyanide derivatives tend to polymerize
to form dimers, trimers or polymers [406,408]. In the presence of acid catalysts, cyanogen
chloride trimerizes very easily to cyanuric chloride [409,410]. While mixed trimerization of
trichloroacetonitrile and acetonitriles in the presence of anhydrous hydrogen chloride results
in the formation of 2,4-bistrichloromethyl-6-methyl-1,3,5-triazines, the reaction of hydrogen
cyanide and cyanogen chloride yield 2,4-dichloro-1,3,5-triazine [411]. Traditionally, triazines
as well as higher nitrile-oligomers are obtained by trimerization of the appropriate nitrile
under pressure at elevated temperatures (570 — 620 K) [412-415]. However, Schaefer has
demonstrated that trimerization and cotrimerization reactions of amidines RC(=NH)NH; as
well as imidates RC(=NH)OR’ under acid catalysis and less vigorous conditions give compa-
rable yields of s-triazines [416-419]. Recently, trimerization reactions of nitriles and alkynes

have been optimized by use of transition-metal catalysts [420] or microwave techniques [421].
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Figure 5.29: Formal trimerization of cyanamide into melamine. The oligomerization proceeds in a stepwise
manner via dicyandiamide.

The important trimerization of cyanic acid HOCN and isocyanic acid HNCO to cyanuric acid
is shown at the bottom part of Scheme 5.28. Besides the main product, varying amounts of
N-oligomers of HNCO, such as cyamelide, are formed during the reaction [240].

Cyanamide is dimerized under alkaline conditions to dicyandiamide, formally yielding 1,3,5-
triamino-s-triazine (melamine) in an overall trimerization reaction according to Scheme 5.29
[406,422]:

Although 1,3,5-triamino-s-triazine can be formally considered a trimer of cyanamide, the
transformation must be considered a two-step reaction via the stable dimer dicyandiamide,
rather than a concerted one-step trimerization of cyanamide to melamine [240,408,423, 424].
Along these lines, similar oligomerization reactions of dicyanamides may be conjectured owing
to their close relationship to other unsaturated ammonocarbonic acids. In fact, Madelung and
Kern first observed the formation of a substance of formula “Na3CgNg” by heating sodium
dicyanamide to dark redness, as well as by pyrolyzing a sodium salt of dicyandiamide (Scheme
5.30, Eq. 5.6) [425].
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Figure 5.30: Trimerization of dicyanamide anions to the tricyanomelaminate trianion.

Franklin prepared sodium tricyanomelaminate by the action of fused sodium amide on melon
(H3C2N3),, but interestingly also obtained the acids NaHoCgNg and NaHoCgNy - 2 HyO in
solution by adding glacial acetic acid or hydrochloric acid to a solution of Na[N(CN)a] [80].
Burdick described a synthesis of sodium tricyanomelaminate starting from dicyandiamide and
sodium cyanamide (Eq. 5.7) [304].

3NaH3C9Ny — NazCgNg + 3 N Hs (56)
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9H,CoNy + 6 NasC Ny — 4 NasCgNg + 12 N Hg (57)

No clear statements were available from the original work as to whether sodium dicyanamide
passed the melt before transforming into sodium tricyanomelaminate. Recently, this issue was
resolved by Jirgens, who was able to classify this trimerization reaction as a non-topochemical
solid-state reaction [125,240].

In section 5.1 on page 130 the importance of the counter ions for the thermal reactivity of di-
cyanamides was delineated. The same line of argument is applicable for tricyanomelaminates,
which owing to their cyanamide moieties are potentially susceptible to a versatile thermal
solid-state reactivity. In previous works, the alkali salts of the free acid tricyanomelamine
Mj3[CgNg] with M = Na — Rb have been prepared utilizing the trimerization reaction of the
respective dicyanamide salts M[N(CN)s] (M = Na — Rb) [125,126,240]. In addition, the hy-
drated forms M3[CgNg]-H2O (M = Na, K, Rb) as well as the hydrogentricyanomelaminates
M[HCgNg] - 3H20 (M = Co, Ni, Cu, Cd), Co[H2CgNg|2(H20)4 -6 H,O and Rb[H2CgNg] - 0.5
H5O were obtained by recrystallization of the parent tricyanomelaminates from acidic aqueous
solutions [302,426-429]. Though being stable up to temperatures around 773 K (K, Rb) or 873
K (Na), no information on the identity as well as the metal content of the amorphous thermol-
ysis products is available. Attempts to synthesize the free acid tricyanomelamine in crystalline
form invariably failed owing to its inherent tendency towards polymerization [80,240,304,425].
By introducing non-metal CN,H,-based counter ions, tricyanomelaminates may represent
triazine-based, thermally reactive model systems possessing potential relevance as carbon ni-
tride precursors. In particular, the presence of moderately “acidic” complex cations provides
a means of in situ formation of the free acid tricyanomelamine, which may further undergo
condensation processes toward triazine-based extended polymers, possibly involving the reac-
tive cyanamide moieties.

The following section is dedicated to the characterization of the first non-metal tricyanome-
laminates with respect to both structure and thermal behavior, placed in the context of

CN_,-precursor chemistry.
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5.6 Non-Metal Tricyanomelaminates

5.6.1 Crystal Structures and Spectroscopic Characterization

Below the structural characteristics of five non-metal tricyanomelaminates will be outlined so
as to work out principal analogies and differences of the non-isotypic molecular salts, according
to ref. [127]. Solid-state NMR investigations have been carried out for the ammonium and
melaminium salts, whereas in case of the guanidinium salt the poor signal-to-noise ratio of

the N rendered further investigations futile .

5.6.1.1 Ammonium Tricyanomelaminates

Three forms of ammonium tricyanomelaminate were obtained starting from similar synthe-
sis conditions (cf. section 10.1 on page 355). The metastable hydrated form 1la with the
preliminary formula “[NHg]2[CeNoH]-2H20” looses crystal water when exposed to air un-
der ambient conditions, transforming into the stable, non-hydrated species [NHy|2[CgNoH]
(1) within days. This process is retarded by storing the dry sample in a refrigerator, or
alternatively in a wet state under ambient conditions. Another NH4-TCM phase can be as-
signed the approximate formula [NH4]o[C¢NgH]- 0.5 HoO according to elemental analysis, if
a mono-protonated TCM ring is inferred. This phase, which could not be characterized by

single-crystal X-ray diffraction, behaves analogously to 1a and will not be discussed further.
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Figure 5.31: Powder X-ray diffractograms of 1 (bottom), a sample of 1a stored between acetate foils in air
for 7 days (middle), and of 1a (top).
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Remarkably, isolatable intermediate stages of the transformation process are revealed by pow-
der X-ray diffraction as demonstrated in Figure 5.31, however no evidence is found for exten-
sive amorphization during the transformation from la into 1. These observations suggest a
topochemical transformation of the two chemically different phases to occur, associated with
a minimum disruption of the molecular arrangements. Nevertheless, a topotactic transforma-
tion seems rather unlikely on inspection of the crystal structures of both species, which are
not transferable into each other by means of a group-subgroup relationship (see discussion of
the crystal structures below).

The crystal structure solution of la reveals disorder phenomena associated with one of the
two ammonium and crystal water sites. Electron density roughly corresponding to four hy-
drogen positions is distributed around each of three central atom sites, whereas according to
electroneutrality arguments only two charge compensating ammonium groups are required:
From the difference Fourier synthesis one H atom can be located at the TCM ring, yielding a
monoprotonated TCM dianion, which is also supported by the intramolecular C-N distances
of the triazine residue (see below). Furthermore, the electron density distribution around two
of the above sites is such that two protons of adjacent “ammonium groups” would come as
close as 85 pm. However, this is far smaller than the sum of the van-der-Waals radii of two
hydrogen atoms (120 pm per H) and far below the theoretically determined limit of H - - -
H contacts reported so far for “dihydrogen bonds” [430]. These hydrogen positions should
therefore be treated as split positions according to a double-well potential (dynamic disorder),
or be fully attributed to either one of the neighbored atoms at a time if static disorder applies.
The separation between the “nitrogen” sites amounts to 274 pm, which is at the lower end
of the spectrum of known N ... N distances, resulting in a tightly hydrogen bonded pair
of nitrogen atoms [363,431-433]. The third nitrogen position in question, which is located
separately at the site denoted N10 in Fig. 5.33, can be attributed to an ammonium ion, as the
overall geometry of the associated electron density distribution (N-H distances and angles) in
combination with charge balance requirements render this assignment most probable. These
facts can only be harmonized by three interpretations delineated in the following:

Firstly, the pair of closely spaced atoms may be attributed to an ammonium-ammine com-
plex as reported previously by Berthold [434-436] and Korber [437-440]. Complexes of type
[((NH4),(NHs),]" with x = 1, 4 and y = 1 — 4 were shown to exhibit N --- N distances ex-
panding from 281 to 292 pm on increasing the number of ammonia ligands around the central
ammonium ion [437,438]. According to Berthold et al. the N --- N distance of the NoHI
cation in NHyI - NH3 amounts to 269(5) pm, which is slightly smaller than the theoretical-
ly calculated distance of 273.1 pm [434-436,441]. Apart from the latter compound, which

171



5.6. NON-METAL TRICYANOMELAMINATES CHAPTER 5. CNx PRECURSORS

Table 5.6: Details for the structure refinement of 1a assuming an ammonium-ammine complex as structural
motif. Left: Refinement with fired hydrogen positions, right: free refinement. Further details of the structure
solution and refinement are given in Table 5.7

N(11)Hy --- N(12)Hs vs. N(11)Hs --- N(12)H,

refined parameters /

restraints 201 /0 225/ 0
GooF on F? 1.047 1.044

L Ry = 0.0439 (0.0569) Ry = 0.0356 (0.0483)
R indices (all data) wRy = 0.1192 (0.1290) wRy = 0.0888 (0.0967)
fraction 0.42(4) / 0.58(4) 0.46(4) / 0.54(4)

N(11)Hy / N(12)Hq

is stable also at room temperature, all molecular ammoniates are thermally unstable under
ambient conditions.

As the interatomic distance found in 1la appears to be short, yet chemically sensible, a data
refinement was attempted inferring an ammonium-ammine complex with interchangeable am-
monium and ammonia positions to account for the assumed split position for the hydrogen
bonded proton [363,432]. Therefore, the occupation factors of the two hydrogen positions
located between the nitrogen atoms were constrained to sum up to 1. Selected results of the
refinements with and without fixed hydrogen positions after localizing them from difference
Fourier syntheses are shown in Table 5.6. Refinement yields hydrogen positions which do not
correspond to physically reasonable values (N-H = 50 — 95 pm). The occupancy factors for
both hydrogen sites participating in the hydrogen-bond roughly correspond to an equal (i.e.
random) distribution of the ammonium and ammonia species. Whereas the refinement rather
supports the presence of an ammine-ammonium cation, three strong arguments against this
interpretation may be adduced: The thermal stability of 1a, which can be stored at RT for
several days, is rather exceptional for molecular ammoniates. In addition, 1a can be obtained
from 1 upon recrystallization from aqueous solution without supply of additional ammonia
or ammonium ions.

The strongest argument for an alternative interpretation is given by elemental analysis, by
which the formula [NH4]2[CsNoH]-2H20 can be attributed to la, calling for a substitution
of ammonia by crystal water (wt% exp. (theor.): C, 26.65 (26.54); N, 57.00 (56.77); H, 4.81
(4.79)). Thus, a re-interpretation of the data is advisable:

The electron density corresponding to hydrogen atom sites around one member of the cationic
atom pair may be an artefact or due to a disordered, hydrogen containing species and thus,
one of the nitrogen atoms may in fact be identified as oxygen in form of crystal water. The

observed N --- O distance corresponds to a very strong hydrogen bond with a donor-acceptor
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distance less than the average value tabulated in the literature for NH;DH -+ O arrangements

(291(1) pm) [363,433,442,443]. The final assignment of the two sites to an ammonium ion and

Table 5.7: Crystallographic data for ammonium tricyanomelaminate (1) (left) and ammonium tricyanome-
laminate hydrate (1a)(right). The latter data refer to the disordered scenario (“free refinement”).

Formula [NH4]2[C6N9H} (1) [NH4]2[C(3N9H] -2 HQO (13)
M, / g - mol™? 235.24 271.27

crystal system monoclinic monoclinic

space group P2i/c (no. 14) C2/c¢ (no. 15)

T /K 200 130

diffractometer STOE IPDS Nonius Kappa CCD
radiation (A / pm) MoK, (71.073) MoK, (71.073)
monochromator graphite graphite

a / pm 1060.8(2) 3181.8(6)

b / pm 1146.2(2) 360.01(7)

¢/ pm 913.32(18) 2190.4(4)

g /° 112.36(3) 112.39(3)

v/ 10° - pm3 1027.0(4) 2319.9(8)

Z 4 8

Pealed | € - cm ™3 1.521 1.165

F(000) 488 1136

p / mm1 0.113 0.093

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters /
restraints

GooF on F?

R indices (all data)

min./max. residual
electron density /
e- 1076 pm3
fraction

N11/02 vs. O3/N12

0.29 x 0.19 x 0.17

2.73 < 0 < 27.49

—13<h <13, —14 <k < 14,
—-11<i<11

8307

2257 (Riny = 0.0475)

1640

with F2 > 20(F2)

190 /

0

0.914

R1 = 0.0295 (0.0471)

wRy = 0.0680 (0.0721)
with w = [02(F2)
+(0.0435P)% + 0.0000P] 1
where P = (F2 +2F?)/3

- 0.153 / 0.166

0.45 x 0.15 x 0.07

3.72 < 0 < 25.98
38 < h <38 —4<k<4,
—26 <1<26

17246

2289 (Rint = 0.0419)

1891

with F2 > 20(F2)

207 /

0

1.042

Ry = 0.0368 (0.0496)

wRy = 0.0923 (0.1007)
with w = [02(F2)
+(0.0507P)? + 2.6082P) !
where P = (F2 +2F?)/3

~0.276 / 0.192

0.53(2) / 0.47(2)
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a water molecule, respectively, is feasible based on the R values for the respective refinements
(complete ordering case). The resulting borderline cases are in the following referred to as
N11/02 and O3/N12, indicating the alternative assignments of nitrogen and oxygen within
the hydrogen-bonded N/O pair. Note that the same atomic site is occupied by a nitrogen
atom in one case and by an oxygen atom in the other case such that N11 has the same
positional parameters as O3, the same applying to O2 and N12.

Alternatively, a disorder scenario may be applicable, in which an ammonium ion and a water
molecule are statically disorderd such that NHI and HoO are statistically distributed over
the two sites in question, resulting in approximately equal proton density around both central
atoms. In case of preferential location of the two species on a particular site, the borderline
case desribed above (complete ordering) is approached.

In order to distinguish between the different scenarios, refinements were carried out for both
ordered distributions and the disorder case, the results of which are listed together with
the refinement data for 1 in Tables 5.7 and 5.8. A critical feature common to all scenarios
is the relatively poor data /parameter ratio, rendering the free refinement of all hydrogen
positions rather unstable. Therefore, restraints were included into the refinements by fixing
the hydrogen positions once they are found from difference Fourier syntheses. In all cases,
N-H distances (= 80 — 111 pm) and angles of the ammonium ions N11 or N12 (~ 80 — 123°)
showed significant deviations from the physically required bond lengths and tetrahedral
symmetry. Therefore, restraints equalizing the H --- H distances in the ammonium groups
and restraining the N-H distances to 86(6) pm were introduced for the ordered scenarios. For
reasons of consistency, the same procedure was applied for both ammonium groups as well as
for crystal water. For the disordered scenario a “free” refinement including the chemically

reasonable coupling of the proton occupation factors to those of the central atom (ammonium

Table 5.8: Details for the structure refinement of ammonium tricyanomelaminate hydrate 1a based on the
two ordered scenarios: N11/02 (left) and O8/N12 (right). Refinements with restraints are given in columns 1
and 3, those without restraints in 2 and 4.

Order variant N11 / O2 03 / N12
refined parameters / 218 / 208 / 218 / 208 /
restraints 42 0 42 0
GooF on F?2 1.048 1.052 1.052 1.075
Restrained GooF 1.053 1.059
Ry = 0.0401 R, = 0.0392 Ry = 0.0414 R, = 0.0402
. (0.0529) (0.0519) (0.0543) (0.0533)
R indices (all data) b "0 1038 wRy — 0.0085 wRy — 0.1096 wRy — 0.105
(0.1125) (0.1069) (0.1192) (0.1142)
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ion or crystal water) was attempted without restraints concerning the tetrahedral symmetry
or bond lengths. This procedure was chosen in order to determine the relative distribution
of NHI and HyO over the two possible sites by introducing an additional free variable into
the refinement. The distribution was only constrained by the requirement to yield one
ammonium ion and one crystal water in total occupying the two sites.

The “free” refinement yields a fraction of 0.53(2) ws. 0.47(2) for the combinations N11/02
and O3/N12, respectively, suggesting an approximately equal distribution of the nitrogen
and oxygen atoms on the two neighbored sites in question?. The resulting R values are given
in Table 5.7. Refinements based on the ordered scenarios invariably yield R values which are
slightly higher than those from the “free” refinement, irrespective of the use of restraints for
the bond lengths and angles (Table 5.8). Furthermore, the quality criteria for the O3/N12
case are slightly worse as compared to the N11/02 scenario. Considering these findings, the
ordered variants appear somewhat less likely than the disorder case, although it has to be
noted that the data quality may not be sufficient to unambiguously discriminate between the

order and disorder scenarios.

To add another piece of evidence to the above line of argument, solid-state NMR, investigations
have been carried out for 1 and 1la. One might expect to find only two different ammonium
species in both cases if one of the ordered variants applies for 1a, whereas three ammonium
sites with approximate intensity ratios of 1 : 0.5 : 0.5 would be expected for 1la if the
disordered scenario was valid. Assuming an ammonium-ammine complex, three nitrogen
signals of about equal intensity would be expected. Differentiating the >N signals of an
ammonium-ammine complex on the basis of their chemical shifts, however, is critical owing to
the lack of literature data for the solid-state. Nevertheless, one would expect a high-field shift
(more negative ppm-values) for ammonia as compared to ammonium ions due to shielding
effects in the free base [444,445].

Whereas the 1> N CP-MAS spectra for 1 could be recorded under ambient conditions, cooling
had to be applied for 1a, as rapid transformation into 1 occurred due to the heat of friction
when spinning under MAS conditions. Spectra of the hydrate were recorded in a temperature
range between 230 and 270 K. The >N CP-MAS spectra for 1 and 1a are shown in Figure
5.32. All principal assignments could be made in coincidence with the crystal structure
data, the similar signal patterns for both compounds being evident. Notably, the ammonium
region (= — 330 to — 360 ppm) exhibits two clearly separated signals of equal intensity in

the spectrum of 1, whereas a poorly separated signal group is visible for 1a. Enlargement

2If the hydrogen atoms are not included into the refinement, the combination N11/02 is exclusively obtained.
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Figure 5.32: >N MAS solid-state NMR spectra of 1 taken at RT (left) and of 1a, recorded at 230 K (right).
Contact times of 20 ms (1) and 8 ms (1a) were used, the recycle delays were 1 s (1 and 1a). The ammonium
region is shown enlarged in the inset (right). Spinning side bands are marked by asterisks.

of the latter shows the presence of three separable signals, with the central signal exhibiting
a shoulder on the low-field side. This observation supports the presence of a disordered N
-+ O pair, since clearly more than two NHI signals are visible. The intensities cannot be
evaluated quantitatively due to the limitations associated with a CP experiment (see below).
Nevertheless, the relative intensities suggest an assignment of the central signal to N10 with
a normalized intensity of 1, whereas the two “satellite” signals are assigned to the ammonium
nitrogen atoms of the N11/02 and O3/N12 scenarios; the latter appear to be roughly equally
probable in agreement with the X-ray data. The fact that a broadening of the N10 signal
is observed may be rationalized with a slight change of the electronic environment of N10
when interchanging the sites of nitrogen and oxygen in the respective N11/02 and O3/N12
configurations. The similar chemical shift values for all nitrogen signals, as well as the observed
intensity distribution, further renders an ammonium-ammine complex improbable.

Based on both X-ray structure analysis and NMR data the compound la will henceforth
by referred to as ammonium TCM hydrate characterized by a random distribution of one
ammonium ion and one crystal water over two hydrogen-bonded sites. In the following one
of the ordered cases (N11/02) will be used representatively in order to facilitate the crystal
structure visualization.

The non-crystallographic point symmetry of all TCM residues is Cs (Fig. 5.33). In 1 the
molecular planes of the TCM anions form 2D sheets, which are separated by an array of
ammonium ions (Fig. 5.34, left), thereby giving rise to a layered structure with an interlayer
spacing of approximately 350 pm. The layers are stabilized by weak hydrogen bonding contacts
between the TCM N-H groups and adjacent nitrile nitrogen atoms (N3-H3A --- N8: 223 pm);
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Figure 5.33: Asymmetric units of ammonsum tricyanomelaminate 1 (left) and ammonium tricyanomelam-
inate hydrate 1a (right). Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability
level.

the ammonium ions are hydrogen-bonded to the layers with donor acceptor distances between
292 and 317 pm. However, adjacent layers are shifted with respect to each other such that
the planes of the triazine rings do not overlap along the stacking direction [407]. Therefore,
m — o rather than m — 7 interactions seem to be the dominant dispersion forces between the
layers.

In contrast, 1a forms a “columnar” structure where pairs of TCM strands are stacked along

Figure 5.84: Unit cells of ammonium tricyanomelaminate 1 (left, view along [010]) and ammonium tri-
cyanomelaminate hydrate 1a (right, view along [010]). For 1a the ordered variant with N11 and O2 is shown
(for nomenclature see text). Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability
level.
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[010] with a separation of the triazine rings of ~ 360 pm and the m-stacking vector (normal to
the molecular planes) being inclined with respect to b. The water and ammonium molecules
are inserted between the strands, thereby lying below and on top of the “extended” molecular
planes spanned by the triazine rings and cyanamide moieties. Cations and water molecules
are connected via medium strong and weak hydrogen contacts with the cyanamide functions
(O/N --- N/O: 274 — 333 pm) and, to a lesser extent, with the triazine cores (O --- N: 282
— 311 pm). The intramolecular C-N distances are in close agreement with those observed for

the melaminium tricyanomelaminates and will be discussed in more detail below.

5.6.1.2 Guanidinium Tricyanomelaminate

While in the ammonium and melaminium salts the tricyanomelaminate anions are singly pro-
tonated, the guanidinium salt [C(NHz)3]3[CsNg] - 2H2O (P212121) contains a non-protonated
anionic core, which is charge-balanced by three guanidinium cations. This tendency may be
due to the basicity of the parent bases melamine, ammonia and guanidine, which is increas-
ing in this order. In contrast to all protonated TCM moieties in 2 the non-crystallographic
point symmetry of the tricyanomelaminate anion in 2 is approximately represented by Csj, as
found for Nas[CgNg| - 3 HoO [302,361,446]. Remarkably, 2 is composed of cations, anions and
crystal water mutually linked by hydrogen-bridges (N /O --- H = 194 — 262 pm) into a quasi
three-dimensional array such that no pronounced w-stacking of the triazine rings is feasible
and no layered structure is formed (Fig. 5.35, right).

The intramolecular C-N distances within the triazine ring are largely similar (~ 135 pm) and
do not show significant variations as observed for the protonated TCM species. The distance
pattern encoded in the cyanamide moieties again reflects the carbodiimide character with a

H10A o1 HB

]
nip 1B i "”W
o cr B

Figure 5.35: Formula unit (left) and unit cell of guanidinium TCM (2), the latter demonstrating the spa-
tially extended, non-layered structure resulting from mutual tilting of the guanidinium and TCM residues in 2.
Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability level.
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Table 5.9: Crystallographic data for guanidinium tricyanomelaminate (2).

Formula [C(NH2)3]3[06N9] -2 HQO
M, / g - mol™? 414.45
crystal system orthorhombic
space group P21212¢ (no. 19)
T /K 200
diffractometer Nonius Kappa CCD
radiation (A / pm) Mo-K, (71.073)
monochromator graphite
a / pm 762.12(15)
b / pm 1333.6(3)
¢ / pm 1856.6(4)
V /105 . pm3 1887.0(7)
Z 4
Pcalcd / g cm™? 1.459
F(000) 872
p / mm~? 0.113
crystal size / mm? 0.49 x 0.35 x 0.30
diffraction range 3.25<60<27.44
index range —9<h<9, —-17T<k <17,
—24<[<24
total no. reflections 24736
independent reflections 4274 (Ripe = 0.0371)
observed reflections 4077
with F2 > 20(F2)
refined parameters / restraints 351 /0
GooF on F? 1.087
R indices (all data) R; = 0.0253 (0.0277)

wRy = 0.0652 (0.0666)
with w = [02(F?)
+(0.0372P)% + 0.1866 P] ~*
where P = (F2 +2F2)/3

min./max. residual

electron density / —-0.181 / 0.113

e-1076 pm™3

single (130 — 132 pm) and a triple bond each (116 — 117 pm). Whereas the single bonds are
slightly shorter and the triple bonds longer as compared to the protonated TCM species, the
external distances Cy/3/o-Ny/g/8 are slightly extended (135 — 136 pm, cf. below), suggesting
a smaller extent of delocalization of electron density from the carbodiimide moieties into the

less electron deficient triazine ring (Fig. 5.35, left).
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5.6.1.3 Melaminium Tricyanomelaminates

As outlined in section 10.1 on page 355, two different melamine tricyanomelaminates were
obtained from solutions with different concentrations of the starting materials sodium tri-
cyanomelaminate and melaminium sulfate, as well as different solvent ratios (HoO / MeOH).
By their compositions, melaminium tricyanomelaminate hydrate
[(C3NgH7)2][CsNoH] - 2.4 H,O (3, space group P1) and melaminium melamine tricyanome-
laminate hydrate [C3NgH7]2[CsNgHg|[CsNoH]-2Ho0 (3a, space group P2;/c¢) can be
identified as ionic tricyanomelaminates containing crystal water and, in the latter case, an
additional neutral melamine molecule as co-crystallizing species (Fig. 5.36). Apart from
charge balance considerations, evaluation of the intramolecular distances found for the
different melamine residues in 3a strongly suggests the presence of two cationic melaminium
species and one neutral melamine as “solvent” molecule apart from crystal water. A number
of examples is known to date where melamine is incorporated into a hydrogen bonded array
of neutral or ionic “framework species” in a similar fashion, thus interlinking and stabilizing
the supramolecular framework [447-452]. One reason for the facile incorporation of melamine
as “co-crystallisate” may be its optimal shape in combination with beneficial m-stacking
interactions, which are particular favored in terms of a charge-transfer-type interaction be-
tween protonated (i.e. electron deficient, acceptor) and non-protonated melamine functioning
as donor species. Accordingly, melamine and melaminium cations are stacked alternately
with their molecular planes parallel, as are mono-protonated TCM anions and melaminium
cations. The ability of melamine to form hydrogen-bonded co-crystallisates will be revisited

in another context in Chapter 6 on page 196.

Figure 5.36: Representation of one formula unit of 8 (left), and 3a (right). Thermal displacement ellipsoids
(except for H) are drawn at the 50 % probability level.
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The non-crystallographic point group of the TCM anions in 3 and 3a is (s, which may be
attributable to the steric requirements of the proton attached to the triazine rings with respect
to the adjacent cyanamide moieties (Fig. 5.36). Although non-protonated tricyanomelaminate
salts with anions possessing Cs symmetry are also known [125, 126, 240], the latter point
symmetry may be enforced by the cyanamide moieties on avoiding the proton attached to the
triazine core between them. Both melaminium salts crystallize with two or more molecules
of crystal water, which is largely disordered (O2) with site occupation factors < 1 (O3)
in 3, whereas it does not show pronounced signs of disorder in 3a. This difference may
predominantly be rationalized by the pronounced layered structure of 3, where the water
molecules are loosely embedded between the layers, linking them by hydrogen bridges. The
layers are made up by both cations and anions which — due to their “complementary” shape
— smoothly pack into an extended two-dimensional array. The latter arrangement is fixed by
medium strong to weak intralayer hydrogen bonding contacts (N /O --- H: 184 — 259 pm)
with donor-acceptor distances ranging between 274 and 347 pm. The water molecules are
either inserted between the layers (O1), or serve as cross linkers within the sheets (02/03).
In 3a the layer-like character is much less pronounced, instead 1D strands of w-stacked
molecules are formed along [100], where two pairs of adjacent strands exhibit the same
stacking vector, and the pairs are tilted by about 20 — 25° with respect to each other. The
two water molecules are fixed between adjacent strands, linking them up by medium strong
to weak hydrogen bridges with the closest donor-acceptor distances amounting to 275 (02
.-+ N10) and 281 pm (O1 --- N18). The N --- N hydrogen-bonding donor-acceptor distances
between adjacent strands are in the range 280 pm (N16 --- N5) to 339 pm (N26 --- N7)
(Fig. 5.37).

Figure 5.37: Unit cells of 3 (left), 3a (right), clarifying the pronounced layered structure of 8 in contrast to
1D strands of w-stacked triazine molecules in 3a. Thermal displacement ellipsoids (except for H) are drawn at
the 50 % probability level.
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Table 5.10: Crystallographic data for melaminium (3) (left) and melaminium melamine tricyanomelaminate

(3a) (right).

Formula

[(C3NgH7)2][CeNoH]

[03N6H7] 2 [C6N6H6] [C6N9H]

- 2.4 Ho0 (3) -2 H20 (3a)
M, / g - mol™? 496.69 615.62
crystal system triclinic monoclinic
space group P1 (no. 2) P21 /c (no. 14)
T /K 200 200
diffractometer Nonius Kappa CCD Nonius Kappa CCD
radiation (A / pm) MoK, (71.073) Mo-K, (71.073)
monochromator graphite graphite
a / pm 1029.5(2) 674.7(5)
b / pm 1120.3(2) 1123.6(5)
¢ / pm 1120.7(2) 3400.2(5)
a/° 104.22(3)
g /° 112.74(3) 95.398(5)
v/° 104.62(3)
vV /10% - pm3 1064.8(4) 2566(2)
Z 2 4
Pealed | € - cm ™3 1.555 1.593
F(000) 516 1280
g/ mm~? 0.120 0.122

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters /
restraints

GooF on F?

R indices (all data)

min. /max. residual
electron density /
e- 1076 pm3

0.30 x 0.14 x 0.04

3.44 < 6 <26.00

—12<h <12, —13 <k <13,
—-13<1<13

12076

4111 (Ring = 0.0443)

2671

with F2 > 20(F2)

345 / 9

1.026

Ry = 0.0570 (0.1015)

wRy = 0.1230 (0.1458)
with w = [02(F2)
+(0.0496 P)? + 0.9337P) 7!
where P = (F2 +2F?)/3

~0.537 / 0.481

0.25 x 0.04 x 0.03

3.16 <0 <24.14
T<h<T —12<k<12
-39 <1<38

7652

4050 (Rins = 0.0638)

2325

with F2 > 20(F2)

497 / 0

0.966

Ry = 0.0470 (0.1091)

wRy = 0.0983 (0.1183)
with w = [02(F2)
+(0.0567P)? + 0.0000P]
where P = (F2 +2F2)/3

- 0.209 / 0.199

The interlayer distance (3) and stacking distance (3a) amount to approximately 350 pm and

337 pm (= a/2), respectively (327 pm in melem [82,240]), which is similar to the typical

182



CHAPTER 5. CNx PRECURSORS 5.6. NON-METAL TRICYANOMELAMINATES

values expected for extended graphitic CN, structures (310 — 350 pm) [54].

As in 1/1a and 2, the local structural parameters for both cations and anions in 3 and
3a largely coincide with literature data [125, 126, 240, 302, 426-428]. Interestingly, the
intramolecular distances for the melaminium, melamine and TCM residues in 3 and 3a
follow similar patterns in terms of the succession of longer and shorter bonds within the
rings. Mono-protonated species (melaminium cations and TCM dianions) show a greater
variety in their bond lengths than does neutral melamine. In 3 the melaminium ions exhibit
C—-N distances within the rings of 133 — 137 or 132 — 136 pm, respectively; in 3a we find
distances in the range 132 — 136 and 133 — 136 pm. For the TCM anions in 3 C-N distances
between 133 and 136 pm are observed, in 3a between 134 and 137 pm. These values closely
correspond to those obtained for the ammonium salts (133 — 136 pm (1); 133 — 137 pm (1a)).
In particular, for all mono-protonated species the C—-N bonds adjacent to the N-H group as
well as the two opposite ones are longer by 3 pm on average as compared to those in between,
the latter of which consistently ranging between 132 and 134 pm. In contrast, neutral
melamine in 3a does not exhibit significantly alternating C—N bond lengths as similarly
found for the non-protonated TCM anion in 2; all C-N distances amount to 134 — 135 pm.
Another noticeable feature is the short C-N bond lengths external to the ring in protonated
melamine residues (130 — 133 pm), which are shorter by more than 2 pm on average as
compared to the longest C-N distances within the rings. This effect is less pronounced, yet
nevertheless significant, for the TCM anions of 3 and 3a, 1 and 1a, and also for melamine,
where C—Nggo of = 133 — 135 pm, 134 — 135 pm, and 133 pm, respectively, are found.

The C-N bond distances of the cyanamide moieties of the TCM anions in 3 are slightly
shorter than those in 3a, but they are all consistent with a carbodiimide-type structure with
C—N single bonds of 131 — 133 pm (3) and 133 — 134 pm (3a), C=N triple bonds of 115 pm
(3) and 115 — 116 pm (3a), and angles of 170 — 173° (3) and 171 — 177° (3a), respectively
(Fig. 5.36).

In addition to the X-ray structure analysis, the local structure of 3 was probed by >N solid-
state NMR spectroscopy (Fig. 5.38). While applying fast MAS conditions allows for the
acquisition of high-resolution chemical shift spectra, “spectral editing” utilizing the CPPI im-
pulse sequence permits the identification of 1N sites according to their proton environments
(cf. section 3.3.3) [82,194]. All nitrogen resonances of 3 could be assigned on account of
their isotropic chemical shift spectrum (bottom), as well as by their polarization behavior, as
expressed by the relative intensities in the CPPI experiment (top).

For the particular inversion time chosen in this experiment (100 us), the normalized intensity
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Figure 5.38: >N MAS solid-state NMR spectra of 8. Top: CPPI experiment (inversion time 100 us, contact
time 2 ms, recycle delay 5 s); bottom: CP experiment (contact time 10 ms, recycle delay 5 s). Spinning side
bands are marked by asterisks.

of the NH groups (crossover at 0) is expected to be slightly positive, whereas that of NHy
groups (crossover at — 1/3) is expected to be negative, and that of tertiary N atoms should
be decreased only slightly according to previous studies [82,194].

Thus, the CPPI experimental data allow for the accurate correlation of the observed reso-
nances with the according NH,, moieties: As demonstrated in Figure 5.38 (top), the exper-
imental intensities of the tertiary nitrogen sites are in fact essentially unaffected, while the
magnetization of the NH moieties has dropped significantly, though still being positive. Ac-
cording to theory, the signals arising from the NHs groups are close to the zero-crossing, yet
with inverted signs, all of which being in coincidence with the crystallographic data. The
quantification of the intensities extracted from CP experiments, however, must be inherently
inaccurate due to the different cross polarization dynamics of chemically inequivalent N
sites. Nevertheless, comparison of the experimental spectrum with the chemical shift and the
number of signals theoretically expected for the crystallographic asymmetric unit provides
independent support for the adequacy of the molecular structure and local symmetry of 3 as

derived from X-ray analysis.
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5.6.2 Thermal Behavior

In view of the identity of the model compounds established above, an interesting aspect of
their thermal behavior relates to the possible conservation of the triazine ring systems upon
heating. In order to pursue this issue more concisely, the three compounds 1, 2, and 3
were chosen representatively for further study. The analogous behavior of 1la and 3a can
be inferred due to the fact that la rapidly transforms into 1 upon slight heating, and 3a
contains molecular building blocks identical to 3. Owing to the largely amorphous character
of the as-formed polymeric CN,H, materials and the spectroscopic similarities of triazine
and heptazine systems, unequivocally resolving this issue by a combination of diffraction
techniques and vibrational spectroscopy is still out of reach. However, by shifting the focus
to the intermediates formed during the pyrolyses, basic conclusions concerning the structures
of the polymeric materials may nevertheless be possible. In principle, similar condensation
pathways of ammonium-, guanidinium as well as melaminium-TCM can be envisaged due to
the — albeit gradually differing — acidity of the respective cations. As previously observed for
related systems (see sections 4.1 on page 71, 5.2 on page 135, 5.3 on page 148 and 5.4 on
page 157), a proton transfer from the cation to the tricyanomelaminate anion may initiate

thermal condensation, thereby releasing the thus formed neutral species either as gas (NHs) or
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Figure 5.39: Possible reaction pathway drawn exemplarily for the thermal decomposition of ammonium tri-
cyanomelaminate 1. According to this simplified scheme, the tricyanomelamine free acid undergoes polymer-
ization yielding an extended triazine-based network.
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as potentially nucleophilic agents ((HaN)oC=NH and C3NgHg) in further thermally induced
reaction steps [122-124,303]. The in situ generated free acid tricyanomelamine, being liable to
oligomerization or polymerization [230,240], may then form highly condensed triazine-based
species as exemplarily sketched for the ammonium salt (1) (Fig. 5.39). Analogously, in 3 the
release of free melamine possessing nucleophilic sites in the presence of electrophilic cyanamide

groups of TCM may contribute to the formation of triazine-based networks.

5.6.3 DSC and In Situ X-Ray Diffraction

The principal succession of thermal events in the pyrolysis processes of 1 — 3 was followed
by DSC measurements (Fig. 5.40). Both 2 and 3 exhibit pronounced endothermic signals
between 380 and 425 K, which may be attributed to the loss of crystal water. The splitting of
the signals may be due to the stepwise release of ~ 2.4 (3) or 2 (2) molecules HoO per formula
unit, respectively. Accordingly, temperature programmed X-ray diffractometry (TPXRD)
clearly shows the respective conversions to occur between 380 and 400 K (Fig. 5.41).

In coincidence with the absence of crystal water in 1, a thermal event is observed neither by
DSC nor by X-ray diffraction in this temperature range. While the thermal behavior of 1 and
2 shows obvious similarities in the temperature range above 420 K, the temperature response
of 3 differs significantly. Between 440 and 460 K an accurately defined exothermic decompo-
sition reaction is observed for salts 1 and 2, which is associated with an amorphization of the

samples. At temperatures above 580 K, a succession of exothermic and endothermic signals

Heat flow

1

300 350 400 450 500 550 600 650 700 750 800
Temperature / K

Figure 5.40: DSC curves recorded between room temperature and 800 K for 1 (bottom), 2 (middle), and 3
(top).
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Figure 5.41: In situ temperature-dependent X-ray diffraction measurements (Mo—Ka1 radiation) of the non-
metal tricyanomelaminates 1, 2, and 8 recorded between room temperature and T > 850 K. Whereas the
decomposition pathways of 1 and 2 show evident similarities, that of 3 differs significantly in the medium
temperature regime. All patterns are dominated at high temperatures by a broad reflection at 20 ~ 12.1° (d ~
336 pm).
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is visible in the DSC curves, which based on the X-ray data are likely to originate from the
same underlying decomposition processes.

Thus, at 620 K a crystalline phase commences to form, which is easily identified as melem,
a prototypic heptazine-based CN,-precursor [82]. Prior to the formation of melem, the re-
flections of another phase emerge around 550 K, the latter being familiar from decomposition
studies of melamine [82,240]. The identity of the latter phase, which is assumed to be com-
posed of both melamine and melem will be discussed in more detail in Chapter 6 on page 196.
However, no evidence by TPXRD was found for the formation of single-phase melamine to a
significant extent throughout the pyrolyses of both 1 and 2. At 770 K, 1 and 2 transform into
a semi-crystalline phase with a relatively broad reflection at 20 ~ 12.1° (= 336 pm, MoK
radiation) characteristic of graphitic carbon nitride materials [84,240,300,453]. Melaminium-
TCM (3) exhibits a succession of solid-solid transitions between crystalline phases commencing
at 380 K, while beyond 580 K the sample becomes essentially X-ray amorphous. At temper-
atures around 700 K, a broad reflection at 20 &~ 12.1° indicates the formation of a disordered
layered CN,H, structure. As opposed to the thermolyses of 1 and 2, neither melamine nor
melem are observed as crystalline intermediates, which is supported by the lack of thermal

events characteristic of melamine above 600 K in the DSC curve of 3.

5.6.4 IR Spectroscopy

Vibrational spectroscopy was utilized as a probe for structural aspects of the quasi amorphous
intermediates of the thermal decomposition reactions. As evidenced by the pyrolysis behavior
outlined in Figures 5.40 and 5.41, the crystalline transformation products passed through by
1 and 2 at temperatures > 500 K, which are associated with a break-down of the cyanamide
moieties as well as a deprotonation of the triazine rings in 1, are essentially identical. Since a
marked difference in the high-temperature thermal behavior is only observed for 3 as compared
to 1 and 2 in the TPXRD measurements, the following discussion will exemplarily be focused
on the thermal decomposition of 2 and 3.

The measurements were performed on samples heated to the respective temperatures in sealed
glass or quartz ampoules. The composition of the resulting graphitic materials according to
elemental analysis was C, 34.49; N, 61.38; H, 1.86 for 2 and C, 35.45; N, 62.42; H, 1.72 for
3, with the difference from a total of 100 wt% being presumably due to the presence of small
amounts of oxygen. Contrasting the sequence of spectra obtained for 2 (Fig. 5.42, left) and
3 (Fig. 5.42, right), the following noticeable aspects may be pointed out:

As 2 is heated, the bands characteristic of both the tricyanomelaminate core and the

cyanamide moiety decrease continuously. However, the sharp band around 800 cm™! fea-
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Figure 5.42: IR spectra of 2 (left) and 3 (right) before (a) and after ((b) — (d)) thermal treatment in sealed
glass ampoules. Spectra are shown exemplarily for the decomposition products at 470 (b), 550 (c), and 740 K
(d) for 2 and at 500 (b), 570 (c), and 890 K (d) for 3.

turing the ring breath vibration typical of both triazine and heptazine cores persists, though
slightly broadened, throughout the decomposition process. Interestingly, the formation of
melem is indicated already around 500 K by the appearance of a strong absorption around
1610 cm™!, a minor absorption at 1107 cm ™', and the disappearance of the TCM and guani-
dinium bands at 1669 and 1390 cm~!. The band at 1475 cm ™! splits up into a broad doublet
originating from the triamino-heptazine (melem) vibrations.

At 550 K, the spectrum is almost entirely dominated by the heptazine vibrations, with the
low energy flank being slightly broadened (1350 — 1200 cm™!), thus mapping the envelope of
the high-temperature absorption pattern. The well-resolved spectrum at 740 K shows strong
absorption between 1636 and 1240 cm™! as well as the ring breath at 809 cm™!, suggesting
the polymeric material to be fairly well-ordered on the molecular level.

While the thermal behavior of melaminium tricyanomelaminate (3) appears to be largely
equivalent, amorphization commences earlier, leading to the rapid disappearance of the
v(C=N) vibrations and, notably, to a significant broadening in the v(C-N) region around
1320 cm~! at temperatures as low as 500 K. This feature is accompanied by pronounced
absorption around 1620, 1550 and 1440 cm ™!, the pattern being reminiscent of the triazine
absorption as found in melamine. Simultaneously, the characteristic ring breath, which is
located at 782 cm™! in the starting material, is shifted to 807 cm™!, thus substantiating the
deprotonation of the initially mono-protonated triazine rings.

The essence of the above observations may be interpreted in line with the formation of an
intermediate low-temperature phase, exhibiting a significant degree of cross-linking between

intact triazine cores as indicated by the pronounced absorption below 1400 cm~!. Low ther-
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mal stability of this intermediate phase is inferred by its facile conversion into melem above
580 K when extending the heat treatment in sealed glass ampoules to several hours.

Thus, the thermal decomposition behavior of 3 may be rationalized by assuming significantly
differing decomposition pathways under kinetic or thermodynamic control; the gradual shift
between these leads to the superposition of features characteristic of both the assumed poly-
meric low-temperature phase and melem. Therefore, although neither melamine nor melem
were detected by thermoanalytical and in situ X-ray investigations of 3, the successive for-
mation of both precursors could unambiguously be established when conducting the reaction

in ampoules under pressure of ammonia.

Abs. intensity / a. u.
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Figure 5.43: X-ray powder patterns (Cu — Ka1 radiation) of the final decomposition products of 2 (top) and
8 (bottom). The top curve is drawn with an offset of 20 = 5° with respect to the bottom curve. Both materials
exhibit a similar pattern of broad low-intensity peaks between 20 = 10° — 27° and a single sharp reflection at
20 ~ 27.8°, corresponding to an average interlayer distance of approximately 320 pm.

This is in accord with previous studies [124], where thermodynamically controlled reactions
effecting the formation of melem are predominantly encountered when working in closed sys-
tems under NHj3 back pressure. In spite of the differing low temperature decomposition
behavior of 2 and 3, the final decomposition products of 2 and 3 are essentially identical
as demonstrated by their IR spectra (Fig. 5.42, top spectra). As further evidenced by the
respective XRD patterns (Fig. 5.43), the high-temperature decomposition products exhibit a
pronounced graphitic character, the single reflection at 20 = 27.7 — 27.9° corresponding to an

interlayer distance of ~ 320 pm.3

3The discrepancy with the d-value stated above (12.1° = 336 pm) was found not to be an intrinsic effect
but rather to result from a temperature shift of the lattice parameters.
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5.6.5 Solid-State NMR

15N CP-MAS solid-state NMR experiments were carried out with the high-temperature de-
composition products of 2 and 3. The latter are shown in Figure 5.44, together with the
decomposition product of N melamine (top), all of which were obtained in sealed quartz
ampoules at 740 K (2) and 890 K (melamine and 3). In spite of the semi-amorphous character
of all products, which are characterized by their X-ray powder patterns exhibiting only one
single sharp reflection around 20 = 27.8° (Fig. 5.43), the appearance of their NMR spectra
is strikingly well-resolved and, at the same time, largely identical. A similar reaction product
of melamine and 2 may be ascribed to the favored formation of melem as a high-temperature
crystalline intermediate observed during the pyrolyses of both melamine and 2 under various
conditions (Figs. 5.40 and 5.41). Thus, the spectral features in both cases simply represent
the decomposition product of melem, though obtained at different temperatures. Notably, as
indicated previously when discussing the vibrational spectra (Fig. 5.42), comparison with the
middle spectrum reveals the decomposition of 3 to yield the same product, which could not
be anticipated solely on the basis of the DSC and TPXRD measurements.

This adds to the interpretation of the thermal conversion of 3 to proceed via melem, if
thermodynamic conditions (NHj back pressure, high temperature, long reaction time) can

be premised. A qualitative interpretation of the isotropic chemical shifts observed can be
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Figure 5.44: >N CP-MAS solid-state NMR spectra of the final decomposition products of 2 (740 K, bottom)
and 8 (890 K, middle). In the top spectrum the pyrolysis product of *° N enriched melamine at 890 K is shown.
Spinning sidebands are denoted with an asterisk, the rotation frequency was 10 kHz.
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put forward by analogy with the >N CP-MAS NMR spectra of the model systems melem
and melamine, respectively, as discussed previously by Jirgens et al. and will be outlined in
Chapter 7 on page 280 [82,240]. Firstly, comparison of the basic signal patterns allows for
the differentiation into tertiary (— 195 and — 225 ppm), secondary (NH, — 246 ppm) as well as
amino (NHy, — 266 ppm) nitrogen atoms, which is clearly supported by CPPI measurements
using the decomposition product (Fig. 5.44, top) of a >N enriched sample of melamine.
Secondly, a noteworthy similarity between the chemical shift spectrum of melem and that of
the decomposition products of 1 — 3 is evident, on the basis of which the assignment of the
signals in Figure 5.44 is feasible. In particular, the unique Ny, resonance at — 225 ppm,
which is located at — 234 ppm in melem but is absent in the spectrum of melamine, is likely
to represent the central nitrogen atom of condensed heptazine cores.

According to these findings, the heptazine-based structure of melem is likely to be preserved
in the final products, yet further evidence supporting this hypothesis will be presented in

Chapter 7 on page 280.

5.6.6 Discussion

The results of the previous discussion will shortly be summarized in view of the issues set
out in section 5.6.2 on page 185. First, the thermal decomposition of the tricyanomelami-
nate salts presented above appears to be markedly different from that of metal-containing
TCMs [240]. While the latter have been found to become completely X-ray amorphous at
elevated temperatures, leading to unidentified products [126,240,428], a common well-defined
reaction product was obtained for compounds 1 — 3. Combined diffraction, thermoanalyt-
ical as well as spectroscopic investigations indicate layered CN,H, materials to be formed
as high-temperature decomposition products, corresponding to those commonly denoted as
“graphitic carbon nitride” in the literature.

As to the correlation of the local structure of the pyrolysis products with that of the starting
materials, evidence is put forward for the transformation of the triazine building blocks into
heptazine rings as a result of thermal condensation processes. This fact can unambiguously
be derived from the TPXRD patterns recorded for 1 and 2, where melem is observed as high-
temperature crystalline phase between 650 and 770 K. For 3, however, reflections pertaining
to melem are absent in the TPXRD measurements, and the intermediate formation of a hypo-
thetical metastable, triazine-based networked phase at low temperatures may tentatively be
inferred on the basis of IR spectroscopic investigations. Principally, though differing markedly
in the low temperature region, the decomposition pathway of 3 appears to gradually conform

to that observed for 1 and 2 at elevated temperatures and NHs back pressure. Thus, decom-
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posing 3 in closed systems clearly promotes the formation of melamine and melem, ultimately
leading to a reaction product identical with those obtained from 1 and 2. The conservation
of the triazine units at temperatures beyond ~ 600 K can therefore be discarded under the
reaction conditions applied here, even if a preformed, purely triazine-based structure is used
as molecular precursor. This is particularly noteworthy in the case of 3, which is composed of
potentially nucleophilic melamine units as well as tricyanomelaminate rings containing elec-
trophilic cyanamide moieties, both of which may be capable of mutually interlinking upon
heating.

The thermodynamically favored formation of melem therefore seems to be the driving force
dominating the thermal reactivity of CN,-based precursors in the high-temperature regime,
suggesting purely triazine-based structures to become unstable and to essentially yield layered
compounds made up from heptazine building blocks. If, however, the resulting polymer is
identical with melon [CgN7(NHz)(NH)],, (= [CoN3H],,), or if the graphitic carbon nitride ma-
terial is based on a larger 2-D polymer of only partly condensed heptazine cores and frequent
NH / NHj terminations within the layers, or if extended sheets of fully condensed heptazines
are formed, which are terminated by NH and NHs groups at the layer-edges, will be the
subject of further studies presented in Chapter 7 on page 280.

5.7 Preliminary Conclusion

In the previous chapter several dicyanamides and tricyanomelaminates have been introduced,
which all have the capability of transforming into CN,H, polymers upon thermal treatment.
For all potential precursors, the reaction pathways were studied in the context of their molec-
ular composition and inherent reactivity, and a qualitative picture of the intermediate stages
and final products could be drawn.

Comparing all model systems presented above, their common behavior is highly visible:
Starting from the different precursors, any one of them transforms into melamine during ther-
mal treatment, irrespective of their principal chemical identity and stoichiometry. In fact, as
particularly observable for oxygen containing precursors, the composition plays only a minor
role with respect to the reaction products, as volatile species during the transformation must
not be ignored.

In general, the tendency towards formation of melamine is striking, the latter representing a
thermodynamic drain with a particularly beneficial energy balance at elevated temperatures
(Fig. 5.45). The triazine ring system is highly stable until the formation of the heptazin ring is
favored at even higher temperatures. Since all thermal treatments invariably yield melamine

as a common intermediate or the final product, depending on the temperature range, the
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Figure 5.45: Thermal transformation of various CN, precursors into the thermodynamic “drain” melamine,
irrespective of their exact chemical composition. Melamine then further transforms into the heptazine-based
compound melem, which finally decomposes into “graphitic carbon nitride”.

suitability of the above precursors must be critically re-evaluated:

Although the reactivity may be higher and, hence, the respective transformation temper-
atures of the model systems into graphitic CN,H, polymers may be lower as compared to
those of melamine, the simple composition and easy availability of the latter by far outperform
the advantages of the dicyanamide- and TCM-based precursors. In addition, unwanted side
products, especially prominent if hydrated species are thermolysed in closed systems, can be
excluded if melamine is used as starting material.

It should, however, be noted that melamine can only be formed if hydrogen is present in

the sample, requiring a hydrogenated cationic species, as has been used in the above cases.
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It may be argued that hydrogen-free CN, networks may be accessible by making use of
hydrogen-free precursors, yet most examples reported so far suffer from complete amorphiza-
tion of the resulting polymers, from inappropriate C:N ratios usually higher than the desired
value of 0.75 for g-C3Ny, or from inclusion of heteroatoms other than hydrogen into the sam-
ple [42,63,65,454,455].

Therefore, the route towards carbon nitride polymers presented in the previous chapter consti-
tutes one out of several possible pathways, with the focus being on the analysis and description
of the intermediate stages passed during controlled thermal treatment of stable and easily ac-
cessible starting materials.

The above line of argument may be concluded by stating the necessity of understanding in
great detail the thermal reactivity of melamine, as this prototypic CN, precursor was found
to represent the least common denominator of all model systems under study. Therefore, the
next chapter will build upon the previous one in focussing the discussion on this important
“intermediate”, trying to bridge the gap between the model systems studied in Chapter 5 and

the carbon nitride material presented in Chapter 7.

195



Chapter 6

Carbon(IV)Nitride Precursors III.
On the Existence and Formation of

Melam

In Chapter 5 the thermal behavior of various dicyanamide and tricyanomelaminate precur-
sors has been studied and evaluated in terms of their suitability for the synthesis of extended
carbon nitride networks. It was pointed out that the thermal transformations are inevitably
governed by the thermodynamically favored formation of melamine as a common intermedi-
ate, thus reducing the complexity of the different precursor systems to one single “prototype”
precursor. As a next step, the thermal behavior of this key intermediate as discussed in the
literature will be surveyed, and attempts to critically evaluate and possibly unify the diverging
opinions will be made.

In this context, a central question pertains to the existence and role of melam in the pyrolysis
process of melamine, which has not yet satisfactorily been settled. Though formally represent-
ing a simple condensation product of melamine and thus being of fundamental importance
for the understanding of the ternary system C/N/H, its ways of formation and molecular as
well as crystal structure are not yet agreed upon or available.

A major task of this work has therefore been the re-investigation of the processes constituting
the pyrolysis of melamine, and the characterization of the encountered intermediates. As
much progress has been made recently with respect to the formation and solid-state structure
of melem [82,240], the focus of this work will be on the “missing members” of the pyrolysis
process of melamine, namely melam and polymers of melem. The possible formation and
identity of melam will be subject of the following chapter, whereas that of melon will be

treated separately in Chapter 7.
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6.1 Introduction

Melam was first prepared in 1834 by Liebig on heating an intimate mixture of potassium
thiocyanate and an excess of ammonium chloride at temperatures around 580 — 640 K until
all volatile products were given off. From the grayish-white fusion product a compound
was isolated after treatment with moderately concentrated potassium hydroxide solution,
which was arbitrarily given the name “melam” by Liebig. On boiling melam in “caustic
potash” solution for several hours, two unknown hydrolysis products were obtained, which
were named “melamine” and “ammeline” [456]. Investigations of the thermal behavior of
the above weak bases led Liebig to the discovery of two further insoluble compounds of
the empirical formulas CgNigHg and CgNgHs, which were given the similarly unintuitive
names “melem” and “melon”, respectively. They were conceived as condensation products of
melamine, which form on successive elimination of ammonia from the starting material.

In the following years, much effort was devoted to the elucidation of the composition and
structure of melamine and its pyrolysis products, which however was hampered by conflicting
statements with respect to their elemental composition, ways of formation, and, above all,
molecular structures [76,80,304,457]: Although general agreement had been achieved on their
principal nature in that they may be considered as derivatives of cyanamide according to
the general formula (NCNHs),,- m NHs, suggestions for their structures were put forward at
a much later date [76,80]. Likewise, whereas the identity of melamine was resolved by the
elucidation of its crystal structure in 1941 [458], chemical inertness and low solubility of its
condensation products has impeded the characterization apart from elemental analysis ever
since their early discovery and despite the comparatively easy availability. Only recently the
crystal structure of melem was solved from X-ray powder data [82], thereby putting an end
to the long-standing debate about its heptazine-type structure [76,77,80,459-461], and at
the same time giving valuable incentives to the ongoing quest for graphitic carbon nitride (cf.
Chapter 7 on page 280) [42,82,85,124,127].

Melam has been considered as the low-temperature de-ammonation product of melamine,
which is formed upon linking two molecules of melamine with concomitant release of one
mole ammonia. The resulting “ditriazinylamine”-type structure model was set out as early
as 1886 by Klason and accepted by later investigators [76,80,462], born out predominantly
by its hydrolysis with 30 % aqueous ammonia to form ammeline and melamine [409, 424].
Doubts on the correctness of this structure proposition were cast by several unsuccessful
attempts to obtain melam by pyrolyzing melamine, the products of which were identified as
melem by IR and UV spectroscopy based on the absorptions characteristic of cyameluric nuclei
(“CeN7") [77,460,461,463,464]. In detail, Finkel’shtein noted the sharp spectral differences for
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Figure 6.1: Schematic representation of the two pathways proposed for the thermal decomposition of melamine.
Route (a) assumes direct formation of melem from the first condensation step, whereas according to route (b)
melam is obtained prior to melem formation. Further loss of ammonia may yield polymers of melem (“melon”)
and, ultimately, graphitic carbon nitride.

the de-ammonation product from the spectrum of melamine, as well as the absence of a band
at 1560 cm ™! in the IR spectrum typical of s-triazine derivatives [460,463]. These findings were
corroborated by the hydrolysis of the de-ammonation product in alkaline solution, yielding
potassium cyamelurate rather than ammeline or ammelide derivatives [460]. In contrast,
based on elemental analysis May reported on the isolation of melam, melem, and melon as
the pyrolysis products of melamine obtained at 633, 673, and 773 K, respectively [459].
Thus, two alternative schemes have been proposed in the literature for the condensation
process of melamine:

Route (a) is based on the formation of melem as the first condensation product, giving rise to a
ratio of melamine to liberated ammonia of 1:1. Melem then affords the polymeric condensate
melon, the identity of which has not been resolved as yet. [460,461,463]. Melon may further
lose ammonia to form graphitic carbon nitride g-C3Ny4. In route (b) melamine progressively
condenses to give melam (melamine : ammonia = 2:1), which then further fuses to melem
and, via melon, to g-C3Ny (Fig. 6.1) [459,465-467].

While the originally proposed formula for melam as sketched in Figure 6.1 has long been ac-
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Figure 6.2: Two alternative tautomeric forms discussed for melam. The conjugated form (right) exhibits a
chinoid triazine ring system.

knowledged, an alternative tautomeric form was introduced, accounting for resonance within
the two triazine rings (Fig. 6.2) [79,460,465].

Despite the above controversy, reports have been published on the synthesis of melam based
on combinations of melamine with electrophilic triazine-derivatives such as chloro-diamino-
triazine [79], or from melamine in the presence of acids [77,468].! By these authors the
synthesis of several acid salts of melam, among which being melam hydrochloride hydrate,
melam sulphate, melam nitrate, melam perchlorate and melam phosphate hydrate [77], as
well as a zinc salt of assumed formula Zn?*[CgNy;Hg], [468], was claimed, however with-
out giving any analytical data apart from elemental analysis in the latter case. Jiirgens
reported on two adduct compounds with notional formulas [CgNy1Hp]Cl-0.5 NH4Cl and
[CN11H10|Br- 0.5 NH,Br, which were thoroughly characterized by IR, NMR and mass spec-
troscopic investigations [240]. Costa et al. had previously investigated the thermal behavior
of melamine salts, thereby coming across an assumed melam hydrobromide of empirical com-
position CgNy1Hg - HBr. However, no further studies on the postulated melam salt were
carried out [469].

Schnabel already opened access to substituted melams by fusion of alkyl-substituted amino-
triazines with chloro-triazines, which afforded hepta-, octa-, or nona-substituted melams,
depending on the substituents. Utilizing this method, melam derivatives composed of three
s-triazine nuclei have been prepared [467]. Chloro-derivatives of melam containing the amines
HN(C3N3Clg)s and N(C3N3Cls)3 were recently obtained by the reaction of melamine with cya-
nuric chloride [470]. Whereas the former crystallizes as an adduct with cyanuric chloride in
HN(C3N3Clg)y - C3N3Cls, the latter has first been synthesized by Vodak et al. and is being
discussed as a potential intermediate in the formation of polymeric C3N4 compounds [66,470].
Presently melam and its derivatives are under consideration for flame-retardant formulations

owing to their exceptional thermal stability and decomposition properties [471-473].

! Finkel’shtein and co-workers stated that “the synthesis of melam from melamine [...] is realized more suc-
cessfully in the presence of zinc chloride if the melamine is submitted to reaction with acids or with substances
which release acids under conditions of heating in the solid phase (the ammonium salts of mineral acids) before
heating or during heating [...]” [77].
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According to the literature data assembled above, the knowledge on the formation of melam
from melamine, as well as its molecular structure, is scarce and subject to much controversy.
In the following section we will re-evaluate the thermal behavior of melamine and present an

alternative view on the formation and existence of melam.

6.2 Thermal Behavior of Melamine

A crucial factor when investigating the thermal behavior of melamine is the choice of the reac-
tion conditions. Typically, such studies have been conducted in closed systems, as melamine
exhibits a strong tendency toward sublimation above 570 K, which is peaking at 618 K. A
lack of clarity, however, remains with regard to the processes taking place in this temperature
range if melamine is kept in sealed tubes, as it has not yet been specified as to whether or
what extent it undergoes sublimation [461], melting [460,464] or decomposition along the lines

sketched above.
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Figure 6.3: Differential scanning calorimetry conducted with melamine between RT and 873 K. The sample
was contained in a cold-welded aluminium crucible, which was heated under an atmosphere of nitrogen.

Calorimetric measurements of melamine have been extensively discussed in ref. [240] and will
therefore be treated only briefly. DSC measurements were conducted in cold-welded, only
moderatly pressure-resistant aluminium crucibles with a heating rate of 1 K min~'. The DSC
curve shows two major thermal events at 620 and 660 K, and a weak and broad signal around

800 K, all of which having an endothermic heat of reaction. The slight slope in the baseline
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prior to the first exothermic signal can be rationalized by assuming continuous sublimation
of the sample, which reaches its maximum at 620 K. Presumably, sublimation of the sample
and the onset of thermal decomposition are interdependent, reinforcing each other via the
gas phase (Fig. 6.3). The signal at 660 K may either be due to the formation of melem or
pre-stages thereof which will be subject of the following section 6.3 on page 203. The broad
signal with a minor heat turnover and an onset around 750 K may be due to cross-linking or
decomposition of melem.

In addition, we have performed TPXRD measurements with heating rates of 1 K min~! in
a temperature range between 295 and 933 K (Fig. 6.4). It should be noted that heating a
sample in an open quartz capillary affords conditions similar to those in closed systems as
has been observed previously [124]. Therefore, the term “semi-closed system” will be used for
this experimental set-up.

Contrary to previous TPXRD experiments [240], at least four phase transformations are ob-
served. The reflections of melamine disappear at 590 K without passing through an amorphous
state, with the new phase being stable until ~ 630 K. At this temperature, new reflections
gradually appear, however the phase change is defined rather poorly. Melem is formed around
653 K being stable until ~ 780 K, where a single broad reflection characteristic of graphitic

carbon nitride materials emerges, again without passing through the melt.
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Figure 6.4: In situ temperature programmed X-ray powder diffraction measurements (Mo—-Ka1 radiation) of
melamine, recorded between RT and 928 K. Four phase transitions are observed prior to the formation of a
graphitic carbon nitride material visible by a broad reflection at 20 = 12.1° (d = 336 pm).

When comparing with the above literature survey (cf. Fig. 6.1 on page 198), route (b) con-
forms quite well to these observations, whereas the direct formation of melem from melamine
without the formation of detectable intermediates (route (a)) can be discarded under these

conditions. The observed low-temperature (LT) phase transition may tentatively be associ-
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ated with the proposed formation of melam, which however does not account for the second
phase change (HT phase transition) observed at 630 K prior to the formation of melem.
Jiirgens also reported the emergence of two intermediate phases, which were characterized
by X-ray powder diffraction and mass spectrometry, but could not be isolated as pure
phases [240]. According to these studies, no evidence of the formation of melam was found,
but only the mass peaks of melamine (m/z = 126) and melem (m/z = 218) were found in the
DEI+ mass experiments.? At this stage it should be noted that in ref. [240] the succession
of the phases is reversed as compared to the present study, i.e. the phase named “phase 1”
by Jirgens is observed as the high-temperature phase, whereas “phase 2”7 is formed directly
from melamine.

A possible explanation could be the strong dependence of the phase formation on both tem-
perature and time, as the second phase is formed by isothermal treatment from the low-
temperature phase, the same applying to the formation of melem from the high-temperature

phase. These observations were made by heating 200 mg of melamine in sealed glass tubes of

2Tt will be shown in sections 6.4 on page 213 and 6.5 on page 226 that the mass peak of melam (m/z = 235)
can in fact be observed in the DEI+ experiments if melam or melam derivatives are present in the sample.
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Figure 6.5: X-ray powder patterns, displayed for a 20 range of 5 — 45° (Cu-Ka1 radiation), of melamine (a),
phase I (b), phase II (¢), and melem (d) recorded at RT. All compounds exhibit well distinguishable powder
patterns indicative of distinct crystallographic phases.
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12 cm length placed in a vertical tube furnace to different temperatures between 630 and 660
K, and heating for different periods of time (LT-phase: ~ 2.5 h; HT-phase ~ 14 h).

Preparing the HT-phase without impurities by the LT-phase is particularly demanding and
requires careful adjustment of the heating time. As only the low-temperature phase (“phase
2”) was observed in the TPXRD measurements carried out by Jirgens, no reference for the
sequence of phase formations was available. Thus, if the time dependence of these transfor-
mations is neglected and only the absolute temperature is varied in an interval of less than
20 K [240], the “wrong” phase may easily be obtained when heating melamine on a prepar-
ative scale. After optimizing the heating conditions, both phases could be isolated in a pure
state without admixtures of melamine, melem, or the LT / HT phase (Fig. 6.5). All efforts
to index the powder patterns or grow single crystals were unsuccessful, by which reason the

characterization of the two phases had to be primarily based on spectroscopic methods.

6.3 Adduct Phases

In order to not confuse the nomenclature introduced by Jirgens with that applicable here,

we will refer to the LT-phase as phase I and to the HT-phase as phase II.

6.3.1 Mass Spectrometry

As a first step, mass spectrometry was carried out; the results are shown in Table 6.1. Al-
though no quantitative information on the composition of the two compounds can be ex-

tracted, details on possible constituents may be furnished.

Table 6.1: Mass spectrometry data for phases I and II and those expected for melamine, melem, and melam.

Compound m/z (rel. intensity, %)
phase 126.1 (100)¢, 218.1 (100)“
phase II 126.1 (62), 218.1 (100)
melamine 126.1 (100)

melam 235.1 (100)

melem 218.1 (100)

@ successive scans

According to these results, which conform to the observations made by Jirgens [240], strong
evidence is put forward for melamine and melem instead of melam to actually constitute
the phases under consideration. Nevertheless, melam could be “silent” to DEI+4 experiments

due to facile rupture of the inferred bridging -NH— bond by rapid heating, giving rise to
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m /z = 126 (melamine) instead if proton transfer reactions are possible in the ion source.
This has been observed for instance in the case of the ZnCls-melam complex disscussed in
section 6.5.3.2 on page 249. However, melem cannot as easily be formed, since heat induced
condensation to melem according to Figure 6.1 is by far less likely to occur than the clevage
of the amine bond. It can, however, not be totally excluded at this stage. The interpretation
according to which the molecular mass peaks of melamine and melem are due to impurities of
the latter being present in the sample is little convincing: no other potential molecular mass
peaks are observed in the whole range scanned and the impurity portion cannot be larger

than ~ 5 %, since no additional phase is observed in the X-ray powder patterns.

6.3.2 Elemental Analysis

The composition of both phases was determined by elemental analysis, yielding the results
listed in Table 6.2. It gets immediately evident that the composition of phase I indeed closely
corresponds to that of melam as stated by May and others [459]. The composition of phase
II, however, does neither match that of melamine, nor that of melam or melem in first ap-
proximation.

Anticipating the results discussed below, the following noticeable item may be pointed out:
In view of the fact that the elemental composition of melam is in between those of melamine
and melem, it may be possible to obtain an identical composition by assembling melamine
and melem in different ratios into a co-crystal. This has formally been done for two composi-
tions corresponding to an 2:1 adduct as well as an 1:2 adduct of melamine and melem; the

theoretically expected wt% of both are given in Table 6.2. Interestingly, the 2:1 adduct has

Table 6.2: Elemental analysis data for phases I and II, contrasted with those expected for melamine, melem,
melam and co-crystals made up from melamine and melem in two different ratios.

Compound N / wt% C / wt% H / wt%
phase I 65.93 (obs.) 30.56 (obs.) 3.63 (obs.)
2:1 adduct® 65.53 (theor.) 30.64 (theor.) 3.83 (theor.)
phase II 64.73 (obs.) 32.14 (obs.) 3.21 (obs.)
1:2 adduct? 64.77 (theor.) 32.02 (theor.) 3.18 (theor.)
melamine 66.67 (theor.) 28.57 (theor.) 4.76 (theor.)
melam 65.53 (theor.) 30.64 (theor.) 3.83 (theor.)
melem 64.22 (theor.) 33.03 (theor.) 2.75 (theor.)

% melamine : melem = 2 : 1

b melamine : melem = 1 : 2
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exactly the same composition as melam, and is thus in agreement with the experimental data
obtained for phase I. With the same accuracy the elemental compositions of phase II and the
hypothetical 1:2 adduct coincide. In fact, these observations can nicely explain the results
from mass spectrometry, in which only the molecular mass peaks of melamine and melem
were found.

It should therefore be emphasized that an ultimate proof of melam formation solely based
on elemental analysis data is intrinsically critical and demands for corroboration by comple-
mentary methods. This may entail the somewhat awkward case that correct experimental
data result in the assignment of a wrong molecular formula, which may easily have occured
in conjunction with melam.

As will be shown below, the analytical data clearly suggest the adduct compounds to actually
represent phases I and II rather than melam. However, it will be necessary to shed light
on the exact chemical nature of these presumed adduct compounds and possible formation

pathways, as will be done in the following.

6.3.3 IR Spectroscopy

The IR spectra of phases I and IT are shown in Figure 6.6 (right), together with the spectra
of melamine and melem (left) for comparison.
The principal absorption “envelopes” of phases I and II in the characteristic ring-stretching

and NHy-bending region of strongest absorption between 1350 and 1700 cm ™!

are largely
identical, apart from pronounced differences of the relative band intensities and splittings.

Whereas for phase II (top) a split band is seen at 1600 — 1630 cm ™!, this band is broadened and

Transmission
Transmission
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Figure 6.6: FTIR spectra of melamine (bottom, left) and melem (top, left) and of the LT phase I (bottom,
right) and the HT phase II (top, right), measured in reflection geometry (neat solids).
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slightly weaker in the spectrum of phase I (bottom). However, bands at 1585 and 1561 cm™*
observed for the latter, which are typical of triazine-based compounds, are absent in phase
I1. Remarkably, whereas for melamine a band assigned to §(NHz) is visible at 1650 cm ™!, no
absorption is found for both I and II higher than ~ 1630 cm™!, which may be indicative
of a significantly altered hydrogen-bonding network. This is supported by the fact that the
sharp v(NH) stretching vibrations for melamine at 3468 and 3419 cm™! are replaced by a
weak, though sharp band centered at ~ 3464 cm~! for I and II. In addition, the broad
v(NH) band found in melamine at 3129 and 3329 cm™! is red-shifted in I and II, similar
to the situation encountered for melem. Phases I and II exhibit a strong split band around
800cm~! attributable to the sextant bend of both triazine and heptazine rings, which is
located intermediate between those found in melamine and melem.

In principle, similarities between the spectra of I and II and those of melamine and melem are
evident, which is particularly true for phase II, where the resemblance with spectra obtained
for heptazine-derivatives is significant [82,240]. In addition, phase I contains spectral features
characteristic of both triazine and heptazine nuclei in the ring-stretching region. Although no
ultimate conclusions can be drawn from vibrational spectroscopy, the following aspects may
be pointed out:

For melam one would expect more pronounced absorption in the v(C-N)/ §(N-H) region
between 1200 and 1350 cm ™! [240], which is not observed for I and II.

A simple superposition of the spectra of melamine and melem can also be discarded (see
also Fig. 6.5), as too many band shifts are observed for both phases relative to the former.
Nevertheless, a particularly significant similarity between the spectrum of phase II and that
of melem is evident. In addition, the over-all resemblance of the spectra for I and II suggests

that the two phases are related with respect to their constituents.

6.3.4 NMR Spectroscopy
6.3.4.1 Solid-State NMR Spectroscopy

NMR investigations have been carried out both in the solid state and in solution. The "N
solid-state NMR experiments severely suffer from the long relaxation times of the samples,
rendering the signal /noise ratio rather low. Nevertheless, some important conclusions can be
drawn from the experiments.

The '3C CP-MAS solid-state NMR spectrum of phase I shows two signal groups, one of
which is located at 155.3 ppm, and a split signal has maxima at 166 and 168 ppm (Fig. 6.7,
left). A similar spectrum, yet with a slight high-field shift of the signal group now centered
around 166 ppm, is obtained for phase II (Fig. 6.9, left). While the resonance at 155.3 ppm is
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unchanged, the intensity at 165.0 ppm is increased, and the signal portion around 167.4 ppm
is reduced with respect to phase I. Both “patterns” contain features reminiscent of melem
(middle curve) [82,240], whose peaks are located at 155.1/156.0 ppm and 164.3 — 166.4 ppm,
and melamine, which has two close-by signals at 167.5 and 169.2 ppm (bottom curve). Hence,
from the 13C spectra of the two intermediates an increasing similarity with melem gets evident

on going from phase I to phase II.

Abs. intensity / a. u
Abs. intensity / a. u
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5/ ppm 3/ ppm

Figure 6.7: *C (left) and "> N (right) CP-MAS solid-state NMR spectra of the LT phase I (top; recycle delay:
300 s; Tc: 4 ms for both measurements; spinning frequency 10 kHz) in comparison with melem (middle; recycle
delay: 160 (**C) and 80s (**N); 7c: 4 ms for both measurements; spinning frequency: 7 kHz) and melamine
(bottom; recycle delay: 20 s; Te: 8 ms (**C) and 4 ms (*>N); spinning frequencies: 6 kHz (**C) and 5.5 kHz
(**N)). Spinning side bands are marked by asterisks.

The N spectrum of phase I shows peaks between — 198 and — 210 ppm and two signals in the
high-field region (— 274 ppm, doublet at — 291 /- 294 ppm, Fig. 6.7, right). In order to assess
their proton environment, a CPPI experiment has been carried out, which is shown in Figure
6.8. In agreement with their chemical shifts, the signal group around — 200 ppm shows a much
slower decrease in magnetization than do the signals below — 270 ppm. The latter invert signs,
passing through zero intensity at an inversion time of 60 us, which equals the polarization
inversion behavior of previously investigated systems with NHy groups (cf. section 5.6.1.3 on
page 180) [82,127,194,240]. Owing to their similar behavior, both high-field signals can thus
be associated with NHy groups, whereas the down-field signal group can be assigned to tertiary
nitrogen atoms due to the slow polarization transfer. Furthermore, the signal characteristic of
the central nitrogen atom of the heptazine ring is absent. It is considered likely that this may
be simply due to the insufficient signal-to-noise ratio, rendering the observation of a single
tertiary nitrogen signal futile.

Figure 6.7 (right) shows a synopsis of the 'V spectra of melamine, melem and phase I. The

15N spectrum of phase II exhibits both slightly different signal positions and numbers, with
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Figure 6.8: >N 2D CPPI solid-state NMR spectrum of the LT phase I (recycle delay: 300 s; Te: 2 ms,
spinning frequency 5 kHz). The respective inversion times 7; are indicated at the right margin.

an increase of signal multiplicity in the chemical shift region characteristic of the melem-type
Ni¢ert and NHg groups (- 198.5 to — 204.4 ppm and — 269.2 to — 295.9 ppm). Remarkably,
the two up-field NHjy signals in phase I, which may be attributable to the triazine part of the
compound, are collapsed to one single resonance at — 295.9 ppm in phase II. The signals of
the presumed triazine nitrogen atoms typically observed around — 210 ppm in melamine and
phase I is obviously shifted down-field in phase II (Fig. 6.7, right). A resonance attributable
to the central nitrogen of the cyameluric nucleus can be weakly distinguished at — 233 ppm.
The following aspects need to be emphasized:

Although the spectra of phases I and II largely parallel those of melamine and melem with
respect to the signal positions, obvious differences are observed regarding the number of
signals. This is especially obvious when the NHy regions for phases I and II are compared
to those of melem and melamine, respectively. Whereas melem exhibits three well separated
NHj, signals, only one signal with a high-field shoulder is seen in this chemical shift range for
phase I, whereas a similar situation is encountered on comparing the spectra of phase II and
melamine. This observation may reflect the varying ratios of melamine and melem in the two

adduct compounds, as well as pronounced differences in terms of the molecular arrangements
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in the solid state.

Notably, the lack of signals pertaining to NH groups is a strong indication that none of the
nitrogen atoms of the constituents of phases I and II is protonated (or deprotonated), and that
no larger molecular aggregates condensed via NH bridges are present. This, however, further
substantiates the view that both phases are built up from a co-crystallisate of melamine and
melem, forming an array glued together by hydrogen-bonding forces rather than by an acid-
base or cross-linking reaction. The noticeable differences between the spectrum of phases I
and II on the one hand, and that of a simple superposition of the spectra of melamine and
melem on the other hand suggest that no simple heterogeneous mixture of melamine and
melem crystals is present, and that the molecular arrangement and intermolecular forces in
the adduct phases are significantly different from those dominant in the crystal structures of

the pure compounds.

Abs. intensity / a. u
Abs. intensity / a. u

250 200 150 100 50 -100 -150 -200 -250 -300 -350 -400
5/ ppm 5/ ppm

Figure 6.9: '3C (left) and >N (right) CP-MAS solid-state NMR spectra of the HT phase II (top; recycle
delay: 360 s; Tc: 4 ms for both measurements; spinning frequency 10 kHz) in comparison with melem (middle)
and melamine (bottom; for parameters cf. Fig. 6.7). Spinning side bands are marked by asterisks.

6.3.4.2 Solution-State NMR Spectroscopy

The solution NMR spectra would be expected to be similar to the solid-state NMR spectra in
case the principal molecular arrangement is retained in solution. Owing to the low solubility
of the solids even in DMSO, only the 'H and '3C spectra are available.

Figure 6.10 outlines the NMR, spectra for phases I and 11, as well as for melamine and melem
for comparison.

The chemical shifts of both 'H and '3C signals being similar, it gets immediately evident that

the spectra of I and II appear to be identical to a superposition of the spectra of melamine

209



6.3. ADDUCT PHASES CHAPTER 6. MELAM

10 9 8 7 6 5 4 200 190 180 170 160 150 140 130

Intensity / a. u.
Intensity / a. u.

10 9 8 7 5 4 200 190 180 170 160 150 140 130
&/ ppm &/ ppm

|
|

Figure 6.10: 'H (left) and *C (right) NMR spectra of the adducts I (b) and II (c) measured in DMSO-d6
solution. The respective spectra of melamine (a) and melem (d) are shown for comparison.

and melem (Table 6.3).> Whereas no quantitative information can be extracted from the C
spectra owing to the polarization transfer from the protons utilized in the experiment, the

ratio of the ' H signals is more reliable.

Table 6.3: Synopsis of the experimental *H and *C chemical shift data obtained for adducts I and II as well
as melamine and melem for comparison.

6 / ppm 'H 13
Compound (multiplicity, intensity) 0/ ppm *C
phase 1 7.3 (s, 6 H), 6.0 (s, 12 H) 167.0, 165.1, 153.3
phase 1T 7.3 (s, 12 H), 6.0 (s, 6 H) 167.5, 165.6, 155.8
melamine 6.1 (s, 6 H) 167.9
melem 7.3 (s, 6 H) 165.6, 155.8

Whereas for phase I, the intensity of the proton signals belonging to melamine outweigh that
of the melem protons (ratio =~ 2.3:1.0), the situation is opposed for phase II (ratio ~ 1.4:2.0).
These findings must, however, be treated with some caution as in both cases the sample was
not completely dissolved in DMSO, so that a preferential uptake of a single component may
not be excluded. Nevertheless, the significant variation in the intensities between phase I and
IT suggest that the latter effect may not be particularly strong.

On evaporating the DMSO solution, the residue was found to be largely amorphous, yet a
small amount of crystalline material could be isolated, which was identified as melamine. The

amorphous residue together with a poorly crystalline phase can presumably be attributed to

3The slight low-field shift observed for the melamine signals (* H and *3C) is predominantly due to differences
in the instrument calibration or concentration effects, since a 2:1 mixture of melamine and melem yields a
spectrum essentially identical to that of phase I.
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Figure 6.11: FTIR spectra (reflection geometry, neat solids) of the residues obtained from refluxing the adduct
phases I (b) and II (c¢) in aqueous solution. For comparison the spectrum of melem is shown (a). Differences
in the spectra result from hydration of the samples (b) and (c), which give off water under heating, thereby
yielding pure melem. FEvaporating the filtrate solution affords melamine in both cases.

a melem-DMSO adduct, which is known to form when dissolving melem in DMSO [474].

Further proof to the validity of this interpretation was sought by boiling a suspension of
the adduct phases in water so as to “extract” melamine which is soluble in hot aqueous
solution. In fact, melamine was isolated from the filtrates, whereas the white residues of
adduct I and II exhibit identical IR spectra, which were identified as melem-hydrate phases
(Fig. 6.11) by comparing the X-ray powder patterns of the residues before and after heat
treatment with that of melem. These results corroborate the above line of argument that
phases I and II in fact consist of co-crystals formed by melamine and melem in two different,
yet well-defined ratios. Hence, the solid-state architecture is destroyed when dissolving the
material in DMSO or other solvents, presumably by interference of the solvate molecules

with the hydrogen-bonding array essential for the formation of I and II.

The UV /vis spectra of the adduct phases will be discussed in section 6.4.7 on page 222.
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6.3.5 Thermal Analysis

DSC measurements have been carried out with phases I and II under the same conditions
as described for melamine (Fig. 6.12). Interestingly, only one sharp endothermic signal is
visible for phase I at 660 K, whereas about three thermal events appear for phase II at 660
(endothermic), 688 (endothermic/exothermic) and 788 K (endothermic).

It may be conjectured that the events at 660 and 688 K observed for phase II are correlated,
indicating melamine sublimation and melem formation in a similar temperature range, or
possibly the intermediate formation of melam as will be discussed below. Presumably, the
differences between the spectra for both phases in this temperature range are due to different
pressure conditions or sample amounts.

The endothermic signal at 660 K (688 K) may be associated with the second thermal event
observed for melamine at the same temperature (cf. Fig. 6.3 on page 200). As will be seen
below, this signal is most probably due to melem formation. The weak endothermic event

around 790 K presumably indicates the thermal disintegration of melem by polymerization.

300 400 500 600 700 800

Heat flow / mW

) ] ) ] ) ] ) ] ) ] 115
300 400 500 600 700 800

Temperature / K

Figure 6.12: DSC heating curves recorded between RT and 880 K for the LT phase (bottom) and the HT
phase (top).

The temperature response of I and Il was also followed by TPXRD measurements, which
are shown in Figure 6.13. As expected, the thermal behavior of the two compounds is
largely identical and is characterized by the decomposition into melem, which is then further

transformed into graphitic carbon nitride materials at 780 K. The onset of melem formation
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Figure 6.13: In situ temperature programmed X-ray powder diffraction measurements (Mo-Ka1 radiation) of
adduct I (left) and adduct II (right), showing the transformation of both phases into melem at ~ 650 K, which
then yields a graphitic carbon nitride material above 780 K.

is slightly earlier (640 K) as compared to that of phase IT (660 K), which may, however, also
result from minor deviations in the temperature calibration. Also, no evidence is found for
the transformation of phase I into phase II prior to melem formation, which may be due to
slightly different heating conditions as compared to the TPXRD measurements for melamine

sketched in Figure 6.4 on page 201.

Although no evidence for melam was found by thermal decomposition of melamine under
the above conditions, the existence of melam cannot be disputed based on these findings
alone. It may not even be legitimate to reject the possibility that melam is indeed formed as a
condensation product of melamine if different reaction conditions apply. Alternatively, melam
may occur as a reactive intermediate not detectable by the analytical techniques used here,
which exhibit response times on the time scale of minutes. In order to pursue this thread, the

decomposition of melamine under atmospheric pressure was studied.

6.4 Melam

A porcelain crucible of about 2 cm height and 1 cm diameter was loaded with 2 — 10 g
melamine, loosely covered with a lid and placed in a muffle furnace. After heating at 613 —
633 K for approx. 2 days, tiny colorless crystals had formed on the surface of the greyish bulk
material. Single-crystal X-ray diffraction revealed that the crystals were not melamine as had
been expected.

Instead, pure melam had been isolated. The bulk material was shown by X-ray powder
diffraction to be different from melam; the patterns, however, resembled that of a mixture of
the adduct phases I and II, with admixtures of melem and an unknown phase (see below),

though of poor crystallinity (Fig. 6.14). Melam was only present to a very small extent, such
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Figure 6.14: X-ray powder patterns (Cu—Ka1 radiation) showing the phase compositions of the bulk material
after prolonged heating at 628 K. After two days (bottom), phase I is still visible, whereas the portion of phase
II continuously increases (middle, top). After 14 days, reflections of melem and a presumed melem-dimer or
-oligomer (reflections of the latter are indicated by asterisks) are visible in the powder pattern (top).

that it is essentially invisible in the X-ray powder pattern, even if the sample is taken from
the surface region. On prolonged heating at the same temperature, all crystals completely
vanished.

Another noticeable detail should be pointed out: After passing through the intermediate
phases I and II, apart from melem the reflections of an unknown phase appear (marked by
asterisks in Fig. 6.14), which can, however, not be unambiguously assigned owing to the
heavy overlap and low crystallinity of the multi-phase mixture. The IR spectrum is largely
identical to that of melem, except for an increase in absorption in the v(C-N) / §(N-H)

“-oligomer”) similar

stretching region. It is therefore conjectured that a “melem-dimer” (or
to the “melamine-dimer” melam is formed, but cannot add further proof to this hypothesis
at this stage. For further details see Chapter 7.

Although based on this observation the existence of melam has been unambiguously proven,
it should be noted that it is detectable only if the heating and tempering conditions are very
carefully chosen. It appears that only a certain time-window, as well as the condition of

atmospheric pressure, allow for the observation of melam.
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Figure 6.15: FTIR spectra of melamine (bottom), of an amorphous intermediate phase (middle), and of
melam (top), recorded with the neat solids in reflection geometry.

6.4.1 IR Spectroscopy I: Formation

When heating melamine for one day at 603 K, an amorphous material of extremely soft
and velvety consistency was isolated. At the same time, the surface was covered with a
grayish-beige surface, which could be identified as melam. The IR spectra of the starting
material (melamine), the amorphous bulk and melam are contrasted in Figure 6.15. Note the
strong absorption for both the intermediate phase and melam in the v(C-N) region between
1200 and 1370 cm™!, as well as the absence of the §(NHsy) band found at 1650 cm~! for
melamine. The intensity maximum at 1312 cm~! (C-N stretching region) for the intermediate
may be indicative of a more extensively cross-linked phase as compared to melam, which
subsequently breaks up into NH-bridged triazine pairs as found in melam. Generally, the
absorption patterns of the intermediate and product are quite similar, especially with respect
to the band intensities between 1400 and 1600 cm™!, which are markedly different for
melamine. Obviously, the hydrogen-bonding network differs in all three stages, which can
be inferred from the varying band intensities in the v(N-H) region and the sharp absorp-

tions at different positions found for melamine and melam, but not for the intermediate phase.
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6.4.2 Analytical Data

The ESI+ mass spectrum of melam clearly shows the [M + H|' peak at m/z = 236.11.

Table 6.4: Elemental analysis data for melam. The analyzed material was obtained from thermal dehydration
of melam hydrate. The experimental values are obtained from a sample which was heated in vacuo prior to the
analysis, the latter being performed under a flow of nitrogen in order to avoid re-uptake of water.

Compound N / wt% C / wt% H / wt%
melam 64.25 30.67 3.60
melam 65.53 30.64 3.83

Elemental analysis has been carried out using a dehydrated sample of melam hydrate (see
below), as only small amounts of pure melam are accessible by decomposition of melamine (see
above), which in addition are difficult to separate from the bulk. Despite prolonged heating
of the hydrate at different temperatures between 423 and 623 K, the nitrogen content shows
rather large variations and is systematically lower as would be expected theoretically. Table
6.4 displays the data obtained for the elemental analysis that matches best the theoretical
values. The observed discrepancy may be attributable to impurities already contained in
melam hydrate; a more likely explanation, however, is the hygroscopic nature of melam,

which “adsorbs” water on its surface to some extent when exposed to air.*

6.4.3 Crystal Structure

Melam crystallizes in the space group C2/c¢ with 1.5 formula units in the monoclinic unit cell,
such that two independent melam molecules are present. Relevant crystallographic data are
given in Table 6.5. The molecular structure is characterized by two triazine units condensed
via a bridging NH group (Fig. 6.16). Both rings are essentially equivalent and non-protonated,
which is in agreement with the special position occupied by N15 and the generation of the
second triazine unit by a screw axis. Although the second melam molecule is fully contained
in the asymmetric unit, both triazine rings exhibit similar geometric features and are grouped
around N4 in a “staggered” arrangement. It should be noted at this stage that the hydro-
gen positions at the bridging nitrogen atoms can be found explicitly from difference Fourier
syntheses, therefore supporting the tautomeric form without conjugation between the triazine
systems (ditriazinylamine, cf. Fig. 6.2, left).

Notably, the melam molecules are not planar but are twisted about the central nitrogen,

having dihedral angles about the bridging NH-groups of ~ 11° (N15) and 14° (N4), respec-

4Melam hydrate used for elemental analysis was either obtained from a melam-ammonium chloride adduct
(see section 6.5 on page 226) or from Agrolinz Melamine International GmbH (AMI) as a gift.
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Figure 6.16: Representation of the molecular structure of melam. The two crystallographically independent
melam molecules are shown. Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability
level.

tively. Thus, the molecules exhibit a non-crystallographic point symmetry which is close to
Cy. Accordingly, the amino groups attached to the triazine rings do not interfere, which to-
gether with a more efficient hydrogen bonding network may be the reason for the observed
non-planarity. The angle C-N-C at the NH group is significantly widened (129° (N4), 132°
(N15)) and strongly deviates from tetrahedral symmetry, giving rise to a rather trigonal pla-
nar arrangement. The C-NH-C bond lengths are by up to 4 pm longer as compared to those
in the triazine rings (see below). The amino groups also depart from planarity in that they
slightly bend out of the triazine ring plane. This may be indicative of only moderate partic-
ipation of the free electron pair at the amino nitrogen atoms in the ring m-system, which is
also supported by the fact that the C—N¢z, bonds (133 — 135 pm) are slightly elongated by
analogy with melamine (cf. section 5.6.1.3 on page 180) [458]. Thus, besides steric reasons
electronic factors may also be responsible for the observed non-planarity of the melam ring
System.

Another noticeable feature is the distortion of the triazine rings, which are neither com-
pletely flat, nor regular hexagons, the latter being characteristic of both triazine and heptazine
rings [82,240,458,475]. While the N-C-N angles are close to 126°, the C-N-C angles vary
between 113° and 114°. The C-N bond lengths within the rings do not vary to a large ex-
tent, amounting to 134 — 135 pm on average, whereas the bonds C4-N6, C1-N2, and C7-N13
adjacent to the bridging NH group are systematically shorter (133 pm).

The molecules are connected via medium strong and weak hydrogen bonds with donor-
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Figure 6.17: Unit cell of melam (view along [010]), showing the spatially extended, heliz-like arrangement of
the molecules. Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability level.

acceptor distances ranging from 297 to 333 pm. No pronounced m-stacking is observed, which
coincides with a screw-like arrangement of the molecules, giving rise to a 3D network of

mutually tilted melam molecules (Fig. 6.17).

6.4.4 IR Spectroscopy II: Structure

The IR spectrum of melam is displayed in Fig. 6.15 (top spectrum). The similarities to
the spectrum of melamine (bottom spectrum) is evident, which is particularly pronounced
in the v(NH) region above 3100cm ™! as well as for the v(NHz) and v(C=N) absorption
between 1640 and 1414cm~'. Though having similar intensities, the latter bands are well
resolved and sharp in contrast to those of melamine, and an additional band at 1583 cm™!
is found for melam which is absent in both melamine and melem. Similar to melamine, the

I accompanied by an additional weak

characteristic sextant ring bend is located at 807 cm™
band at 782cm~!. Whereas for melamine and melem no pronounced absorption is found
below 1400 cm ™!, two strong bands attributable to the C-N stretching or N-H deformation

vibrations (imino group, see ref. [240]) are found for melam at 1338 and 1250 cm™*.

6.4.5 Solid-State NMR Spectroscopy

13C° CP-MAS NMR spectra have been obtained for melam and its hydrate (recrystallized

from NaOH solution, see below), which is a valuable starting material for the synthesis of
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Table 6.5: Crystallographic data for melam.

Formula CeN11Ho

M, / g - mol™? 235.24

crystal system monoclinic
space group C2/c (no. 15)
T /K 130
diffractometer Nonius Kappa CCD
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 1811.0(4)

b / pm 1086.7(2)

¢ / pm 1398.4(3)

B/° 96.31(3)

V /105 . pm3 2735.3(9)

A 12

Pcaled / g cm 3 1.714

F(000) 1464

p / mm~* 0.127

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e- 1076 pm3

0.20 x 0.12 x 0.04

3.56 < 0 <27.48
—23< h <23, —13< k<14,
-18<1<18

9976

3125 (R;n: = 0.0162)

2706

with F2 > 20(F2)

285 / 0

1.048

Ry = 0.0350 (0.0414)

wRy = 0.0926 (0.0970)
with w = [02(F?)
+(0.0535P)? +1.9821P] !
where P = (F2 +2F?)/3

~0.244 / 0.205

several melam salts (cf. section 6.5 on page 226). Figure 6.18 (left) reveals two close-by
signals at 164.0 and 167.2 ppm for melam, the latter having a shoulder on the high-field side.
Presumably, these hardly separable resonances correspond to the three distinguishable carbon
sites within a single triazine nucleus. The theoretically possible number of nine carbon sites

can clearly not be resolved. The chemical shift values are almost identical with those observed
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for melam hydrate (top spectrum) and very similar to the signal positions in the ZnCly-melam

complex (cf. Fig. 6.40 on page 253).
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Figure 6.18: 3C (left) and SN (right) CP-MAS solid-state NMR spectra of melam (bottom spectra) and
melam hydrate (recrystallized from 1M NaOH, top spectra). The shoulder in the *C spectrum of melam is
denoted by an asterisk. The recycle delay was 16 s for melam and 4 s for melam hydrate, the contact time 7.
was 4 ms for all measurements, the spinning frequency 10 kHz.

The '* N CP-MAS NMR spectrum of melam (bottom) is again contrasted with that of melam
hydrate (top) in Figure 6.18 (right). Both spectra reveal three signal groups, which are lo-
cated in the regions typical of N+, NH, and NHy groups.

Three separable tertiary nitrogen signals are observed for melam between — 190.0 and
— 205.9 ppm, whereas two NH signals are distinguishable at — 252.0 and — 254.8 ppm, the
former one being less than half as intense as the latter. Five different NHy signals are visible
at — 282.8, — 286.0, — 288.9, — 295.0, and — 300.4 ppm. These findings correspond well to the
crystal structure analysis, according to which one would expect two NH groups with an inten-
sity ratio of 2:1 (one bridging nitrogen on a special position with site occupation factor 0.5).
This is almost exactly reproduced in the experimental spectrum. In addition, a maximum of
six different NHo groups and up to nine tertiary nitrogen atoms, all of which belonging to
1.5 melam molecules in the asymmetric unit, would be expected. However, from the different
intensities of the signals in the Ny.,+ and NHs regions signal overlap due to similar electronic
and geometric environments is clearly evident, which reduces the maximum number of inde-
pendent ® N signals in both cases.

Melam hydrate shows Ny signals at — 200.9, — 203.9 and —205.6 ppm, one NH signal
at —257.0 ppm, and a group of poorly separable NHy resonances at — 293.1, — 295.4, and
—297.8 ppm (Fig. 6.18, right, top spectrum).

The two spectra show major similarities with respect to the observed chemical shifts, suggest-

ing a similar constitution of melam in both compounds. However, the chemical shift range
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for the tertiary and NHy nitrogen atoms is significantly larger than that for melam hydrate,
which may indicate that the latter contains one or even only half a melam molecule within
the asymmetric unit. As the crystal structure for melam hydrate is not available, no further
statements on the geometry of the triazine rings can be made, although it may be inferred
that owing to the less pronounced chemical shift range for the ' N nuclei in melam hydrate,
the geometry of the triazine rings is likely to be more regular as compared to those in pure

melam.

6.4.6 Thermal Behavior

The thermal behavior of melam was studied by differential scanning calorimetry as well as
indirectly by TPXRD measurements in that the latter were conducted starting from melam
hydrate. As shown in Figure 6.19, only one sharp endothermic event appears during heating
between 300 and 880 K. The signal with an onset around 650 K can be correlated with
the formation of melem. Further thermal events cannot be distinguished, however TXRD
measurements clearly reveal the conversion of melem in a polymeric CN,H, material to take
place above 723 K (see below).

Starting from melam hydrate, a first phase transition is observed in the TPXRD measurements

at ~ 385 K, which by comparison of the respective 1D X-ray patterns can be correlated with

Heat flow / mW
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Figure 6.19: DSC measurement of melam between RT and 873 K. Only one thermal event is observed, which
can be attributed to the formation of melem at 660 K.
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the dehydration reaction yielding melam (Fig. 6.20). In principal agreement with the DSC
measurements, melam is stable up to 640 K, above which temperature it transforms into melem
as can be seen from the appearance of weak reflections pertaining to the latter. Beyond 723 K
the reflections of melem disappear, leaving behind a graphitic material with a broad reflection
at 20 ~ 12°.
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Figure 6.20: In situ temperature dependent X-ray diffraction measurements (Mo-Ka1 radiation) of melam
hydrate recorded between RT and 953 K. At 385 K melam hydrate looses its crystal water and transforms into
melam without significant amorphization.

6.4.7 UV /Vis Spectroscopy

Although the distinct identities and compositions of melam on the one hand and the adduct
phases I and IT on the other hand have in detail been outlined above, an additional, somewhat
indirect proof of the different chromophores present in the three compounds can be adduced
by their UV /vis reflectance spectra. Figure 6.21 gives a synopsis of the spectra of adducts
I, IT and melam (left), as well as of melamine and melem (right) for comparison. The curve
pertaining to melam can be identified by three local maxima at ~ 226, 265 and 320 nm,
whereas the absorption pattern of phases I and II is similar, being highest around 268 and
338 nm.

According to Finkel’shtein the experimental absorption spectrum of melam has maxima at
210 and 240 nm [78], which is in accordance with the calculated spectra for the chinoid form
B sketched in Figure 6.29 on page 235 with absorption maxima at 207 and 238 nm. The
spectrum obtained in this work, however, differs significantly from the literature data and can
rather be associated with the spectrum calculated for the non-conjugated form A with peak
absorptions at 296 and 336 nm [78] (see also section 6.5.1.3 on page 233). As this tautomer

is in fact the one found experimentally, we conjecture that the melam species investigated
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by Finkel’shtein rather corresponds to a hydrated melam species as will be discussed below.
Interestingly, although melam is present in the non-conjugated form, its absorption maximum
is red-shifted as compared to the triazine ring absorption in melamine, which may be indicative

of some degree of resonance between the two triazine rings.
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Figure 6.21: Left: UV /uvis spectra of melam (solid line) and the adduct phases I (dash dotted line) and II
(dashed line). Right: UV /vis spectra of melamine (dashed line) and melem (solid line).

The spectra found for adducts I and II exhibit only slightly different intensities for the two
absorption maxima. When however comparing with the reflectance spectra of melamine and
melem, a striking similarity of both adduct spectra with that of melem is evident, whereas the
absorption maximum of the triazine ring at ~ 250 nm is essentially absent. Two conclusions
may be drawn from these results:

Firstly, another piece of evidence can be added that the adduct phases are distinctly different
from melamine and melem with respect to the arrangement of the molecules in the solid
state. Secondly, the electronic states of the heterocycles in the adduct phases are greatly
affected by the altered solid-state interactions, which may correlate with major variations in
the m-stacking and/or hydrogen-bonding interactions. In particular, the energy levels of the
triazine ring must be significantly different as compared to pure melamine, since the typical
triazine m — 7 or n — 7* transition [476,477] is not only diminished, but essentially absent
or hyperchromically shifted such that overlap with the heptazine transition occurs.

In summary, the UV /vis measurements again highlight the similarity of the adduct phases I
and II in terms of composition and at the same time are indicative of the markedly different
nature of melam and the profound changes in the electronic states of melamine and melem

occuring upon formation of the adduct phases.
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6.4.8 Discussion

The results presented above are suitable to provide a new basis for the controversial view on
melam formation from melamine.

On pyrolyzing melamine in closed or semi-closed systems as outlined in section 6.3, melam
cannot be isolated as the first condensation product of the starting material (see below). This
may, however, result from its high reactivity in the respective temperature range. Similarly,
the direct formation of melem from melamine without the formation of detectable interme-
diates lacks experimental evidence. Therefore, an alternative picture of melamine pyrolysis
must be drawn:

Van der Plaats suggested that between 593 and 673 K melamine forms mixed crystals with
its decomposition product [464], however without further substantiating this hypothesis. We
are now in a position to confirm this view, as two intermediate phases could be isolated
which are stoichiometrically built up by melamine and melem. According to NMR, investiga-
tions and dissolution/extraction studies, the homogeneous phases are made up by hydrogen-
bonded arrays of neutral melamine and melem molecules rather than salts originating from
chemical reactions of the components (i.e. acid-base or condensation reactions). This line
of argument is in agreement with the fact that the relative acidities and basicities of neu-
tral melamine and melem do not support a proton transfer from the more acidic melem
to melamine, which in contrast to melem is known to form salts also with medium strong
acids [372,372,375-378,386,474,478,479].

Presumably, melem is gradually formed at elevated temperatures and reintegrated into the
starting material melamine, upon which a crystallographically distinct phase is formed. It
may be argued that the onset of melamine sublimation greatly facilitates the condensation
reaction to melem, as melamine in the gas phase may be far more reactive than the melamine
residue. However, note that under the reaction conditions chosen a huge part of melamine
eludes the condensation reaction and resublimes at the cold end of the ampoule. In fact,
whereas for phase I the yield amounts to 60 — 70 %, it is only 30 — 35 % for phase II. This
strongly suggests that the transformation from phase I into II is simply a consequence of
melamine sublimation, which is thus removed from the solid. The formation of two adducts
with distinct stoichiometries may therefore be driven by the particularly beneficial arrange-
ments of the components in the solid at the particular melamine : melem ratios, together
with the possibility for melamine to be removed from the solid phase by sublimation. By this
equilibrium between the solid and the gas phase, the transformation of phase I into phase II
is feasible without major molecular rearrangements, and possibly even without further con-

densation of melamine into melem.
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From the above statements it gets immediately evident that the adduct phases can only be
metastable, which is evidenced by the strong time dependence of their synthesis. Once the
temperature sufficient for melem formation is reached, the latter is continuously produced
until all melamine present in the solid is consumed. Thus, the adduct phases I and II are
only intermediate stages, stable for a limited time, on the way from melamine to the ther-
modynamically stable product melem. Therefore, thermal recrystallization of the adducts,
which are only available as polycrystalline powders, is not feasible, as this would lead to the
“extraction” of melamine from the solid. Likewise, recrystallization in solution results in the
disrupture of the hydrogen-bonding network and, ultimately, phase separation into the com-
ponents melamine and melem.

Despite the dominant formation of the adduct phases I and II during melamine pyrolysis,
the existence of melam and its formation from melamine under special reaction conditions
has now been proven unambiguously. According to our findings and as noted previously by
Finkel’shtein [460], melam is detectable to only a small extent and only under specifically
tuned reaction conditions. This observation may be rationalized by invoking the formation of
melam as a minor by-product instead of a true intermediate of the condensation cascade of
melamine. Along these lines, a scenario may be envisaged involving the comparatively slow,
reversible formation of melam from melamine. In a parallel reaction, the latter may trans-
form into melem via volatile species such as cyanamide or dicyandiamide, which are generated
rapidly by depolymerization of melamine under increased pressure of ammonia. Melam may
be transformed back into melamine at elevated temperatures, which then reacts to melem in
an alternative reaction pathway with a significantly increased reaction rate as compared to
that of melam formation. Lowering the pressure of ammonia may enhance melam formation
(by slowing down the re-transformation into melamine), while depolymerization of melamine
and, thus, generation of melem, is concomitantly slowed down.

A more straightforward rationale is the rapid consumption and further transformation of
melam into melem as the condensation reaction proceeds, which is in accord with in situ X-
ray studies of the thermal behavior of melam (cf. Fig. 6.20 on page 222). Accordingly, melam
may be viewed as a highly reactive intermediate of the thermolysis of melamine, which owing
to its rapid transformation into melem is short-lived and — contrary to the adduct phases —
essentially undetectable on the time scale of TPXRD. The fact that melam is only observed
when working in open systems may be indicative of a deceleration of its transformation ki-
netics with decreasing pressure as outlined above. This slow-down may again correlate with
the reduced availability of ammonia in the gas phase, a species which is known to enhance

melem formation.
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6.5 Melam Derivatives

As we have stated above, melam can be isolated to only a very small extent and only under
special conditions. Thus, an alternative way for melam formation on a preparative scale was
sought in order to explore the largely unknown chemistry of this important CN, precursor
compound.

To this end, different pathways have been pursued, which are summerized in Figure 6.22.

Reactions in Aqueous Solution

VA A RN

Protonation Metathesis / Solvation Deprotonation
lon Exchange

Cationic / Anionic
Melam Salts;

Melam Adducts

f

Solid-State Reactions

Figure 6.22: Schematic diagram of the different synthetic approaches to obtain derivatives of melam.

One feasible approach is based on the melam—ammonium chloride adduct
[C6N11H10]CL- 0.5 NH4Cl mentioned in the introduction 6.1 on page 197, which has
been synthesized according to the procedure given by Jirgens [240]. Typically, 365 mg
(2.9 - 1073 mol) melamine was reacted with 83 mg (1.6 - 1073 mol) ammonium chloride in
a closed Duran ampoule with ground neck at 723 K over night (heating rate 1 K min~1).
The product, which was isolated from the cap of the ampoule (yield ~ 50 %) was partially
contaminated with ammonium chloride. The melam — ammonium chloride adduct was
then suspended in aq. NHs (25 %; 550 mg in 60 mL) for about 1 hour in order to remove
the ammonium chloride and at the same time liberate the weak base melam from its
hydrochloride. Although no complete solution of the adduct in ammonia was achieved, the
absence of chloride in the product was established by elemental analysis. The white, poorly
crystalline residue was isolated and dried by suction. The product, melam hydrate, was then

used for further conversions.
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6.5.1 Melam Solvates

To learn about melam and its compounds, a knowledge about neutral melam adducts or
solvates seemed to be beneficial. Therefore, various solvents were tested with respect to their
ability to dissolve melam hydrate and to form crystalline solvates by exchanging the crystal

water by the respective solvent molecules. The list of solvents is given in Table 6.6.

Table 6.6: List of solvents and their dissolving power for melam hydrate.

Solvent Solubility

DMSO soluble

water moderately soluble
methanol insoluble

ethanol insoluble

THF insoluble
acetonitrile insoluble

DMF moderately soluble
acetone insoluble
diethylether insoluble
chloroform insoluble
methylenchloride insoluble

Dissolving melam was found to be particularly difficult, and only DMSO was suitable to
dissolve large amounts of melam. Therefore, no solvates apart from hydrates and a DMSO-
adduct have been obtained, which will be subject of the following section. It is assumed that
melam forms a dense intra- and intermolecular hydrogen-bonding network, which together
with beneficial m-stacking interactions between the molecules hampers the penetration of
the solvent into the bulk material. Hence, solution chemistry of neutral melam seems to
be impeded by its low solubility, so that alternative approaches to the synthesis of melam

compounds have to be considered (cf. section 6.5.2 on page 234 and 6.5.3 on page 246).

6.5.1.1 Melam Hydrates

Melam hydrates can be isolated from aqueous solutions in a large pH range, apart from
strongly acidic or alkaline solutions in which cases melam salts are formed or hydrolysis
occurs, respectively. The latter reactions typically involve complete dissolution of the melam
precursor, whereas the formation of hydrates usually proceeds without complete dissolution,
or with rapid precipitation of the dissolved hydrate from solution.

Precipitation of melam from aqueous solution affords compounds with idealized formula
CgN11Hg - 2H50; however, elemental analysis indicates a rather non-stoichiometric compo-

sition with respect to the amount of crystal water contained in melam hydrate, depending on
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Table 6.7: Elemental analysis data for melam hydrates of varying compositions as obtained under different
synthesis conditions.

Compound N / wt% C / wt% H / wt% Synthesis conditions
number

1 59.18 28.22 4.22 AMI, Linz

2 52.59 25.49 4.62 1 M NaOH solution

3 54.93 26.29 4.78 5 % KOH solution

4 55.44 26.36 4.85 5 % KOH solution

5 54.98 26.67 4.36 (NH4)2COj3 solution

6 55.41 26.11 4.69 melam-NH,4Cl, NH3 aq.
7 56.19 26.13 3.87 melam-NH4Cl, NHj aq.
Calcd. 56.83 26.57 4.80

the synthesis conditions. The different compositions found by elemental analysis are listed in
Table 6.7.
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Figure 6.23: FTIR spectra of different melam hydrates. Bottom (a): melam hydrate obtained from Agrolinz
Melamine International; middle (b): melam hydrate synthesized from an ammonium chloride-melam adduct by
treatment with NHs aq.; top (c): melam hydrate obtained by recrystallization of (b) in aqueous NaOH.

If melam hydrate (200 mg) is suspended in 1M NaOH solution (50 mL) and recovered without
dissolution after heating at 343 K for approximately 30 minutes, melam hydrate of increased
crystallinity is obtained, which, however, is accompanied by a significant change in the el-

emental composition (cf. Table 6.7). A similar effect is observed when suspending melam

hydrate (15 mg) in 40 mL 5 — 40 % KOH solution.
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The IR spectra of two different samples of melam hydrate (a® and b), as well as melam hy-
drate recrystallized from NaOH solution (c¢) are shown in Figure 6.23. Although the spectra
exhibit similar absorption patterns, the position and intensity of some bands vary. Notably,
the spectrum of b somewhat differs from those of a and ¢ with respect to the bands at 1650
and 1390 cm™!, as well as in the N-H stretching region, showing very pronounced absorption

in b. However, the band observed around 1580 cm ™!

in a and also in melam (cf. Fig. 6.15 on
page 215) is absent in both b and c. In addition, the triazine ring bend around 800 cm ™! is
split in b and ¢ such that an intense band is found at 805 cm~! and a minor sharp band at 781
(b) and 786 cm™! (c), respectively. The position of the latter is reminiscent of a red-shifted
ring sextant bend found for protonated triazine rings (cf. section 5.3 on page 148). It may
therefore be argued that the two tautomeric forms discussed above (Fig. 6.2) both appear to
a significant extent in the hydrated species b and ¢, whereas this disorder phenomenon is less

pronounced or absent in melam and the hydrate a.

Transmission

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’™

Figure 6.24: FTIR spectrum (4000 — 500 cm™", KBr pellet) of melam hydrate after treatment with formic
acid.

On dissolving a melam hydrate suspension (50 mg in 40 mL H2O) in weak acids such as formic
acid (12 mL, 100 %) and acetic acid (3 mL, 100 %) under reflux, the same poly-crystalline
phase is obtained, whose X-ray powder pattern is different from that of melam hydrate. The
fact that identical phases result from treatment with different weak acids strongly indicates

that no salts are formed with the respective acids. Apparently, recrystallization has taken

Sused as obtained from Agrolinz Melamine International (AMI), Linz
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place or another hydrated phase has been formed. This behavior typically only occurs in
association with diluted or weak acids; reaction of melam hydrate with strong acids will be
discussed in section 6.5.2 on page 234. The IR spectrum of melam hydrate after treatment
with formic acid is displayed in Figure 6.24. Notably, the absorption pattern, though being
typical of melam compounds with respect to the v(C-N) region, is markedly different from
that of the melam hydrates shown in Figure 6.23. In particular, no absorption is found
between 1530 and 1600 cm™! and the characteristic ring sextant bend is shifted toward lower
wavenumbers (787 cm™1). This observation is in line with the spectra b and ¢ in Figure 6.23,
where the same correlation holds. Thus, the tautomeric equilibrium may be quantitatively
shifted towards the ring-protonated form upon treatment of the sample with formic acid.

For better comparison, some spectroscopic properties of melam hydrate have already been
contrasted with those of pure melam in section 6.4 on page 213; further details will be discussed

in the next section.

6.5.1.2 Melam — DMSO Solvate

A melam-DMSO adduct was obtained by heating a suspension of 150 mg melam hydrate in
50 mL DMSO at 393 K for 1 h until a clear solution if formed. Evaporating the solution at
313 K yielded transparent block-like crystals.

The obtained crystals turned out to be highly defective (twinning, reflections smeared out in
conjunction with superstructure reflections), so that no satisfactory crystal structure solution
and refinement was possible. Selected data of the crystal structure solution and refinement
are given in Table 6.8. Despite the consequently low data quality, the prinicpal arrangement
of the molecules in the cell and, thus, the identity of the obtained melam—DMSO adduct can
be substantiated.

Although no definite statements on the hydrogen positions can be made, Figure 6.25 demon-
strates that the compound of formula CgNi1Hg - 2 O=S(CHgs)s is in fact a neutral adduct
made up from layers of melam molecules separated by DMSO solvent molecules. The molec-
ular structure of melam in the adduct resembles quite closely that of pure melam (Fig. 6.16
on page 217) in that the molecules are again twisted about the bridging nitrogen atom and
therefore depart significantly from planarity, the triazine rings, however, being essentially
planar. The layers made up from melam molecules are shown for clarity without solvent
molecules in Figure 6.25 (right). Within these layers, the molecules are hydrogen-bonded
to adjacent melam molecules via the amino groups and ring nitrogen atoms, respectively,
whereas the melam and DMSO layers are hydrogen-bonded between the oxygen atoms and

amino nitrogen atoms.
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Table 6.8: Crystallographic data for the melam—-DMSO adduct.

Formula CgNi1Hg - 2 O=S(CHj3)q
M, / g - mol™? 391.2
crystal system monoclinic
space group P2y/c (no. 14)
T /K 293
diffractometer Stoe IPDS
radiation (A / pm) MoK, (71.073)
monochromator graphite
a / pm 3068.3(6)
b / pm 1042.0(2)
¢ / pm 1199.5(2)
B/° 92.26(3)
V /105 . pm3 3832.0(13)
Z 16
Pcalcd / g cm™? 1.284
p / mm~? 0.305
crystal size / mm?
total no. reflections 24025
independent reflections 6744 (Rin: = 0.1138)
observed reflections 4710

with F2 > 20(F?)
refined parameters / restraints 447 /0

GooF on F?
R indices (all data)

Ry = 0.2269 (0.2525)

wRy = 0.5116 (0.5167)
with w = [02(F?)
+(0.1000P)% + 0.0000P] 1
where P = (F2 +2F?)/3

The IR spectrum of the adduct is displayed in Figure 6.26. The similarity to the spec-
trum of melam hydrate a (Fig. 6.23 on page 228) is evident, although most bands are
slightly (=~ 6 cm™!) blue-shifted and well resolved in the DMSO adduct, and the absorption
at 1591 cm™! is less pronounced than the corresponding band in melam hydrate. However,
the ring sextant bend is located at 814 cm™!, which is indicative of non-protonated triazine
rings and, thus, the symmetric tautomeric form of melam (cf. Fig. 6.2 on page 199).

The N CP-MAS solid-state NMR spectrum of the DMSO-adduct (c) is shown in Figure
6.27 together with those of melam hydrate a and the recrystallized hydrate b (cf. Fig. 6.18
on page 220, right). The spectra of a and b are largely identical apart from the better
signal resolution in the recrystallized form b, and the DMSO-adduct differs only slightly in
that one of the Ny, signals is shifted downfield (- 188.1 ppm) with respect to the others
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g.c
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Figure 6.25: Left: Unit cell of the solvate Cg N11Hy - 2 O=S(CHs )>. Layers of melam molecules separated by
solvent molecules are extending in the b-c plane. Right: Twisted conformation of the neutral melam molecules
(DMSO molecules are omitted for clarity).
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Figure 6.26: FTIR spectrum of the melam-DMSO solvate, recorded between 4000 and 400 ¢cm™' as KBr
pellet.

(—198.2 to —207.5 ppm), which is also observed for pure melam (see above). In addition, the
NHs signals are found between — 285.8 and — 293.1 ppm for the adduct, whereas they are
shifted upfield between — 293.0 and — 297.9 ppm for the hydrates. All N spectra are in
agreement with non-protonated, neutral melam molecules, as two different NH signals would

be expected if melam acted as a base. However, spectrum (b) also shows no evidence for the
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Figure 6.27: SN CP-MAS solid-state NMR spectra of the melam hydrate (a) (bottom, Agrolinz Melamine
International GmbH) and (b) (middle, recrystallized from NaOH solution), as well as the melam—-DMSO solvate
(c) (top). The recycle delay was 4 s for (a), 5 s for (b), and 2 s for (c); the contact time 7. was 4 ms and the
spinning frequency 10 kHz for all measurements.

conjugated tautomeric form suggested to be present to some extent from IR spectroscopy, as
the spectra would presumably become more complex in this case owing to the reduced non-
crystallographic point symmetry of the melam molecules. In addition, the bridging nitrogen
in the conjugated tautomer would be expected in a chemical shift range intermediate between
the Nyt and NH signals (/= — 220 ppm), where no resonance is found. It may be conjectured
that the conjugated tautomer is formed only to such a small extent that it is invisible to
NMR, which intrinsically is a non-quantitative method, yet no ultimative conclusion as for

the prevailing tautomer in the solid-state can be made.

6.5.1.3 UV /Vis Spectroscopy

The UV /vis spectra of melam, melam hydrate and melam-DMSO solvate are displayed in
Figure 6.28. Whereas the spectra of melam hydrate (dash dotted line) and melam-DMSO
solvate are quite similar, exhibiting absorption maxima around 230 /265 nm (shoulder at
335nm) and 225 /265 nm (shoulder at 295 nm), respectively, melam shows an additional
broad band centered around 320 nm (cf. section 6.21 on page 223). One rationale for the
observed absence of this low energy band in the solvates may be the modification of energy

levels by the presence of the solvate molecules. A more likely explanation however is a change
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in the tautomeric state of the melam molecules, which could be present in a chinoid form in
the solvates. According to the literature, a change in the prototropic form entails a shift in
the UV /vis absorption maxima as outlined in Figure 6.29 [78].

Whereas for melam the tautomer A matches best the calculated wavelengths, the solvates
rather seem to adopt the tautomeric form B according to this hypothesis. In all cases, however,
tautomer C seems to be the least likely resonance structure. These observations support the
results from IR spectroscopy (Fig. 6.23 on page 228), according to which the tautomeric state

of melam and its hydrates seems to be different, or at least “interchangeable” to some extent.

6.5.2 Melamium Salts

As outlined above, the melam—ammonium chloride adduct can be thought of as a “melam
hydrochloride - ammonium chloride” co-crystallisate, in which the melam core is protonated
[240]. In addition, Finkel’shtein already reported on the syntheses of simple melam salts
obtained from reactions with various inorganic acids in aqueous solution [77]. Therefore,
attention will be paid in the following section to the acid-base behavior of melam and to the

synthesis and characterization of novel melam salts.

Reflectance

200 250 300 350 400 450 500
A/l nm

Figure 6.28: UV /vis spectra of melam (solid line), melam hydrate (dash dotted line) and melam-DMSO
solvate (dashed line).
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Figure 6.29: Three prototropic forms of melam with calculated absorption mazima at 296 /336 nm (A),
207/238 nm (B), and 188 /270 nm (C) [78].

6.5.2.1 General Procedure

As outlined in Figure 6.22 on page 226 the synthesis of melam salts may be conducted in
solution or in the solid state. In principle, whereas melam hydrate and melam perchlorate
(see below) were used predominantly as the starting materials in solution reactions, melamine
was the substance of choice when conducting the conversions in the solid state.

Reactions based on melam hydrate were typically conducted using 15 mg (5.53 - 107> mol)
of melam hydrate, which were suspended in 40 mL H2O. The suspension was heated under
reflux and acid / base was added until a clear solution was formed. After heating for another
5 — 15 minutes, the solution was cooled down slowly and either evaporated at room tempera-
ture or transferred into the refrigerator. Alternatively, melam hydrate was added to a diluted
(=~ 20 %) solution of acid / base and the suspension was heated under reflux until all starting
material had dissolved, then cooled down and left standing for crystallization.

A major problem when using melam hydrate is its low solubility in essentially all solvents
tested (cf. Table 6.6 on page 227). However, most melam salts exhibit better solubilities so
that the target salt could nevertheless be isolated quantitatively. In cases where no suitable
acid was available or it was too weak to completely dissolve melam hydrate, melam perchlorate
was used instead as the starting material, since its solubility in aqueous solution is signifi-
cantly better as compared to the hydrate. The latter approach is based on the metathesis
reaction between melam perchlorate and the respective salt added to the solution, so that
different anions may be exchanged for the perchlorate ion. In order to shift the equilibrium
of the reaction toward the product side, the potassium salts were chosen as the component
added, so that the comparatively low solubility of the formed potassium perchlorate could

be utilized. However, this method turned out to be only little effective as melam perchlorate
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Table 6.9: List of solution reactions carried out for the synthesis of melam compounds. Starting materials
and reaction conditions are given.

. . Component Conc. / Observation /
Starting material added Conditions Products
melam hydrate (80 mg) H3zPOy4 (20 mL) 20 %, 338 K no crystallization
melam hydrate .
(20 mg / 40 mL HOAc) H3POy4 (6 mL) 85 %, 373 K no crystallization
melam hydrate (80 mg) H2SO4 (32 mL) 20 %, 363 K no crystallization
melam hydrate ..
(20 mg / 40 mL, HOAc) H2SO4 (8 mL) 96 %, 373 K no crystallization
melam hydrate (40 mg) HCI (90 mL) 20 %, 363 K melam hydrochloride
melam hydrate .
(20 mg / 40 mL Hy0) HBr (2 mL) 47 % , 373 K melam hydrobromide
melam hydrate ..

HI K

(20 mg / 40 mL H,0) (2 mL) 98 %, 273 amorphous precipitate
melam hydrate (50 mg) HNOg3 (20 mL) 20 %, 363 K ammelinium nitrate
melam hydrate .
(120 mg / 40 mL H,0) HClO4 (1.6 mL) 60 % , 373 K melamium perchlorate
melam hydrate a .
(20 mg / 40 mL Hy0) TFA* (1.5 mL) 98 %, 350 K amorphous precipitate
melam hydrate b .
(20 mg / 40 mL Hy0) TFMS® (0.4 mL) > 98 %, 373 K amorphous precipitate
melam hydrate
(85 mg / 40 mL Hy0) CH202 (12 mL) 100 %, 368 K melam hydrate
melam hydrate
(50 mg / 40 mL Hy0) CH3CO2H (3 mL) 100 %, 373 K melam hydrate
melam perchlorate K9S0y (11 mg) 360 K amorphous precipitate
(30 mg / 40 mL H,0) 2o & PHOUS precip
melam perchlorate ..
(30 mg / 40 mL Hy0) KNOj3 (13 mg) 353 K amorphous precipitate
melam perchlorate ..
(30 mg / 30 mL Hy0) KHsPO4 (18 mg) 333 K amorphous precipitate
melam perchlorate KSCN ..
(30 mg / 40 mL H,0) (13 mg/10 mL H,0) 373 K amorphous precipitate
melam perchlorate KOCN ..
(30 mg / 40 mL Hy0) (10 mg/5 mL Hy0) 373 K amorphous precipitate
melam perchlorate KIO4 363 K amorphous precipitate

(30 mg / 40 mL H50)

(29 mg/7 mL Hy0)

¢ trifluoracetic acid
b trifluormethylsulfonic acid
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tends to form amorphous precipitates when dissolved in aqueous solution after an “induction
time” of several hours or even days. Presumably, melam perchlorate is only stable in acidic
solution, as in neutral solution the melamium cation acts as an acid and looses its protons,
thereby transforming into melam hydrate or a similar species. We also tried to adapt this
procedure to classical metathesis reactions using ion exchange resins, however, melam per-
chlorate turned out to be unstable in contact with the — slighlty basic — anion exchange resin
so that an amorphous precipitate was already formed before exchange could occur.

Reactions of melam hydrate with concentrated and diluted bases did not lead to deprotona-
tion of melam; instead recrystallization from aqueous solution occured (cf. section 6.5.1.1 on
page 227). Since deprotonated melam is most certainly a stronger base than water, deproto-
nation should only be observable in non-aqueous and preferably aprotic solvents, the use of

which was not systematically pursued in the present work.

Table 6.10: Representative examples for solid-state reactions aiming at the synthesis of melam compounds
starting from melamine and acid salts. A summary of the reaction conditions and products is given.

. . Component " Observation /
Starting material addeda Conditions Products
melamine (140 mg) NH4OAc (56 mg) ampoule, 623 K  unidentified
melamine (140 mg) NH4OAc (56 mg) ampoule, 723 K melem

melamine (140 mg

( )
( )
( )
melamine (140 mg)
melamine (160 mg)
melamine (140 mg)
melamine (140 mg)
melamine (140 mg)
melamine (140 mg)

( )

( )

( )

melamine (160 mg
melamine (140 mg

melamine (160 mg

melamine (60 mg)

NH4Br (71 mg)

NH4Br (71 mg)
NH,4Br (98 mg)
NH4H2PO4 (83 mg)
NH4H,PO, (83 mg)
NH4)2HPO4 (95 mg)

NH4 2HPO4 (95 mg)

(
(NHy)
(NH,)HPO, (84 mg)
(NH4)QSO4 (95 mg)
(NHy)

NH4 2804 (56 mg)

melamine sulphate®
(77 mg)

ampoule, 573 K

ampoule, 723 K
ampoule, 743 K
ampoule, 623 K
ampoule, 723 K
ampoule, 723 K

ampoule, 703 K

ampoule, 673 K
ampoule, 773 K

ampoule, 623 K

ampoule, 623 K

starting materials +
unidentified phase
melam salt

melam salt
unidentified phosphate
amorphous

melamine

melem +

unidentified phase
NH4POg3

unidentified
unidentified heptazine
deriv.

unidentified

@ declarations of weight (in mg) are rounded off
b [C3NgH7]2 SO4 - 2 HoO

An overview of the reactions designed to obtain melam salts is given in Tables 6.9 and 6.10,
listing selected reactions in solution and solid-state reactions, respectively. The latter were

carried out in ampoules (length 120 mm, outer diameter 16 mm, wall thickness 1.5 mm) at
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temperatures between 573 and 773 K, using a heating rate of 1 K min~! and heating times
of approx. 12 h.

As can be seen from Tables 6.9 and 6.10, the majority of the reactions carried out in solution
failed owing to the precipitation of a gelatinous white solid, which could not be identified by
means of X-ray powder diffraction, but may be an amorphous melam hydrate species.
Reactions carried out with aqueous phosphoric and sulfuric acid were not successful, as no
precipitation from solution occured. Attempts to facilitate precipitation by conducting the
reaction in acetic acid did not yield products either. Therefore, solid-state reactions were
carried out using the respective salts, however, in the case of phosphate salts the desired
product was not obtained since no suitable combination of temperature and stoichiometry of
the reactants was found. In several cases, the formation of melem species could be inferred
based on the IR data.

Only the addition of hydrochloric, hydrobromic and perchloric acid afforded crystalline melam
salts which were characterized by single-crystal X-ray diffraction and will be discussed in the
next section. The product recovered from treatment with nitric acid was found to be the
hydrolysis product of melamium nitrate, namely ammelinium nitrate (cf. section 6.6 on
page 263). The same observation was made when evaporating melam halogenide solutions
at 313 K; presumably melam nitrate is more sensitive to hydrolysis but can be stabilized on

careful evaporation of the solvent or by crystallization below room temperature.

6.5.2.2 Melamium Halides

As described above, a melam-ammonium chloride adduct of the notional formula
[CN11Hj0]Cl- 0.5 NH4Cl has been synthesized by reaction of melamine with ammonium chlo-
ride (see above) and thoroughly characterized by Jirgens [240]. In order to explore alter-
native pathways to the formation of melam hydrohalides and to test as to whether the co-
crystallization of ammonium chloride can be circumvented, melam hydrate was reacted with
diluted hydrochloric acid according to Table 6.9 on page 236.

In addition both reaction pathways (solid state and solution) have been adapted to the use of
ammonium bromide or hydrobromic acid instead. The IR spectrum of the product obtained
from the reaction of melamine with NH4Br is shown in Figure 6.30 (bottom spectrum, (a)).
For comparison the IR spectrum of the crystalline compound obtained by addition of conc.
HBr to an aqueous suspension of melam hydrate according to Table 6.9 on page 236 is
displayed (top spectrum, (b)). The spectra are very similar, yet small differences especially
between 3100 and 3400 cm~! and between 1520 and 1324 cm™! are evident. Notably, the

triazine ring bend observed at 801 cm~! in the bottom spectrum (broad band) is shifted to
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Figure 6.30: FTIR spectra (KBr pellets) of the products obtained from the solid-state reaction between
melamine and ammonium bromide (a) and from the reaction of melam hydrate with hydrobromide acid in
aqueous solution (b).

786 cm ™! in the top spectrum (sharp band). The observed bands, though being very similar,
do not conform in every detail to those reported by Jirgens for a compound with tentative
formula [CgNj1Hio|Br-0.5NHyBr, which may in part be due to impurities or different

6 Both spectra can clearly be attributed to compounds containing

measuring conditions.
the melam core owing to the characteristic #(C-N) stretching vibrations between 1260 and
1400 cm~!. The spectra, however, lack evidence for the presence of ammonium bromide in a

homogeneous phase together with melam.

Whereas the products of the solid-state reactions were only obtained as polycrystalline pow-
ders and could not be recrystallized due to their extremely low solubility in all solvents except
for DMSO, the solution reactions afforded products in single-crystalline form. The compounds
were identified by single-crystal X-ray diffraction as melam hydrochloride hydrate and melam
hydrobromide hydrate, respectively. However, in all cases the crystals were partial pseudo-
merohedral twins or consisted of more than one individual, yielding data sets that could not
be separated without loosing the majority of data, owing to heavy overlap of the reflections

pertaining to different individuals. The best results were obtained by using the complete set

®Elemental analysis of the two compounds (a) and (b) (cf. Fig. 6.30) yields similar results, which do not
allow for an unambiguous assignment of their compositions.
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of reflections as input files for the structure solution. Selected crystallographic data are listed
in Table 6.11.

Table 6.11: Selected crystallographic data for melam hydrochloride hydrate and melam hydrobromide hydrate.

Formula [CﬁNllHlo]Cl . HQO [CﬁNllHlo]Br . HQO

M, / g - mol™! 289.72 334.18

crystal system monoclinic monoclinic

space group P21 /c (no. 14) P2i/c (no. 14)

T /K 298 298

diffractometer Nonius Kappa CCD E((;i}t)brlclirSiffrac tion)

radiation (A / pm) MoK, (71.073) Mo-K, (71.073)

monochromator graphite graphite

a / pm 6.1064(12) 6.1114(5)

b / pm 7.8157(16) 7.9362(6)

¢/ pm 24.518(5) 25.231(2)

B/° 93.67(3) 93.89(1)

vV /10% - pm3 1167.8(4) 1220.9(6)

Z 4 4

Pealed | € - cm ™3 1.236 1.818

p/ mm~! 0.258 3.383

total no. reflections 15876 10845

independent reflections 2647 (R, = 0.1247) 2137 (Rint = 0.0867)

observed reflections 2169 2011
with F2 > 20(F2) with F2 > 20(F?)

reﬁne(.i parameters / 189 / 0 172 /0

restraints

GooF on F? 1.196 1.143

R indices (all data) Ry = 0.0972 (0.1087) Ry = 0.1382 (0.1428)
wRy = 0.2744 (0.2788) wRy = 0.3169 (0.3193)
with w = [02(F2) with w = [02(F2)
+(0.0171P)% +10.5419P]~1  +(0.0000P)? + 100.4706 P] !
where P = (F2 +2F?)/3 where P = (F2 +2F2)/3

min./max. residual
electron density / —-0.476 / 1.207 —2.422 / 2.505
e- 1076 pm=3

The molecular and crystal structure of both melam hydrohalide hydrates are displayed in
Figures 6.31 and 6.32. Considering the almost identical metrics as well as the arrangment of
the ions in the unit cell, the two melam salts are isotypic. Whereas the hydrogen positions
are shown for the hydrochloride salt, they could not be determined for melam hydrobromide.
Owing to the low data quality in both cases, only the most significant observations that can

be extracted from the data will shortly be summerized.
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Figure 6.31: Asymmetric unit (left) and unit cell (right) of melam hydrochloride hydrate. The thermal
ellipsoids are drawn at the 50 % probability level.

Figure 6.32: Asymmetric unit (left) and unit cell (right) of melam hydrobromide hydrate. The thermal
ellipsoids are drawn at the 50 % probability level.

In both salts melam is mono-protonated according to the presence of one counter anion, and
all melam cations are planar within experimental error. The melam core in the hydrochloride
is protonated at a ring nitrogen atom such that a hydrogen-bond is formed between the two
ring nitrogen atoms of adjacent rings facing each other.

The cations form strands of pairwise m-stacked molecules, with the halides and water molecules
being inserted between the strands. Adjacent strands exhibit a different stacking sense such

that the molecular planes of the melam cations enclose an angle of about 60°.

6.5.2.3 Melamium Diperchlorate Dihydrate

Melamium perchlorate was obtained from reaction of melam hydrate with perchloric acid
in aqueous solution according to Table 6.9 on page 236. Relevant crystallographic data are
summarized in Table 6.12. The unit cell (space group C2/c¢) is built up from four formula
units, each consisting of a doubly protonated melam molecule, two perchlorate anions, and
two molecules of crystal water. Only one triazine ring and one perchlorate anion are contained

in the asymmetric unit, therefore the cation is made up from two identical triazine units and
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all perchlorate anions are identical.

Table 6.12: Crystallographic data for melamium diperchlorate dihydrate.

Formula “[CGNHHH] -2 C104 -2 HQO”a
M, / g - mol™? 472.84

crystal system monoclinic

space group C2/c (no. 15)

T /K 130

diffractometer STOE IPDS, graphite
radiation (A / pm) Mo-K,, (71.073)
monochromator graphite

a / pm 1747.8(4)

b / pm 1148.2(2)

¢ / pm 993.6(2)

B/° 118.79(3)

V /105 . pm3 1747.4(6)

Z 4

Pcalcd / g cm ™3 1.797

F(000) 967

g/ mm~1 0.453

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e-1076 pm=3

0.23x 0.14 x 0.12

3.66 <60 <2749

—22<h <22 14 <k <13,
-11 <1 <12

7067

1907 (Rint = 0.0359)

1620

with F2 > 20(F2)

170 / 0

1.058

Ry = 0.0400 (0.0493)

wRy = 0.1009 (0.1048)
with w = [0?(F2)
+(0.0535P)? +1.9821P] 7!
where P = (F2 + 2F2?)/3

~0.437 / 0.465

@ jdealized formula

Several noticeable features have to be pointed out: In contrast to structures containing neutral

melam molecules the cationic melam unit is planar within experimental error. Also, the

distortion of the triazine rings is obvious, yet less pronounced, with the average angles C—
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N-C and N-C-N within the rings amounting to 117° and 124°, respectively. The internal
C-N distances vary between 132 and 136 pm, whereas the external C—Ng;, bond lengths are
shorter by about 2 — 3 pm (131/132 pm).

Figure 6.33: Representation of the molecular structure of melamium perchlorate hydrate, of which one half
is contained in the asymmetric unit. The oxygen positions O6 are only half occupied, and the proton positions
Hia and H3a are disordered over the melam backbone with SOFs being close to 0.5. Thermal displacement
ellipsoids (except for H) are drawn at the 50 % probability level.

Notably, the two triazine rings do not possess a chinoid structure with a bridging C1-N4=C1
unit, but a C1-N4H-C1 bridge with the bond lengths elongated (138 pm) and the angle
widened up (128°) in analogy to the situation in melam. The presence of two perchlorate ions
per melam molecule suggests melam to be present as a doubly protonated cation. However,
four proton sites attached to the ring nitrogen atoms are found from difference Fourier syn-
thesis, which have site occupation factors on free refinement between 0.5(1) (H3a) and 0.7(1)
(H1a).” Thus, static disorder has to be inferred, entailing an almost equal protonation of N1
and N3 so that in total two protons are attached to the rings (Fig. 6.33).

Another sign of static disorder is found at the crystal water site O6. Instead of a single oxygen,
a split position is found in the refinement with the centers of mass lying 119 pm apart, which

is clearly too short for two adjacent water molecules.® The refined site occupation factor for

"Note that the refinement of the site occupation factors for hydrogen positions is intrinsically critical; the
results should therefore not be overestimated.

8The O-O distance in a dioxygen molecule is 128 pm [8]; for chemical reasons and the O6 site occupation
factors of ~ 0.5 the co-crystallization of an oxygen molecule is considered highly unlikely.
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06 is 0.562(9), thereby indicating an about equal occupation of both split positions with the

sum being 1.

Figure 6.34: Unit cell of melamium perchlorate hydrate, view along [010]. Thermal displacement ellipsoids
(except for H) are drawn at the 50 % probability level.

It has to be noted, however, that — in contrast to the situation for O5 — no hydrogen posi-
tions were found around the presumed crystal water O6. Both split positions of the latter
are hydrogen-bonded to N3 with relatively short donor-acceptor distances of 274 and 282 pm,
respectively. The distances between the split positions of O6 and O1 (314 and 335 pm) are
close to the sum of the van-der-Waals radii.” It may be conjectured that the existence of the
split position at O6 is a consequence of the short interatomic distance of O1 and O6, which
forces the “mobile” crystal water in two more beneficial positions with slightly longer O1 —
06 distances. However, the distance O5 — O2 (298 pm) is even shorter as compared to O1
— 06, which may be rationalized by the influence of the hydrogen bonding contact O5-Hb5a
-+ 02. The CI-O distances within the perchlorate anion lie in the usual range from 142 to
144 pm.

The melam molecules form planar layers extending along b, the long molecular axes being
parallel to the [101] direction (Fig. 6.34). The perchlorate ions are inserted between the
melam molecules, linking the latter by hydrogen contacts with donor-acceptor distances be-
tween 288 pm (N6 --- O1) and 301 pm (N6 --- O3).

The molecular planes of the cations are not stacked in an eclipsed manner, but molecules of
adjacent sheets are displaced by about one triazine unit. Remarkably, the stacking distance
between adjacent planes is as small as 325 pm.

The IR spectrum of melamium perchlorate is displayed in Figure 6.35. Strong absorption is
visible in the v(C=N) and §(NHz) region between 1687 and 1445 cm™!, as well as between
1089 and 1018 cm ™! attributable to the v(Cl-O) vibrations [480]. The triazine sextant bend is

9Van-der-Waals radius of oxygen: 152 pm
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Figure 6.35: FTIR spectrum of melamium perchlorate dihydrate measured between 4000 and 400 cm™ at RT
as KBr pellet.

located at 787 cm ™!, which is in agreement with two singly protonated triazine rings. Notably,
the v(C-N) vibrations characteristic of melam are located at 1395, 1329, and 1262 cm™!.
The O-H and N-H stretching vibrations cover a comparatively large range between 3608 and

2749 cm~!, which is indicative of significantly varying hydrogen-bonding strengths.
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6.5.3 Metal-Melam Complexes
6.5.3.1 General Methodology

As we have seen above, melam exhibits weakly basic properties, thus forming salts with
Brgnstedt acids or the respective acid salts. The question arises as to whether Lewis acids are
also suitable agents to form complexes with melam. To this end, the solid-state reactions of
melamine with metal chlorides were studied, using a general protocol of which representative

examples are listed in Table 6.14.

Table 6.13: List of solvents and their dissolving power for three representative melam complezes.

Solvent Solubility Solubility Solubility
Zn-melam complex Fe-melam complex Al-melam complex

DMSO soluble soluble soluble

water moderately soluble®  moderately soluble®  moderately soluble®
methanol insoluble insoluble insoluble

water / methanol moderately soluble insoluble insoluble

ethanol insoluble insoluble insoluble

THF insoluble insoluble insoluble
acetonitrile insoluble insoluble insoluble

acetone insoluble insoluble insoluble
diethylether insoluble insoluble insoluble
chloroform insoluble insoluble insoluble
methylenchloride  insoluble insoluble insoluble

@ partial or complete decomposition

The results demonstrate that indeed the synthesis of complex melam salts or melam com-
plexes is feasible,' with the tendency of formation being observed within a considerably large
temperature range. In almost all cases except for the Zn-melam complex, identification of
the products was exclusively based on elemental analysis, mass spectrometry and vibrational
spectroscopy. In selected cases, solid-state NMR spectroscopy was also used as an analytical
tool. Crystallization at high-temperatures was exceptional and only observed for the Zn com-
pound under special reaction conditions. In all other cases, poorly crystalline products were
obtained, and attempts to recrystallize from solution inevitably failed owing to the very poor
solubility or instability of the products in almost all solvents tested. A list of the solvents
together with their dissolving power for three representative salts is given in Table 6.13.

Dissolving the complexes in water presumably leads to their disintegration, and, ultimately,

0The term “complex” will be used in the following irrespective of the nature of the melam compound; in
this context it simply signifies the potential coordination of melam to the metal center and to distinguish these
compounds from simple ionic melam salts (cf. section 6.5.2 on page 234).
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Table 6.14: Representative examples for solid-state reactions between different starting materials and metal
chlorides, aiming at the synthesis of complex melam salts. A summary of the reaction conditions and products

s given.

. : Component o Observation /

Starting material added? Conditions Products
. B ampoule, ) b

melamine (200 mg) ZnCly (54 — 108 mg) 503 — 703 K Zn-melam complex
melamine (160 mg) FeCls - 6 HoO (86 mg)  ampoule, 593 K Fe-melam complex®
melamine (160 mg) AlCl3 - 6 H2O (77 mg)  ampoule, 593 K Al-melam complex”
melamine (200 mg) CuCly (71 — 107 mg) ampoule, 643 K Cu-melam complex®
melamine (100 mg) MgCly - 6 H2O (323 mg) ampoule, 673 K Mg, (OH)3Cl
melamine (100 mg) CaCly (176 mg) ampoule, 673 K CaCl; hydrate

+ unknown phase

melam hydrate
(100 mg)
melam hydrate
(100 mg)
melam hydrate
(100 mg)

ZnCly (50 mg)

AlCl3 - 6 HoO (89 mg)

CuCly (50 mg)

ampoule, 673 K
ampoule, 673 K

ampoule, 643 K

Zn-melam complex®

amorphous
Al-melam complex

Cu-melam complex

melem (90 mg)
melem (87 mg)
melem (100 mg)

“melon” (200 mg)

“melon”¢ (200 mg)

“melon” (200 mg)
“melon” (200 mg)
“melon”¢ (60 mg)
“melon” (100 mg)

ZnCly (31 - 61 mg)

AICl; - 6 Hy0 (98 mg)

FeClz (74 — 223 mg)
ZnCly (94 mg)

ZnCly (47 mg)

AICl; - 6 Hy0 (160 mg)
AlCl3 - 6 H2O (160 mg)
A]Clg -6 HQO (51 mg)
FeClz - 6 HyO (54 mg)

ampoule, 673 K
ampoule, 673 K
ampoule, 623 K

ampoule, 743 K

ampoule, 673 K

ampoule, 673 K
ampoule, 623 K
ampoule, 673 K
ampoule, 573 K

Zn-melam complex®
Al-melam complex
amorphous
unidentified,
layered compound
unidentified,

no reaction

melem

Al-melam complex?
no reaction
amorphous

@ Declarations of weight (in mg) are rounded off.

® The term “complex” as used here does not differentiate between salt-like and coordinative
“complex” compounds.

¢ Crystalline form, well-defined interlayer distance, dark color (brown).

to melam hydrate formation. Recrystallization from DMSO only resulted in the precipitation
of less crystalline powdered products.

Notably, metal chlorides without particularly pronounced Lewis acidity such as magnesium
or calcium chloride do not afford the respective melam complexes. This finding highlights
the necessity of a Lewis acid site for condensation of two triazine rings, which is probably

facilitated by the coordination of the Lewis acid to the ring nitrogen atoms, thus bringing the
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ring systems into close contact with each other and stimulating the separation of ammonia
by draining electron density from the triazine cores.

Reactions between melam hydrate and metal salts were used as an additional piece of evi-
dence for the formation of melam complexes, which worked for the Zn-, Cu- and Al-melam
complexes.

An unexpected synthetic access to the Zn-melam and Al-melam complexes was observed by
reacting melem with ZnCly and AlCl3 at 673 K, respectively (cf. Table 6.14). This obser-
vation is particularly instructive as it furnishes insight into the role of the Lewis acid metal
salts in the reactions with carbon nitride systems. Obviously, the condensation of melam to
melem is in part “reversible” in the presence of Lewis acids, which is in so far unexpected
as the closed reaction system lacks ammonia. The latter, however, is necessary to increase
the nitrogen content of the system and break up the more heavily condensed heptazine ring
by nucleophilic attack. Presumably, the heptazine core is partly destroyed, at the same time
giving off ammonia, while the remains are converted into the metal-melam complex by action
of the Lewis acid.

This remarkable reaction thus indicates the following facts:

e The condensation of triazine to heptazine ring systems is reversible and presumably

stimulated by the presence of Lewis acid sites together with ammonia.

e The stability of the heptazine ring is therefore limited, even at temperatures below
700 K. The thermal stability of the heptazine core is in fact greater than its chemical
stability.

e The heptazine core may partly be broken-off at elevated temperatures and an equilib-
rium between the intact ring and its elementary constituents such as dicyandiamide,
cyanamide and ammonia may be sustained, which allows for the dis- and reassembly of

the heptazine and ditriazinyl-systems, respectively.

A similar observation has been made when reacting aluminium chloride hydrate with a poorly
crystalline, low-temperature form of “melon”. If the reaction is conducted at 673 K, the
only crystalline product that could be isolated was melem. If the temperature is lowered to
623 K, the X-ray powder pattern indicated the formation of the Al-melam complex. These

observations again furnish information exceeding the issue of melam formation:

e Lewis acids are suitable to disintegrate the otherwise thermally stable “melon” at tem-
peratures as low as 623 K. Nevertheless it has to be noted that this is true only for
the non-crystalline (yellow) form of “melon”, which is more reactive than its crystalline

(brown) counterpart. The latter does not disassemble under these reaction conditions.
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e However, no general statement can be made with respect to the elementary building
blocks of melon on the basis of these data. The fact that melem is afforded at higher
temperatures, whereas at lower temperatures melam is obtained, presumably indicates
that — as outlined above — an equilibrium between intact and disassembled building
blocks is present, yielding those ring systems which are thermodynamically stable at

the respective reaction temperatures.

e The tendency of Lewis acids to form complexes with melam is greater as compared to

complex formation with melem.

The formation of metal-melam complexes briefly outlined above in a rather general context
will be discussed in more detail with respect to the identification and characterization of the

products in the following section.

6.5.3.2 Zn-Melam Complex Zn[CgN;;Hg]|Cly

The ZnCly—melam complex was synthesized from melamine and ZnCly according to the
procedure described above (cf. Table 6.14). The neutral adduct crystallizes in the mono-
clinic space group P2;/c¢ with four formula units in the unit cell. Crystallographic data for
Zn[CgN11Hg]Cly are summarized in Table 6.15, for elemental analysis data, cf. Table 6.16 on
page 254. In the molecular complex melam functions as a neutral “ligand” coordinated to a
ZnCly molecule via the ring nitrogen atoms N2 and N5, so that the Zn1l atom is located in a
distorted tetrahedral environment made up from two N and two Cl atoms (Fig. 6.36). The Zn
-+ N contacts are roughly 200 pm, the Zn—Cl bonds amount to 223 and 225 pm, respectively.

The steric requirements in the Lewis acid-base complex forces the melam ligand to slightly

Figure 6.36: Asymmetric unit of the neutral zinc chloride - melam complex, in which melam functions as a
bidentate ligand. Thermal displacement ellipsoids (except for H) are drawn at the 50 % probability level.
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bend out of the molecular plane, thereby introducing a symmetrical distortion about the
bridging nitrogen atom with a torsion angle £ N5-C4-N1-C1 of about 14°. The distortion is
different from that found in pure melam, which again highlights the flexibility of the N-bridged
triazine core.

The triazine rings slightly deviate from planarity, with the angles C-N-C and N-C-N

Table 6.15: Crystallographic data for ZnCla—melam.

Formula [CsN11Hg]ZnCly
M, / g - mol™! 371.51

crystal system monoclinic
space group P2;/c (no. 14)
T /K 200
diffractometer Nonius Kappa CCD
radiation (A / pm) Mo-K, (71.073)
monochromator graphite

a / pm 743.0(2)

b / pm 2233.2(5)

¢/ pm 762.5(2)

B/° 99.86(3)

vV /10% - pm3 1246.5(4)

Z 4

Pcalcd / g cm™? 1.980

F(000) 744

g/ mm~? 2.409

crystal size / mm?3

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e- 1076 pm=3

0.16 x 0.12 x 0.03
3.27 < 60 < 27.50
—9<h<9, —28<k<29,
-9<1<9

5595

2857 (Rint = 0.0378)

2186

with F2 > 20(F2)

217 / 0

1.057

Ry = 0.0306 (0.0505)

wRy = 0.0697 (0.0754)
with w = [0?(F?)
+(0.0323P)? + 0.1549P] !
where P = (F2 +2F?)/3

- 0.491 / 0.345
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systematically alternating between 114°/115° and 124 — 126°, respectively. Differences in
the C-N bond lengths within the rings (132 — 138 pm) are more pronounced than in melam
and melamium perchlorate, the variations in both rings appearing to be systematic. In
particular, the distances C2-N2 (138 pm) and C5-N5 (137 pm) are significantly longer than
the adjacent bonds C2-N3 / C1-N4 (133/132 pm) and C5-N6 / C4-N7 (132 pm). This effect
can most probably be ascribed to a drain of electron density from the ring to the Lewis acid
Zn site, which is compensated by a rearrangement of the charge distribution according to
a chinoid-type structure as schematically shown in Figure 6.37. The C-N.,, distances are
shorter on average by ~ 2 pm (133 pm) as compared to the ring C-N bonds. The triazine
rings are again bridged by a C1-N1H-C4 unit with equally elongated bond lengths (138 pm)

and an angle at the imino nitrogen of 134°.

cL Cl
NH, Y £ NH; NHY S K
'/Zrl‘ )\ Zn\ _J\
l\ll SN /I\II SN - NN NS SN
HoNT N7 N7 N7 NH, HoNZ SN N7 N7 SNH,
H H

Figure 6.37: Resonance structures proposed for the ZnCly-melam complex. Based on a combination of the
displayed mesomeric forms, the bond length variations in the melam backbone found from crystal-structure
analysis may be rationalized.

The complexes form undulated strands extending along [010], with neighbored melam
molecules being hydrogen-bonded to each other by weak N --- N contacts of 306 and 309 pm.
The “layers” are spaced by approximately 362 pm and stacked irregularly such that the

triazine ring planes of adjacent sheets exhibit varying offsets (Fig. 6.38).

The IR spectrum of the complex is shown in Figure 6.39. The v(N-H) region with a sharp
1

absorption centered at 3430 cm ™ is reminiscent of pure melam, which has a similar “duplett”

Figure 6.38: Unit cell of melam-ZnCla, displaying the undulated strands composed of hydrogen-bonded com-
plex molecules extending along [010]. Thermal displacement ellipsoids (except for H) are drawn at the 50 %
probability level.
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Figure 6.39: FTIR spectrum of ZnCla-melam recorded between 4000 and 400 cm™' as KBr pellet.

at 3456 — 3483 cm~!. The v(C=N) and §(NHy) bands are slightly blue-shifted with respect
to those of melam, whereas the ring sextant bend is located at 797 em™!. This is somewhat
intermediate between non-protonated and singly protonated triazine cores as would be
expected for electron deficient, neutral triazine rings. Characteristic bands pertaining to

single bond C-N stretching vibrations are found between 1411 and 1256 cm ™.

The 13C solid-state CP-MAS NMR spectrum reveals three resonances, the small chemical
shift differences of which indicating comparatively similar electronic environments of all 13C'
nuclei. Nevertheless, the number of signals nicely correlates with the three different carbon
positions in each ring and the symmetry of the complex, which is close to C,.

Conducting the CP-MAS measurements with different contact times as shown in Figure 6.40
(left) enables a differentiation between those (2 + 2) carbon atoms adjacent to amino groups
(163.4 / 165.7 ppm), which exhibit faster magnetization transfers from the proton bath, and
those two which are neighbored to the bridging amino group (161.4 ppm) and exhibit higher
intensities at longer contact times (spectrum (a)).

In the N CP-MAS NMR spectrum (Fig. 6.40, right, top spectrum) six signal groups are
found, of which the signals at — 193.8 and — 207 ppm are located in the chemical shift range
characteristic of tertiary nitrogen atoms of triazine rings. The signal at — 254.0 ppm exhibits

a chemical shift typical of NH groups, whereas the signals at — 280.7 and — 291.6 ppm lie in
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the NHy region. The signal at — 238.1 ppm is located intermediate between the Ny.,; and
NH region and can — apart from chemical considerations based on the crystal structure —

not be assigned unambiguously without further data. Thus, a CPPI experiment has been

NH~_
=
@ |b
Py
‘0
c
2
£
a
1 1 1 1 1 n 1 n 1 n 1 n 1 n 1 " 1 " 1 "
220 200 180 160 140 120 -50 -100 -150 -200 -250 -300 -350 -400 -450

5/ ppm &/ ppm

Figure 6.40: CP-MAS solid-state NMR spectra of the melam-ZnCly complex. Left: 3C spectra recorded with
two different contact times to identify the proton environment of the different carbon sites (top: 2 ms, bottom:
10 ms; recycle delay: 60 s). Right: >N CP (top, spinning frequency 10 kHz) and CPPI spectra (bottom,
spinning frequency 5.5 kHz); the signal assignments are indicated (recycle delay: 60 s; Tc: 4 ms; inversion time
Ti: 160 ps).

carried out with an inversion time typical of NH signals to pass zero intensity (160 us).
As shown in Figure 6.40 (right, bottom spectrum), the magnetization of the NH signal at
— 254 ppm is zero, whereas according to the expectations that of the NHy groups is negative
(cf. section 3.3.3 on page 63). The signal at — 238 ppm clearly has hardly lost intensity and
can therefore be assigned to a tertiary nitrogen resonance.

The above results suggest that the coordination of melam at two ring nitrogen sites to the Zn
cation lead to a high-field shift for the >N nuclei (shielding) according to the right resonance
structure in Figure 6.37. The remaining two signals can then be attributed to ring nitrogen
sites not involved in the Zn coordination. Two of the four amino groups exhibit almost

identical chemical shifts each, so that the observation of two NHj signals can be rationalized.

Note that the above characterization of the Zn-melam complex does not conform to the results
of Galperin et al. according to which an anionic Zn-melam salt with postulated formula
“Zn?t [CGNHHg]z_ ” was obtained by reaction of melamine with ZnCl, under similar reaction
conditions [468]. In this work, no analytical data apart from elemental analysis was presented
such that the identity of the obtained compound could not be unambiguously clarified. We

believe that the authors in fact had obtained the ZnCls-melam complex described above.
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6.5.3.3 Other Metal-Melam Complexes

The products obtained from reacting melamine with the respective metal chlorides at tempera-
tures between 593 and 673 K (Table 6.14) were primarily identified by vibrational spectroscopy
owing to the poor solubility and the polycrystalline character of these materials. Elemental
analysis data indicate the presence of both chloride and the respective metal ions, however,
no conclusive sum formula can be given in all cases owing to the significant variations in the
elemental compositions found for the different samples. In addition, the presence of crystal
water or hydroxy-groups must be assumed for the Al- and Fe-compounds, which cannot be
quantified unless all impurities are excluded. The removal of impurities such as metal chloride
species, however, is limited by the fact that some of the products are sensitive to hydrolysis or
oxidation; the compositions derived from elemental analysis must therefore be evaluated with
caution. Note that the data obtained for the copper complex strongly indicate that reduction
of the copper(II) ion has taken place and a copper(I)Cl-melam complex is formed. This is
also supported by the beige color of this compound and by the solid-state NMR investigations
(see below).

Most notably, on comparing the spectra of the copper, iron and aluminium compounds with

Table 6.16: Average values of the elemental compositions obtained for the melam-metal complexes from dif-
ferent samples and theoretical values according to the formulas given below.®

Compound N / wt% C / wt% H / wt% Cl / wt% M / wt%
obs. (theor.) obs. (theor.) obs. (theor.) obs. (theor.) obs. (theor.)

“Zn-melam” 405 (41.5)  18.8 (19.4) 2.5 (2.4) 18.4 (19.1)  17.7 (17.6)
“Zn[CeNy; Ho|Cly

“Cu-melam”  46.1 (46.1)  21.6 (21.6) 2.6 (2.7) 10.7 (10.6)  19.5 (19.0)
“Cu[CgNy1Hg]CI”

“Fe-melam”  38.8 (40.7)  17.7 (19.0) 3.0 (2.6) 19.8 (18.7)  14.8 (14.7)

“Fe[C¢N11Hg|Cl2(OH)”
“Almelam”  44.8 (44.1)  21.7 (20.6) 4.0 (4.0) 14.9 (10.2) 7.7 (7.7)

“Al[CﬁNH HlO] Cl(OH)g”

“ The idealized formulas have been calculated so as to reproduce the experimentally found compositions, and
to conform to the spectroscopic data. They are thus by no means to be understood as the binding sum
formulas. At most they indicate likely compositions.
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Figure 6.41: FTIR spectra of the Cu-melam complez (top), the Fe-melam complex (middle), and the Al-melam
complex (bottom), recorded between 4000 and 400 em™ at RT as KBr pellet.
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Table 6.17: IR band positions (in cmil) of the different metal-melam species. The principal assignments
indicated in the rightmost column are adapted from the assignements based on the [CgNgH(NH2)3]+ cation.

“Zn-melam” “Cu-melam” “Fe-melam” “Al-melam” Assignment [240,481]
3455
3447 3448 3449
3429 3427 3435 vs(NHaz)
3350 3359 3348 3362
3320 3299
3179 3132 3174 3134 Vas(NHp)
1672 1677 1668 1675
1646 1636 1639 1649 v1(C=N)
1621 1616 1616 1638
1602
1568 1589 1566 v3(C=N)
1548 1546 1547
1529 1516
1474 1492 1466 1481 v4(C=N)
1418 1434 1417 1433
1358 1369 1354 1378 v2(C=N)
1303 1301 1328 d(N-H)/
1282 1274 v(C-N)
1155 1125 1154 1185
1153 p(NHs)
1109 1106 1106
1089 1064
1016 1017 1013 1027 v(ring) breath
1007
800 794 803 793 ring sextant bend
769 781 766 770
756 751 w(NH)
739 739 740 735 v(ring)
722 727 722 705
695 690 694 687
629 622 627 634 w(NHas)
602 609 599 612
571 529 568 581 J(CN)
533 (backbone)
461 470 454
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that obtained for the Zn-melam complex a striking similarity is apparent and the bands
characteristic of melam species in the v¥(C-N) and 0(N-H) region are clearly visible in all
cases. Furthermore, the Zn-complex as well as the Cu- (top) and Fe-compounds (middle)
exhibit a high degree of coincidence with respect to the band positions and intensities, which
are slightly different for the aluminium species (bottom, Fig. 6.41). A synopsis of the observed
band shifts is given in Table 6.17.

For the Al- and Cu-compounds sharp, medium intense bands are found at 1481 / 1516 cm ™!
and 1492 / 1529 cm™!, respectively, whereas these bands are absent in the two other com-
plexes. In addition, the triazine sextant bend is red-shifted in the former (=~ 793 cm™1!) as
compared to the spectra of the Zn- (800 cm~!) and Fe-complexes (803 cm™!); this may be
rationalized by the protonation of a triazine ring system in the Al- and Cu-complexes. On
the other hand, the band patterns in the v(NH) stretching region observed for the Zn-, Fe-
and Cu-species exhibit similar features, whereas the Al-complex shows rather broad bands
indicating that essentially all hydrogen atoms are involved in hydrogen-bonding. Owing to the
conspicuous overall resemblance of the spectra of the Zn- and Fe-complexes we may conjecture
that at least these two compounds contain neutral melam molecules in the same “bonding
state” with similar crystal-packing features (cf. 6.5.3.2 on page 249).

Further information about the protonation state of the Al- and Cu-melam species was fur-
nished by solid-state NMR spectroscopy. To this end, *C CP and/or > N CP- and CPPI-MAS
solid-state NMR spectra have been recorded and are displayed in Figures 6.42 and 6.43.

In contrast to the chemical shift distribution in the Zn-spectrum, two well-separated '3C'

signals are visible at 167.6 and 163.8 ppm for the Al-species, which is reminiscent of the

5 NH
S tert
i
‘®» WMNMM,,N ';; ;; M l%
c
2
< NH,
1 1 1 1 1 I 1 I 1 I 1 I 1 N 1 I 1 I 1 I
220 200 180 160 140 120 -50 -100 -150 -200 -250 -300 -350 -400 -450

&/ ppm 5/ ppm
Figure 6.42: CP-MAS solid-state NMR spectra of the Al-melam complex. Left: *C spectrum (e: 4 ms;

recycle delay: 10 s). Right: >N CP (top, spinning frequency 10 kHz) and CPPI spectra (bottom, spinning
frequency 5 kHz); the signal assignments are indicated (recycle delay: 10 s; Tc: 4 ms; inversion time 7;: 120 ps).
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melam-hydrate and melam spectra as displayed in Figure 6.18 on page 220. However, com-
paring the 1N spectra with those of ZnCly-melam and melam-hydrate, the NH regions differ
with respect to the number of signals, since for the Al-compound two NH groups at — 252.5
and — 261.5 ppm are found as identified by their polarization inversion behavior (Fig. 6.42,
bottom): Whereas the NHy groups (—273.8, — 283.2 and — 285.6 ppm) exhibit slightly negative
polarization and the intensity of the Ny, signals is only little affected, the intensity of the
NH-signals has dropped significantly in the CPPI experiment at the particular inversion time
chosen. Owing to the relatively large separation of the NH chemical shifts as well as the rela-
tively small signal multiplicity observed in the NHs and Ny.,+ region, we may infer that these
signals can be assigned to a bridging NH group and the NH signal of a protonated triazine
ring rather than two bridging NH groups of crystallographically different melam molecules as
found in melam (see Fig. 6.18 on page 220, right).

The * N CP (top) and CPPI (bottom) spectra are displayed in Figure 6.43. In the Ny, region
four resonances at — 200.8, — 204.3, — 208.1, and — 209.9 ppm are distinguishable, whereas
only one NH signal (— 258.3 ppm) and three NHy signals (— 278.8, — 284.5, —287.0 ppm)
with approximate intensity ratios of 1:1:2 are observed. In addition, a comparatively weak

multiplett is visible between — 220 and — 229 ppm. Owing to the location of this signal group

-150 -175 -200 -225 -250 -275 -300 -325 -350

Figure 6.43: >N CP (top, spinning frequency 10 kHz) and CPPI (bottom, spinning frequency 5.5 kHz) MAS
solid-state NMR spectra of the copper melam complex; the signal assignments are indicated. Asterisks denote
the multiplett assigned to the metal-nitrogen spin coupling. Recycle delay: 2 s; 7c: 8 ms; inversion time T;:
160 ps.
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as well as the observed multiplett structure, the following effect is proposed to operate:

On the one hand, both copper isotopes 3Cu and %°Cu are spin % nuclei with large quadrupole
moments, and on the other hand, the structural information obtained in section 6.5.3.2 on
page 249 reveals the Zn ion to be coordinated to two ring nitrogen sites.

As outlined above, a very similar structure can be inferred for the copper compound, which
accordingly is assumed to exhibit a similar “ligand-type” coordination of a neutral melam
molecule to the copper site. Therefore, the signal of the two ring nitrogen atoms directly
bonded to the copper ion are split into multiplets owing to dipolar and scalar interactions with
the copper isotopes. This effect is due to the presence of strong nuclear electric quadrupole
interactions experienced by the copper isotopes [482]. Note that if copper was present in the
oxidation state +II, a significant broadening and paramagnetic shift of all nitrogen resonances
would be expected owing to the d9 electron configuration of copper(II).

The suggested bonding situation is clearly

supported by the up-field shift of this partic- HoN
ular signal group (signal at — 238 ppm in the NT XN
Zn-complex, cf. Fig. 6.40 on page 253) that in ‘ _

turn independently confirms the assignment

of this resonance to the coordinating Nye,+ N)§N---C‘3L\I'"""“‘CL%HZNYN\”/NHZ
signals as outlined above. Thus, one can also )|\ ~ Cl—bg """ NN
rationalize why only four tertiary nitrogen HN N NHZH N ‘ N j\;
signals are observed between — 200.8 and ? Y l

— 209.9 ppm; in total, six Ny resonances NN

are found. This finding either suggests that NH,

the N signals of the two melam ligands

. . L. Figure 6.44: Schematic drawing of a structure
according to Figure 6.44 have very similar . v
proposition for the copper-melam species based on a

chemical shifts, or that only one half of the , . form with bridging Cl-ligands.
dimer is contained in the asymmetric unit.

It may, however, also indicate that in fact a monomeric structure similar to that of the
zinc compound has to be assumed for the melam-copper complex. We can therefore state
that the copper-melam species is most probably closely related to the Zn-complex in terms
of the structural arrangement and the protonation state of the melam molecule (neutral
melam ligand). A possible structure model for this complex is outlined in Figure 6.44. If
Cu-melam indeed adopts a dimeric form, very similar (or symmetry-related) crystallographic
environments have to be inferred for the melam ligands; otherwise the NMR spectrum would

be more complex than observed.
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Figure 6.45: UV /vis spectra of the copper-melam (solid line), zinc-melam (dash dotted line) and aluminium-
melam complexes (dashed line).

In contrast, the Al-species differs in that melam is mono-protonated, which presumably
correlates with the water content and presence of hydroxy-species in the latter. It is therefore
likely that the Al-melam species contains a protonated melam core as opposed to the
situation in the Zn-melam complex. This reasoning is also supported by the fact that the
high-field shift observed for one Ng,; signal in the zinc-melam compound is absent in the
Al-melam complex, and by the red-shift of the ring sextant bend in the IR spectrum of the

aluminium compound.

The UV /vis spectra of the copper-, zinc- and aluminium-melam species are displayed in
Figure 6.45. The largest red-shift of the absorption maxima is observed for the copper-melam
complex, which exhibits maxima at 280 (shoulder at 230 nm) and 380 nm. Whereas the
high-energy bands are located in a similar region for the Zn- (230, 270 nm) and Al-species
(230, 267 nm), the absorptions of highest wavelengths are found at 340 nm for the Zn- and
at 320 nm (weak) for the Al-complex. Whereas according to the previously discussed UV /vis
spectra (cf. Figs. 6.21 on page 223 and 6.28 on page 234) the high-energy absorption may be
associated with ligand-based electronic transitions, the low-energy bands are most probably

due to transitions between the electronic states of the metal ions.
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Figure 6.46: In situ temperature programmed X-ray powder diffraction measurements (Mo-Ka1 radiation)
of the ZnCly-melam complex (top), the Fe- (middle) and Al-melam species (bottom) recorded between RT and
950 K. The temporary intensity drop above 773 and 823 K in the middle series of powder patterns is probably

due to an experimental artefact.
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The thermal behavior of the Zn-, Fe- and Al-melam species was monitored by TPXRD mea-
surements between RT and 950 K (Fig. 6.46). It has to be noted that the phase purity of
these compounds cannot be assured; the powder patterns may exhibit side-phases and must
therefore not be over-interpreted.

The RT phase of the Zn-melam complex (top pattern) is stable up to temperatures of 723 K
and then decomposes to a poorly crystalline phase that could not be identified, but may be
associated with a poorly crystalline zinc containing carbon nitride material. The Fe-melam
species (middle pattern) is retained up to 670 K, however, transient intermediate phases are
visible in the powder patterns whose identity could not be resolved. The same applies for
the HT-phase, which starts to form at T > 738 K and is stable beyond 950 K; this suggests
that no pure carbon nitride material is formed. However, the identification of the HT-phase
as iron oxide, iron chloride or iron oxide chloride species failed.

In contrast, the Al-melam compound (bottom pattern) seems to partly decompose into melem,
the reflections of which are weakly visible between 613 and 700 K. However, the reflections
of the starting material completely disappear no earlier than at ~ 693 K, from which fact an
only imcomplete transformation of the Al-melam complex into melem can be inferred. Above
~ 830 K a single broad reflection indicative of a graphitic carbon nitride material emerges.
In summary, all complexes exhibit a similar temperature stability, but lack of knowledge on
the HT-phases limits the statements that can be made on the suitability of these materials as

carbon nitride precursors.
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6.6 Ammeline Salts

6.6.1 Introduction

The sensitivity of melam to hydrolysis in aqueous solution required the optimization of the
reaction conditions when preparing melamium salts such as melam hydrochloride or hydro-
bromide. During this optimization process, a number of hydrolysis products of melam and its
salts were obtained, especially if the syntheses of the latter were attempted at temperatures
higher than 310 K, or after prolonged standing of the aqueous solutions of the products. While
extensive boiling of basic melam solutions yielded melam hydrates and, ultimately, carbonate
and ammonia, acid melam solutions were easily hydrolyzed at the bridging nitrogen atom to
form the respective melaminium or ammelinium salt (cf. section 10.1). Whereas in that effect
three ammelinium salts could be isolated in the form of single-crystalline material, only one
crystalline melaminium salt was detected, the structure of which will be discussed below.
Ammeline [C3H5N50], synonymous for 2,4-diamino-1,3,5-triazin-6-one or 2,4-diamino-6-
hydroxy-1,3,5-triazine, has been known since the 1830s as an important starting material
as well as ubiquitous decomposition product in carbon nitride chemistry. Liebig and Wohler
were among the first to glean its close relationship to melamine (2,4,6-triamino-1,3,5-triazine),
classifying the latter together with ammeline and ammelide (2-amino-1,3,5-triazin-4,6-dione)
as simple organic bases which can uniformly be derived from the related compound cyanuric
acid (1,3,5-triazin-2,4,6-trione) by successive replacement of the oxygen functions by amide
moieties.

Conversely, successive hydrolysis of melamine (cyanuric triamide) yields cyanuric acid as the
final stage via ammeline (cyanuric diamide) and ammelide (cyanuric monoamide) as partial
hydrolysis products [409,483-485]. Owing to the triazine core as a common motif, the amides
of cyanuric acid appear to be structurally related to melamine and its condensation products
melam, melem and melon (cf. section 7 on page 280) [42-44].

Apart from its fundamental relevance for carbon nitride chemistry, ammeline has turned out

to be a beneficial additive in melamine-formaldehyde resins [486,487], flame-retardant mate-

OH @) O
oy
HzN)\N/)\NHZ HZNJ\N/)\NHZ HzN)\l}l)\NHZ

H

Figure 6.47: Different tautomers of ammeline. Left: Enol (hydrozy) tautomer (I), middle: keto (carbonyl)
tautomer (II), right: quinoid carbonyl tautomer (III).
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rials [488,489], and lubricating greases [490], as well as component of photoresists [491,492].
However, though being an important target molecule, intermediate and by-product in various
industrially important processes such as melamine production, ammeline still lacks detailed
investigations concerning its solid-state structure and spectroscopic properties. Thus, the
question relating to the energetic preference of the hydroxy or carbonyl tautomer of amme-
line is still a matter of dispute owing to the unavailability of crystallographic data for both
ammeline and simple derivatives thereof [409,493], see Figure 6.47.

Although a progression from the conjugated ring structure of melamine to the completely
“iso” (i.e. keto) structure of cyanuric acid was evident from studies of the IR absorption
spectra of various triazine derivatives, it was not possible to resolve the actual equilibrium
position of the tautomeric forms for solid ammeline [493]. According to ab initio calculations
carried out by Wang et al. for the gas phase structures, the enol (hydroxy) form is expected to
be by 4.82 kcal mol~! more stable than the keto (carbonyl) tautomer, and by 23.8 kcal mol~*
more stable than the quinoid carbonyl tautomer [494]. Protonation of ammeline was also
studied, assuming, however, the hydroxy-tautomer as neutral substrate (Figure 6.49). As a
result, the energies of all three ring-protonated species were predicted to be lower than those
of the species protonated at the amino-groups. Furthermore, the ring N positions adjacent to
the hydroxy group were found to the most basic ones [494]. First studies on the protonation of
ammeline date back to the beginning of the last century. Hantzsch described the synthesis of
ammeline salts by addition of strong acids and AgNO3 to ammeline, and Kaiser reported on
the preparation of ammeline hydrohalide salts by the reaction of potassium dicyanodiamide
with HCl and HBr, respectively [495,496].

In the following, the first characterization of ammeline derivatives will be outlined according
to ref. [497].

6.6.2 Crystal Structures

The ammeline salts described in the present work uniformly crystallize in the centrosymmetric
space group P2;/c with four formula units in the monoclinic unit cell. Though being similar
in terms of their molecular structures, with the cells of the hydrochloride 1 and hydrobromide
2 having almost identical lattice parameters and cell volumes (Tables 6.18 and 6.19), none of
the structures are isotypic.

Notably, a common feature of these three crystal structures is the presence of the keto tau-
tomer rather than the hydroxy tautomer, as can clearly be seen from the proton distribution
as well as from the relevant bond lengths constituting the ammeline rings (Figs. 6.50 and
6.51, Table 6.19): The C2-O1 bond lengths in 1 — 3 (122 pm) are almost identical and corre-
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Figure 6.48: Asymmetric unit of ammelinium chloride (1), ammelinium bromide (2), and ammelinium nitrate
(3). Thermal ellipsoids (apart from those for H) are drawn at the 50 % probability level.

spond to C=0 bond lengths commonly found for carbonyl groups, featuring a C=0 double
bond [124,278]. For comparison, the length of the C—-O bond calculated by Wang et al. for the
hydroxyammeline tautomer was given as 131.6 pm [494] and is therefore significantly larger
than those experimentally found in this study.

The C2-N2/C2-N3 bond lengths adjacent to the

carbonyl groups (1: 136 — 137 pm, 2: 136 — 138 OH o
pm, 3: 138 pm) are slightly extended compared to
N2-C1/N3-C3 (1: 136 pm, 2: 136 pm, 3: 137 pm), )I\ /)\ )I\ /)\
and significantly elongated compared to C1-N1 and
C3-N1 (1: 134 pm, 2: 134 — 135 pm, 3: 134 pm).
Interestingly, the C—Ng54e bonds C1-N4 and C3—-N5
(131 — 132 pm) are shorter than all C-N,;,, bonds. Figure 6.49: Possible structures of a mono-

la lla

. . . tonated lini tion.  Left: Pro-
Thus, protonation of the ammeline moiety results Prororered ammenmum cation eft: Pro

. o . o tonated hydrozy tautomer (Ia), right: proto-
in an equal distribution of the positive charge over

nated keto tautomer (ITa). In both cases, pro-
N2 and N3, with the double bond character decreas- tonation is assumed to take place on a nitrogen
ing along the line C1/C3-N1 > C1/3-N2/3 > C2— atom adjacent to the hydroxy or keto group, re-
N2/N3, the latter ones possessing a significant degree *Pectively

of single bond character. The short C1-N4 / C3-N5 bonds indicate a pronounced donation of
electron density from the amino nitrogen atoms into the ring, thereby providing for extensive
delocalization of the positive charge over the whole ring system. The participation of the
nitrogen lone pairs situated on the amino groups in the w-delocalization within the electron-
deficient triazine ring is also supported by the planarity of all amino groups in compounds 1
— 3. The absolute values of the above bond lengths, together with the observed bond length
distribution over the ammeline backbone corresponding to Cs, symmetry therefore suggest
the tautomer Ila to represent the actual proton distribution rather than formula Ia with

approximated Cs symmetry (Fig. 6.49).
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Table 6.18: Crystallographic data for ammelinium chloride 1(left) and ammelinium bromide 2 (right).)

Formula [03H6N50]Cl [C3H6N50]BI‘

M, / g - mol™? 163.58 208.04

crystal system monoclinic monoclinic

space group P2y/c (no. 14) P2{/c (no. 14)

T /K 293 130

diffractometer STOE IPDS STOE IPDS

radiation (A / pm) MoK, (71.073) MoK, (71.073)

monochromator graphite graphite

a / pm 535.4(2) 521.2(1)

b / pm 1467.3(3) 883.1(2)

¢/ pm 815.2(2) 1457.7(3)

a, B,y /) ° 90.00(3) 98.97(3)

vV /10% - pm3 640.4(2) 662.7(2)

A 4 4

Pealed | € - cm ™3 1.697 2.085

F(000) 336 408

p/ mm~? 0.529 6.138

crystal size / mm? 0.37 x 0.16 x 0.11 0.16 x 0.10 x 0.09

diffraction range 2.78 < 9 < 27.48 2.71 <6 <27.50

index range —-6<h<6,-19<k<19, —-6<h<6,-10< k<11,
-10<1<10 —18<1<18

twin fraction 0.845(2) /0.155(2)

total no. reflections 5388 5350

independent reflections 1410 (R;,; = 0.0470) 1499 (R;n: = = 0.0886)

observed reflections 922 1282
with F2 > 20(F2) with F2 > 20(F?)

reﬁne(.i parameters / 116 / 0 116 / 0

restraints

extinction coefficient y 0.016(3)

GooF on F? 0.867 1.122

R indices (all data) R; = 0.0325 (0.0608) Ry = 0.0349 (0.0426)
wRy = = 0.0690 (0.0758) wRy = = 0.0780 (0.0835)
with w = [02(F2) with w = [02(F2)
+(0.0422P)% + 0.0000P] ~* +(0.0437P)% + 0.0000P] 1
where P = (F2 +2F2)/3 where P = (F2 +2F2)/3

min. /max. residual
electron density / —0.151 / 0.226 - 0.735 / 1.004
e- 1076 pm3

Thus, a loss of aromaticity of the triazine ring system seems to be overcompensated by a
gain in energy resulting presumably from more beneficial van-der-Waals / hydrogen-bonding

interactions, or steric factors. In all compounds, mono-protonated ammeline cations form
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Table 6.19: Crystallographic data for ammelinium nitrate 3.

Formula [C3HgN50]NO3
M, / g - mol™? 190.14

crystal system monoclinic
space group P2y/c (no. 14)
T /K 130
diffractometer STOE IPDS
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 933.2(2)

b/ pm 625.6(2)

¢ / pm 1351.1(3)

B/° 108.05(3)

V /105 . pm3 750.0(3)

Z 4

Pcalcd / g cm™? 1.684

F(000) 392

g/ mm! 0.152

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e- 1076 pm3

0.30 x 0.14 x 0.04

2.30 < 0 < 27.95
~12<h<12, 8<k<7,
~15<1<15

6897

1666 (Rin: = 0.0321)

1254

with F2 > 20(F2)

142 /0

0.945

Ry = 0.0301 (0.0425)
wRy = 0.0789 (0.0817)
with w = [02(F?)
+(0.0569P)2 + 0.0000P] !
where P = (F2 +2F?)/3

~0.272 / 0.189

layers or strands, which are stacked perpendicular to their molecular planes in one or two

directions. In ammeline hydrochloride, C1~ ions are inserted “pairwise” into layers composed

of hydrogen-bonded arrays of cations extending in the (102) plane. Within the essentially

planar layers, neighboring ammeline cations slightly move upwards or downwards such that

cations from adjacent layers somewhat approach each other (Fig. 6.50). This minor distor-
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tion results in short interlayer N --- O contacts of 314 pm, which approach the lower level of
interlayer distances commonly found in layered triazine or heptazine derivatives [82,127,458].
Within the layers, all cations and anions are involved in medium strong hydrogen-bonding,
the donor-acceptor distances ranging from 298.0(3) pm (N4 --- O1) to 361.2(3) pm (N5 ---
Cl1). Interestingly, the strongest hydrogen-bonds (217(3) pm) found in the structure result
from CI1 --- H21(-N2) interactions, whereas the shortest O1 --- H41(-N4) contacts due to
oxygen-amide interactions amount to 219(3) pm (Table 6.21).

Figure 6.50: Different perspectives of the unit cell of ammelinium chloride (1). Left: View along [100] towards
the layers composed of cations and anions; right: View along [211] parallel to the layers. Thermal ellipsoids
(apart from those for H) are drawn at the 50 % probability level.

Although the dimensions of the unit cell are almost identical, the arrangement of the ions
is significantly different in ammeline hydrobromide (2) as compared to the ammelinium hy-
drochloride salt (Fig. 6.51). In 2, two types of strands are distinguishable, which are com-
posed of two parallel stacks of ammelinium ions along their molecular planes. The normals
of the cationic rings in neighboring strands are approximately perpendicular to each other.
The bromide atoms are inserted between adjacent strands, such that one bromide ion is
hydrogen-bonded to 2 + 1 cations from “orthogonal” strands. In addition, all ammelinium
ions are linked up by extensive N-H --- N or N-H - -+ O hydrogen-bonding within the strands
and with adjacent strands. The overall hydrogen-bonding network is composed of medium
strong hydrogen-bonds (209(6) — 293(5) pm) with donor-acceptor distances ranging between
2098.3(5) pm (N4-H41 --- N1) and 368.4(5) pm (N5-H52 --- Brl) (Table 6.21).

In ammelinium nitrate (3) the cations are stacked with an offset along [010], such that every

molecule is in an eclipsed arrangement with its second nearest neighbor along the b-axis
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Table 6.20: Selected bond lengths (in pm) and angles (in °) for the ammelinium salts 1, 2, and 3.

1 2 3
Distances / pm

C1-N4 130.9(3) 132.0(5) 132.08(16)
C1-N1 133.8(3) 134.5(4) 133.49(15)
C1-N2 135.5(3) 135.7(5) 136.99(16)
C2-01 121.7(3) 121.9(4) 121.93(15)
C2-N2 136.9(3) 136.4(4) 137.47(16)
02 N3 136.1(3) 137.8(4) 137.86(15)
C3-N5 130.8(3) 131.9(5) 132.08(15)
03 N1 133.6(3) 134.0(4) 133.66(16)
C3-N3 135.9(3) 135.5(5) 136.73(16)
02-N6 126.14(12)
O3-N6 125.55(13)
04-N6 125.53(14)
Angles / °
C1 N2-C2 122.8(2) 123.3(3) 122.2(1)
C3-N3-C2 122.9(2) 122.7(3) 121.9(2)
C3-N1-C1 116.4(2) 116.3(3) 116.7(2)
N1-C1-N2 122.1(2) 121.9(3) 122.3(2)
N4-C1-N2 117.7(2) 117.4(3) 117.7(2)
N4-C1-N1 120.2(2) 120.7(3) 120.0(2)
N3-C2-N2 113.7(2) 113.2(3) 114.3(2)
01-C2-N2 122.4(2) 122.9(3) 122.7(1)
01-C2-N3 123.9(2) 123.9(3) 123.0(2)
N1-C3-N3 122.1(2) 122.2(3) 122.6(1)
N5-C3-N3 118.4(2) 118.0(3) 118.2(1)
N5-C3-N1 119.5(2) 119.8(3) 119.2(1)
03-N6-02 119.2(1)
04-N6-02 120.0(1)
04-N6-03 120.8(1)

(Fig. 6.52). The normals of the molecular planes of adjacent cations in the (010) plane are
tilted with respect to each other, thus forming two different strands with angles of about + 25°
and — 25° with the b-axis, respectively. Notably, the formation of buckled layers by tilting
the molecular planes of the cations causes the keto function of the ammelinium ions to move
closer to H31 in an adjacent layer. Thus, interlayer hydrogen contacts of 298 pm are formed,
while the average distance between two layers is approximately half the b parameter (313 pm).
Weak interlayer hydrogen-bonding also occurs between nitrate ions and ammelinium cations

of neighbored layers (H --- O: 307 — 325 pm) (Table 6.21).
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Table 6.21: Hydrogen-bonding geometries (pm, °) found in the ammelinium salts 1 — 8.

D-H--- A1/A2/A3 | d(D-H) | d(H --- A)
N2-H21---Cl1/Brl/ O3 | 86(3) 74(5)  85(2) 217(3)  243(5)  199(2)
N3-H31---Cl1/Brl/02 83(3) 83(5)  85(2) 220(3)  244(5)  204(2)
N4-H41---01/N1/01 81(3) 90(6)  86(2) 219(3)  209(6)  201(2)
N4-H42- - - Cl1/Brl/04 79(3) 75(6)  87(2) 250(3)  292(6)  206(2)
N5-H51---N1 /O01/02 78(3) 90(6)  87(2) 229(3)  212(6)  225(2)
N5-H51---03 259(2)
N5-H52---01 /Br1/O4 | 88(3) 93(5)  90(2) 241(3)  263(5)  210(2)
N5-H52- - - C11/Brl 88(3) 93(5) 290(3)  293(5)

D-H--- A1/A2/A3 | d(D-H) | d(D - A)
N2-H21---Cl1/Brl/ O3 | 176(3)  169(4)  175(1) | 302.7(3) 316.4(5) 284.5(2)
N3-H31---Cl1/Brl/02 179(3)  176(4)  177(1) | 303.3(3) 327.1(5) 289.6(2)
N4-H41---O1/N1/01 165(3)  173(4)  167(1) | 298.0(3) 298.3(5) 285.2(2)
N4-H42- - - Cl1/Brl/04 146(3)  150(4)  171(1) | 318.5(3) 359.0(5) 292.5(2)
N5-H51---N1/01/02 171(3)  163(4)  165(1) | 305.3(3) 299.3(5) 309.4(2)
N5-H51--- 03 141(1) 331.1(2)
N5-H52---O1 /Brl/O4 130(3)  135(4)  168(1) | 305.8(3) 335.9(5) 298.9(2)
N5-H52- - - Cl1/Brl 139(3)  138(4) 361.2(3) 368.4(5)

Each cation is hydrogen-bonded to three nitrate ions located in the same plane (H --- A: 199
— 225 pm), with the tilting sense of the two anions in the same strand being opposite with
respect to that of the cation (Fig. 6.52). The ammelinium ions are additionally linked among

each other by O1 --- H41 contacts (201(2) pm) within the planes.

6.6.3 IR Spectroscopy

The IR absorption spectra of the ammelinium salts 1 — 3, while revealing some common fea-
tures typical of triazine derivatives, differ markedly when comparing the halide salts (1 and
2) on the one hand with the nitrate salt (3) on the other hand (Fig. 6.53): In contrast to the
situation in 3, the v(N-H) stretching region in 1 and 2 shows significant absorption below
3000 cm~!. In fact, medium strong, rather broad bands are observed at wavenumbers as
low as 2692 (1) and 2748 cm™! (2), respectively, which closely corresponds to the absorption
found in solid ammeline [493].

A rationalization of these findings is somewhat awkward, since they suggest rather strong
hydrogen-bonding to be present in 1 and 2, causing a red-shift of the N-H stretching vi-

brations, which cannot be corroborated by the single-crystal X-ray data. Particularly linear
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Figure 6.51: Different representations of the unit cell of ammelinium bromide (2). Left: View along [100];
right: View along [211], showing the two different types of stacking directions. Thermal ellipsoids (apart from
those for H) are drawn at the 50 % probability level.

Figure 6.52: Different drawings of the unit cell of ammelinium nitrate (8). Left: View along [010], demon-
strating the displacement of the cations stacked along the b-axis with respect to each other; right: View along
[401] parallel to the corrugated layers formed by cations and anions. Thermal ellipsoids (apart from those for
H) are drawn at the 50 % probability level.

hydrogen-bonds with N-H ... X angles > 170° are present equally frequently in all com-
pounds, and can therefore not account for the pronounced absorption below 3000 cm ™' only
observed in 1 and 2. Overtones or combination bands seem to be unlikely owing to the rela-
tively broad bands and their comparatively high intensity.

The carbonyl stretch is represented by a sharp band of medium intensity at 1736 (1) —
1757cm~! (3). Characteristic triazine bands involve ring and side chain C-N stretching
as well as §(N-H) vibrations, which are located uniformly in the range 1660 — 1400 cm™?.
As compared to the vibrational spectra of ammeline, ammelide, and cyanuric acid [493,498],
the latter of which being known to adopt exclusively the “keto” form in the solid phase,

the bands attributed to the C=0 stretch in 1 — 3 are of comparatively low intensity with
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respect to that in ammeline [498], which is particularly evident for the HCl and HNOj3 salts.

Transmission

Transmission

Transmission

Figure 6.53: IR spectra of the ammelinium salts 1 — 3.

Top: ammelinium chloride (1); middle: ammelinium bro-
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Whereas symmetry reasons may hold re-
sponsible for this observation, another
rationalization for the observed phe-
nomenon could be a change of the tau-
tomeric equilibrium induced by the KBr
matrix, which, though being question-
able, has nevertheless to be taken into
account.

To probe the effect of the KBr matrix
both on the hydrogen-bonding portion
and on the keto-enol tautomerism, IR
spectra were recorded in reflection ge-
ometry by using the pure substances
without matrix support. The obtained
IR spectra show distinct changes in the
band positions (systematic red-shift in
the reflection spectra of up to 20 cm™1)
as well as in the band intensities. How-
ever, the basic features of the spectra,
including the bands below 3000 cm™! for
1 and 2, and the weak absorption of the
C=0 stretch are identical, in the lat-
ter case even more pronounced. Thus,
the KBr matrix obviously does not inter-
fere fundamentally with the hydrogen-
bonding geometries and tautomerism,
and therefore a conclusive rationaliza-
tion of the above findings cannot be
given at this stage (cf. section 6.6.4 on
the facing page).

The position of all v(C=0) bands of the
ammeline salts are shifted to higher fre-
quencies (1737 — 1757 cm™!) as com-

pared to that of ammeline (1718 cm™!),
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which also applies for the triazine ring stretch in 1 — 3 ranging from 1651 to 1682 cm™!
(ammeline: 1615/1638 cm™1).

The characteristic triazine bands at 774 (1), 765 (2) and 773 (3) cm™~!, which are attributed
to the ring-sextant out-of-plane bend [383,384], are red-shifted with respect to the band of
ammeline (795 cm™!) [498]. This is in coincidence with protonated melamine derivatives,
where the degree of protonation of the triazine core is directly associated with a lowering of
the sextant bend of about 15 — 25cm ™! per proton. Assuming ammeline to adopt the keto
form and, thus, to possess a mono-protonated ring system, the positions of the sextant bend
of the doubly protonated triazine rings in the ammelinium salts conform quite well to the

expectations.

6.6.4 Discussion

In the previous section first structural characterization of ammeline-derivatives based on
single-crystal data has been presented. Owing to difficulties in the band assignment and
lack of supporting single-crystal X-ray data, former investigations of the vibrational spectra
of ammeline as well as ammelide could not be interpreted unambiguously in favor of either
keto or hydroxy tautomer. Theoretical calculations on the stability of the different possible
tautomers of ammeline, however, were indicative of the hydroxy tautomer to be slightly fa-
vored with respect to the keto tautomer [494]. The calculations were carried out for the gas
phase species, thus naturally neglecting intermolecular interactions such as packing effects,
hydrogen bonding etc. which may dominate the energetic “ranking” of the tautomers in the
solid phase. In contrast to these studies, our findings demonstrate the keto form to represent
the most stable solid-state tautomer in the case of the ammelinium cations presented here.
The C-O distances found in 1 — 3 are consistent with C=0 double bonds, and all protons
could be localized such that a diamide-type structure results.

It may be instructive to compare the unexpectedly weak absorption of the C=0 stretch in
the IR spectra of 1 — 3 with the situation encountered for the related heptazine compounds
cyameluric acid [H3CgN7Os], as well as its mono- and diamide. The crystal structures of
the latter two, partly amorphous compounds are still unknown to date, whereas that of the
former has been elucidated recently [499,500]. Finkel’shtein et al. claimed the hydroxy form
to dominate for cyameluric acid and some of its salts, and the oxo form to prevail in the
amides [479,501]. These conclusions were made on the basis of the IR spectra owing to the
absence or presence of absorption in the carbonyl stretching region [479]. Solid-state NMR
spectroscopic investigations, however, led Horath-Bordon et al. [502] to the conclusion that

although only a weak shoulder at 1720 cm™! is visible in the IR spectrum, cyameluric acid
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in fact adopts the keto rather than the hydroxy form. This hypothesis was substantiated
quite recently by the crystal structure report on sodium dihydrogencyamelurate tetrahydrate,
Na[H2(CgN7)Os] - 4 HoO, where exclusively the all-keto tautomer is found [503]. The reported
C=0 bond lengths of 122 pm correspond very closely to those found in 1 — 3 (cf. section
6.6.2). The keto-form of cyameluric acid was finally verified by Sattler et al. and Wagler
et al. by the crystal structure elucidation of cyameluric acid hydrate and a DMSO solvate
thereof [499,500].

The obvious discrepancy between the tautomers suggested by Finkel’shtein et al. from the IR
spectra and those based on the single-crystal data could be indicative of a general trend ac-
cording to which the carbonyl stretch in the IR spectra is either very weak or shifted towards
lower wavenumbers, thereby overlapping with the heptazine/triazine core vibrations and thus
being difficult to distinguish.

The question as to whether protonation of ammeline is accompanied by a change in the
tautomeric state on going from the neutral to the mono-protonated form, or the energetic
minima are actually represented in both cases by the carbonyl tautomers, cannot be resolved
exclusively on the basis of our findings. The former case may be supported by assuming ring
protonation to increase the m-delocalization of the oxygen lone pair into the triazine ring,
accompanied by a change from the enol to the keto form. However, as also pointed out by
Wang et al. [494], crystal packing and hydrogen bonding may exert a serious influence on
both conformation and tautomerism, and must therefore be taken into account in the calcu-
lations, if reliable information on the solid-state molecular structures is an issue. It is evident
that these factors may easily change the energetic succession of the keto and enol forms on
going from the gas phase or solution to the condensed phase. Therefore, while the hydroxy
tautomers could be the dominant ones for both ammeline and its salts in the gas phase, the
respective keto tautomers may prevail in the solid state. However, it is most likely that a tau-
tomeric equilibrium also exists in the solid state, where the prevailing tautomer is determined

by various factors such as the counter ion, crystal packing or van-der-Waals interactions [479].

6.7 Melaminium Dinitrate

Melaminium dinitrate has been obtained as a by-product when heating a suspension of 20
mg melam perchlorate in 30 ml HyO at 333 K and adding 5 ml of conc. nitric acid until a
clear solution was obtained. If the solution was then further heated at temperatures > 314 K,
hydrolysis of the melam species occured, yielding both ammelinium nitrate and melaminium
nitrate. Most probably, the mono-nitrate salt was also formed but could not be isolated in

crystalline form.
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Melaminium salts have recently attracted attention as potential NLO (non-linear optical)
materials if they crystallize in non-centrosymmetric space groups. Therefore, a plethora of
melaminium salts has been synthesized and surveyed in recent years, both with respect to their
NLO properties and as building blocks for hydrogen-bonded supramolecular aggregates [371—
392]. According to theoretical investigations, melamine salts containing the melamine residue
in doubly protonated form should exhibt the most beneficial hyperpolarizability values and are
therefore expected to be most promising for NLO studies [504]. Until now, doubly protonated
melamine rings have only been observed in a few salts [505], among which are the pyromellitic
acid salt [392], melamine-cyanuric acid hydrochloride [506], 4-hydroxybenzenesulfonate [380],
perchlorate hydrate [390], tetrachlorocuprate [389], and bis(trifluoroacetate) trihydrate as well
as bis(trichloroacetate) dihydrate [379].

Melaminium mononitrate was synthesized by Tanbug et al. and classified as a novel energetic
material with a high density (1.71 g - em~2), however, no further experimental evidence was
added to substantiate this claim. In this salt, the distinct monoprotonated melaminium
cations and nitrate anions form hydrogen-bonded two-dimensional zig-zag ribbons, resulting

in an efficient solid-state packing arrangement [507].

Figure 6.54: Asymmetric unit (left) and unit cell (right) of melaminium dinitrate. The layered structure is
clearly evident. Thermal ellipsoids are drawn at the 50 % probability level.

In contrast, the doubly protonated analogue exhibits a classical layered structure. The layers
are made up from hydrogen-bonded arrays of melaminium cations and nitrate anions (Fig.
6.54), and the calculated density is even larger as compared to the monoprotonated coun-
terpart (1.80 g - cm™3). Details of the structure solution and refinement are summarized in
Table 6.22.

In contrast to the mononitrate, the melaminium cations are essentially planar and show only
neglectable deviations of the amino groups from the mean aromatic plane. This feature is
probably due to the chemical environment in the solid state (packing effects, hydrogen bond-

ing) [507]. According to the expectations, protonation of the melamine core results in a
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Table 6.22: Crystallographic data for melaminium dinitrate.

Formula [CgN3H7] (N03)2
M, / g - mol™? 252.17

crystal system monoclinic
space group P2y/c (no. 14)
T /K 200
diffractometer Nonius Kappa CCD
radiation (A / pm) Mo-K, (71.073)
monochromator graphite

a / pm 783.63(16)

b / pm 988.9(2)

¢ / pm 1351.1(3)

B/° 100.43(3)

V /105 - pm3 931.8(3)

Z 4

Pcalcd / g cm™? 1.798

F(000) 520

p / mm~* 0.168

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e- 1076 pm=3

0.12 x 0.10 x 0.08

3.35 < 0 < 27.52

—-10<h <10, -12 <k < 12,
~15<1<15

16913

2138 (Rip = 0.0895)

1646

with F2 > 20(F2)

187 /0

1.047

Ry = 0.0398 (0.0567)

wRy = 0.0971 ( 0.1073)
with w = [02(F2)
+(0.0549P)? + 0.2275P] !
where P = (F2 +2F?)/3

~0.256 / 0.291

redistribution of the m-electrons, thereby increasing the bond order of the exocyclic C-NHs
bonds (129 — 132 pm), which are by about 4 pm shorter on average as compared to the parent
neutral base (134 — 136 pm) [508]. The resulting resonance forms involving a NHy =C bond
clearly manifest themselves in a differentiation of the C—N bonds within the triazine ring.

The C-N bonds between the two imino groups are intermediate in length (C1-N2/C1-N3
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135 pm), whereas the bonds N2-C3 and N3-C2 are the longest (138/137 pm), and the bonds
located furthest away from the imino groups (C3-N1 and N1-C2) are significantly shortened
(133/132 pm).

Apart from introducing a deviation from the ideal D3;, symmetry in the bond lengths, protona-
tion also causes the bond angles within the six-membered ring to become highly asymmetric.
The angles C-NH-C associated with the imino-groups are significantly widened (121°), the
angle C2-N1-C3 showing the same tendency, yet less pronounced (117°). The corresponding
angles in melamine range from 114 to 115°. In contrast, the angles at the carbon atoms N-
C-N (117 — 123°) are notably smaller than the analogous angles observed in melamine (125
- 126°) [507,508].

Figure 6.55: Hydrogen-bonding arrangment within the two-dimensional planar layers in melaminium dinitrate,
made up from doubly protonated melaminium cations and two nitrate anions each. Thermal ellipsoids are drawn
at the 50 % probability level.

The cations and anions in adjacent layers are stacked such that the cations are followed by
anions and wvice versa, rendering m-stacking interactions difficult (Fig. 6.54, right). Never-
theless, the spacing between adjacent layers is as small as 334 pm. Within the planar 2D
layers a tight hydrogen-bonding network is formed, with donor-acceptor distances ranging
from 269 to 305 pm. The corresponding H - -- A contacts cover the range from 180 to 222 pm,
thus demonstrating the remarkably efficient packing of the ions within the planar sheets (Fig.
6.55).
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6.8 Preliminary Conclusion

In the previous chapter an important stage in the condensation process of melamine has been
outlined and the identity and special formation conditions of the controversially discussed
species melam has been resolved (for a general discussion see section 6.4.8 on page 224).
In fact, melam can be isolated only in small amounts and is therefore difficult to obtain
on a preparative scale. An amenable route to melam, however, is based on its salts, which
are accessible by reacting the commercially available melamine with acid salts, preferably
ammonium salts, in closed ampoules at temperatures between 593 and 723 K.

We emphasize that the tendency of melam formation — or “stabilization” — from melamine is
greatly enhanced in the presence of acid salts, which presumably facilitate the condensation
of the triazine rings. If melamine is heated with ammonium halides, polycrystalline melam
hydrohalide—ammonium halide adducts are formed, from which melam hydrate can easily be
isolated on treatment with bases. Melam can then be obtained from the hydrated phase upon
dehydration at elevated temperatures. We note that not only Brgnstedt acids can induce the
formation of melam salts, but also Lewis acids are suitable reactants, which may electronically
modify the triazine ring system in a way similar to that observed for Brgnstedt acids. In
addition, Lewis acids may bring the reactive triazine sites into close contact by coordinating
to two ring systems, thereby functioning as connectors and facilitating the separation of

ammonia.
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Figure 6.56: Condensation cascade of melamine sketched for the “low-temperature” regime. “t” denotes
isothermal heating.
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CHAPTER 6. MELAM 6.8. PRELIMINARY CONCLUSION

The fact that melam can be “stabilized” in the presence of salts may rationalize the early
discovery of melam by Liebig who unwittingly prepared melam wia its thiocyanate salt or
hydrochloride—ammonium chloride adduct, liberating the neutral molecule by “purification”
with potassium hydroxide [456,462]. This fact indeed can be considered the seed of the
historic controversy according to which the formation of melam from melamine has repeat-
edly been disputed, although the mere existence of this simple molecule was not actually
challenged. Furthermore, the persistence of this argument may have been stimulated by the
accidental coincidence of the elemental compositions of melam and the 2:1 melamine-melem
co-crystallisate, which we hypothesize has in several cases been mistaken for melam.

The low-temperature pyrolysis reactions of melamine have now been clarified, and together
with the knowledge of all intermediate stages and their tendency of formation including melam,
the adduct phases and melem, a comprehensive picture of the thermal condensation of this
important CN, precursor can be drawn.

In addition, approaches to a better access and understanding of the chemistry of melam, its
derivatives as well as its hydrolysis products have been pointed out, the latter of which still
awaiting comprehensive structural characterization.

The next and final step of our investigation will focus on the high-temperature pyrolysis
reactions in the condensation cascade of melamine, starting either from melamine itself or,
which in this case is in fact equivalent, directly from the HT-intermediate melem. Ultimately,
the identities of melon and graphitic carbon nitride are to be resolved, which will be the

underlying objective dealt with in Chapter 7.
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Chapter 7

Carbon(IV)Nitride Precursors IV.
Melon

The following chapter will conclude the attempts made to provide a comprehensive under-
standing of the reactivity of melamine and, consequentially, of a vast number of related carbon
nitride precursor compounds. The condensation processes occuring beyond melem formation
still lack sufficient insight to reliably characterize the polymeric, inert carbon nitride species
with respect to their molecular and solid-state structures. Hence, the identity of both “melon”,
a hydrogen-containing carbon nitride polymer with idealized formula “CoN3H”, and the ul-
timate condensation product of melamine, the binary carbon nitride with presumed formula
C3Ny, has not been resolved as yet.

Stimulated by the present revival of carbon nitride in the context of ultra-hard and novel
chemically inert graphite-like materials, a reconciliation of the historic approach with the
actual — somewhat biased and defective — view on the controversial compound C3zNy4 will be
attempted. Thus, by delineating the “high-temperature” regime of the condensation cascade
of melamine, the nature of the highly disputed intermediate “melon” will be studied and

linked with the current issue of the identity and structure of graphitic carbon nitride.
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7.1 Introduction

The quest for binary carbon nitride C3Ny4, whose postulated material properties are believed
to push the borders of ultra-hard materials, has provided a tight link between Liebig’s historic
work and modern materials chemistry [41,46-52].

While being re-invented in a thoroughly new context in the 1980s, carbon nitride had been
discussed as the ultimate de-ammonation product of a series of ammonocarbonic acid deriva-
tives such as cyanamide or melamine as early as 1834 [80,456,509]. All attempts to synthesize
pure carbon nitride were invariably spoiled by the presence of small amounts of hydrogen,
yielding a yellow, amorphous, infusible material, which was first obtained by Berzelius and
given the name “melon” by Liebig [80,509]. As reviewed by Franklin (see [80] and refer-
ences therein), the latter was obtained by heating to redness the yellow precipitate formed
by the action of chlorine on a solution of potassium or sodium thiocyanate, by heating am-
monium or mercury thiocyanate, and as the final de-ammonation product on heating mixed
aquo-ammonocarbonic acids such as ammeline or urea [76,424].

Despite the lack of sharply defined composition, melon was assigned the empirical formula
CgNgHs, which led Redemann and Lucas to draw two alternative planar structure models
based on the cyameluric (heptazine) core CgN7 (Fig. 7.1, 1a + 1b), whose structure had been
established by Pauling and Sturdivant [75,76]. Alternatively, a symmetric triangular form was
proposed, whose empirical formula approaches asymptotically the limit C3Ny if condensations
extend indefinitely (1c). Other structure models, including triazine-based ones [459,469], have
been put forward for melon owing to the lack of detailed knowledge on the structure of its
presumed monomer, melem. Franklin found that the empirical composition of melon varied
with the method of preparation, as he obtained samples of hydrogen content varying from 1.1
to 2.0 wt%. Products with a hydrogen content of only 0.6 wt% were rationalized by assuming
a mixture of several “compact” condensation products of triangular shape as for example 1c
in Figure 7.1 [76,80]. On this background, it was conjectured that “it is probably incorrect to
assign any one structure to melon, for it is more than likely a mixture of molecules of different
sizes and shapes. This gives rise to its amorphous character” [76].

The gap between historic and modern carbon nitride chemistry can be bridged by the
hypothetical graphitic modification of CsNy (g-C3Ny), which has been calculated to be
the most stable form of carbon nitride, and, owing to its analogy with graphite, was at-
tributed the triazine core C3N3 as elementary building block (Fig. 7.2, 2a, and Chapter
1) [51,73,90,91,128,301,453,510-512]. Only recently, an alternative structure model based on
the heptazine core emerged (Fig. 7.2, 2b), strongly reminiscent of the work on melon fallen
into oblivion in the second half of the last century [42,82,85,124,127,513,514]. Since then,
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Figure 7.1: Structure models proposed for melon (1a, 1b) and cutouts of hypothetical structure models of
graphitic carbon nitride based on triazine (2a) and heptazine building blocks (2b). The melon-derived, compact
triangular structure of composition CsgNs2Hiz (1¢) has an empirical formula intermediate between melon and
g—CgN4.

a plethora of experimental and theoretical efforts have been made to elucidate the structure
of g-C3Ny, which inevitably failed due to the ill-defined nature of the obtained polymeric,
often hydrogen-containing materials [42]. Whereas a vast number of possible triazine-based
structures has been devised and their topologies as well as their relative stabilities com-
puted [42,44,51,515,516], only very few heptazine-based models have been put forward until
now [42,65,85,513,514].

Komatsu proposed polymers of melem to form upon polycondensation / pyrolysis of various
tri-functional tris-s-triazine derivatives, such as potassium melonate, starting from melamine
or ammonium thiocyanate [84,517]. The as-obtained graphite-like “pseudo carbon nitrides”
were classified according to their N/C ratio and hydrogen content (CN,H, with x = 0.63
— 1.0 and y = 0.1 — 0.3) as “symmetric triangular forms” (cf. model 1c) or partially con-
densed, irregular forms of heptazine-based carbon nitride polymers with molecular weights

ranging between 1937 and 4941 g mol~! and hexagonal symmetry of the X-ray powder pat-
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terns (a = 2.4 A, ¢ = 6.7 A) [84]. In contrast, solid polymerization of potassium melonate
and cyameluric trichloride in an autoclave was reported to yield a triangular heptazine-based
polymer with presumed composition Cg;Ni94H14, whose X-ray powder pattern was indexed
on an orthorhombic cell with a = 7.1 A, b = 16.2 A, ¢ = 12.9 A [83].

A hardly recognized work by Komatsu describes the synthesis of a “cyameluric high polymer”
by thermal de-ammonation of melon via a “melem-dimer”. In this context, melon was assigned
the empirical formula CggNgiH3s and associated with a poorly crystalline, linear decamer of
melem. For the “cyameluric high polymer”, a degree of condensation corresponding to a linear
polymer based on 42 monomers was suggested, and an orthorhombic unit cell was established

by means of X-ray powder diffraction with a = 7.2 A, b = 21.5 A, ¢ = 13.6 A [517].
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Figure 7.2: Simplified representation of the condensation cascade of melamine, leading to extended carbon
nitride solids of unknown composition and structure. Both fully condensed triazine- (2a) and heptazine-based
models (2b) are consistent with the structural motifs appearing before or during condensation.

Alongside the above reports on partially condensed, predominantly melon-type products, the
quest for graphitic carbon nitride typically emanates from derivatives or precursors of triazine,
whose structural integrity is most commonly believed to be preserved upon thermal treatment
of the starting materials. One important synthetic technique among the most ambitiously pur-
sued approaches toward the synthesis of g-C3N,4 has been the pyrolysis of numerous molecular
compounds such as cyanamide, dicyandiamide, melamine [300,509], 2,4,6-tricyano-melaminic
acid, hydromelonic acid [83,84], tri-azido-s-triazine and tri-azido-heptazine [128,518], or of
functionalized single-source precursors such as C3N3(NHCI)3 [519], C3N3(NH2)Cly [91, 520]
or C3N3XoN(Y(CHz)s)2 (X = F, Cl; Y = Si, Sn) [301,512]. For example, the attempt to
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prepare triazine-based carbon nitrides by polycondensation of melamine with the Lewis acid
ZnCly afforded a polymeric material with an orthorhombic unit cell (a = 7.3 A, b = 8.5 A,
c=26.5 A). It was assigned a vacancy-network structure consisting of triazine nuclei, owing
to the residual hydrogen content of 1.84 wt% [300].

A rather classical approach utilizes sulphur-containing species such as thiosemicarbazides or
ammonium thiocyanate, all of which decompose upon moderate heating, while giving off
low-weight, volatile sulphur species such as carbon disulfide [509, 521, 522]. However, in the
majority of cases the resulting products were at most poorly crystalline and partially contam-
inated with significant degrees of impurities according to multinary mixtures of composition
CN HyX/Y, and N/C ratios typically far below the theoretical value of 1.33.

Alternatively, two-component reactions as for instance in the systems cyanuric chlo-
ride / melamine [510, 520], or cyanuric chloride / metal nitride, azide, amide [66, 90,453,511,
523], were carried out, as well as conversions under high-temperature and -pressure condi-
tions [44,73,74,91,524,525]. Thus, Kawaguchi et al. synthesized a material with presumed
formula [(C3N3)2(NH)3],, by polycondensation of cyanuric chloride and melamine, whose elec-
tron diffraction pattern was indexed on a hexagonal cell with a = 8.2 A and dig9 = 7.1 A [510].
Demazeau et al. reported on the solvothermal synthesis of g-C3Ny by reacting melamine with
hydrazine as nitriding agent under supercritical conditions, using a Belt-apparatus at 1073 K
and 3 GPa [73,74,91,524,525].

The synthetic strategy which appears to be most promising to obtain reasonably well-defined,
moderately crystalline carbon nitride materials includes the controlled pyrolysis of CN_H,
precursor compounds, as has been shown in the previous chapters [124,127]. Nevertheless,
the advantage of comparatively high crystallinity usually comes along with the presence of
hydrogen in the products, which at the same time seems to stabilize the structure and to
function as defect site, thereby breaking up the otherwise more highly condensed carbon ni-
tride building blocks.

The literature, however, offers little or no alternatives. High energy techniques (ion beam
sputtering, CVD, laser- or shock-wave techniques), yielding amorphous materials with sub-
stoichiometric nitrogen content, or pyrolyses of molecular precursors typically affording layered
carbon nitrides containing 1 — 2 wt% hydrogen, seem to be the only viable approaches.

The synthesis of layered carbon nitride materials based on melamine or related precursors
offers the advantage of convenient accessibility of melamine next to the “pre-formed” carbon
nitride core (C3N3), which is being discussed as the major building block of graphitic carbon
nitride (Fig. 7.2).
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7.2 “Melem Oligomer”

On heating melamine for about 2 days in a porcellain dish loosely covered with a lid at
temperatures of ~ 763 K, a new phase emerges besides melem, which is not identical with
either melamine, or adduct phases I and II (Fig. 7.3; cf. Chapter 6 on page 196). Melem is
almost completely converted into the unknown phase after about 8 days, whereas after another
6 days the X-ray powder pattern has become almost amorphous with a broad reflection around
20 =~ 27°. The same phase has been obtained in traces at 623 K after ~ 14 days, which together
with the above observation indicates the metastable character of this compound owing to the

pronounced dependence on both temperature and time (cf. section 6.4 on page 213).

N
T

Abs. intensity / a. u.

10 20 30 40 50
20/°

Figure 7.3: X-ray powder pattern (Cu—Ka1 radiation) of a new phase emerging from melem after heating of
melamine at 763 K for 8 days. Small amounts of melem still present as impurities (mainly visible as shoulders
to the reflections of the major phase) are indicated by asterisks.

The IR spectrum of the yellowish phase is displayed in Figure 7.4, together with that of
melem as reference. The similarity to the spectrum of melem is clearly evidenced by the two
strong bands at 1612 and 1464 cm ™!, as well as the sharp semicircle ring stretch at 804 cm ™!,
diagnostic of a non-protonated heptazine core. Marked differences are only visible in the v(C—
N) / §(N-H) region, where two bands are observed at 1330 and 1252 cm ™!, that are absent in
melem. Since these bands are indicative of C-NH-C moieties as observed for melam at 1338
and 1250 cm™! (cf. Fig. 6.15 on page 215), an analogous or similarly condensed structure
based on heptazine rings may be inferred.

It is therefore conjectured that melem dimers or oligomers are formed on prolonged heating
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Figure 7.4: FTIR spectra of the presumed melem oligomer (bottom) and melem (top), recorded as KBr pellets
at RT.

of melem, which upon further condensation gradually become amorphous. The similarity of
the XRD patterns of melem and its presumed oligomer (cf. Fig. 6.5 on page 202) suggests
that the initial state of the oligomerization process may proceed without significant structural
changes, whereas amorphization associated with a broad reflection at 26 ~ 27° may indicate
the formation of a layered structure with poorly defined interlayer spacing. It should be
pointed out that — depending on the heating conditions (7' > 673 K, hours to days, open
system) — polymeric materials with different colors are obtained, ranging from light yellow
to dark beige. Whereas in open systems only yellow, largely amorphous compounds are
accessible, the crystallinity can be significantly enhanced by pyrolyzing melamine in sealed
silica glass ampoules at T' > 893 K as detailed below. The colors of the as-obtained products
are typically brownish, indicating that higher crystallinity comes along with the onset of
carbonization of the sample under the high-pressure and high-temperature conditions applied.
The above findings forbode the possibility of melem-polymerization, which in turn is a strong
indication for the existence of highly condensed networks made up from heptazine or, less

likely, triazine building blocks. This thread will be pursued in the following sections.
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7.3 Synthesis and Composition

As an extension of the experiments carried out in an open system at moderate temperatures
as outlined above, pyrolyses of melamine were carried out in sealed silica glass ampoules un-
der vacuum at temperatures between 833 and 873 K, or predominantly under dry argon at
temperatures between 893 and 913 K.

Typically, 230 mg (1.83- 1073 mol) melamine were transferred into a thick-walled silica glass
tube (Depe. 15 mm, Py, 11 mm), from which water had been removed by thorough heating
and evacuation. The tube was sealed using a oxyhydrogen burner at a length of &~ 120 mm.
Increasing the amount of melamine to 250 mg results in facile rupture of the ampoule due to
the pressure arising from the gases being evolved during the reaction. The ampoule was then
placed in a vertical! tube furnace and heated (1 K min—!) to 903 K, at which temperature
the sample was held for 12 to 36 h. The cooling rates did not notably affect the crystallinity
of the products, so that the furnace was typically switched off with the sample cooling down
to RT within several hours. The sample was then isolated by carefully breaking the ampoule,
upon which a significant amount of HCN and ammonia was released. The yield of brownish
residue typically amounted to 38 — 57 %; approx. 8 — 10 % were recovered from the top of the
ampoule in the form of a brown sublimate mixed together with long, needle-shaped melamine
crystals.

The latter presumably result from depolymerization of the product, which is induced by
ammonolysis at elevated pressures of ammonia. The occurence of ring opening reactions of
heptazine derivatives in the presence of Lewis acids has been discussed in section 6.5.3 on
page 246. Furthermore, this tendency is implicitly evident from the synthesis of uniformly
15 N-enriched melamine from sodium tricyanomelaminate and *NH4Cl [82,240], as well as
from the detection of dicyandiamide as a sublimation product when pyrolyzing melamine in a
vertical tube with pressure equalization. In addition, the ammonolysis of triazine derivatives
at elevated temperatures has been subject to detailed studies in the literature [526]. Although
possible depolymerization products other than melamine, such as dicyandiamide, were not ob-
served as crystalline side phases by XRD, very small amounts of amorphous by-products such
as (poly)imides below the detection level of solid-state NMR spectroscopy (< 3 % for CP mea-
surements) may not entirely be excluded. Also, as has been pointed out above (cf. section 7.2
on page 285) and in the literature, the comparatively harsh synthetic conditions applied in
the present context likely induce heterogeneous crystallization, yielding a broad spectrum of
differently ordered domains, ranging from amorphous to nanocrystalline. Presumably, a mix-

ture of polymers with different chain lengths is obtained, which can be considered a feature

LA horizontal setup is also possible and may even lead to increased yields.
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intrinsic to thermally induced polymerization processes. In this sense only, the as-synthesized
material, which will be referred to as C/N/H-graphite for the time being, cannot be con-
sidered to represent an overall homogenous phase. Though being considered unlikely, the
simultaneous formation of structural isomers discussed in section 7.1 on page 281 cannot be

completely discarded (for a more comprehensive discussion, cf. section 7.8 on page 295).

Table 7.1: Elemental analysis data for the pyrolysis product obtained from the condensation of melamine at
893 — 913 K, given as average over several analyses. Theoretical values of g-CsNy are given for comparison.

Temperature / K N/ wt% C / wt% H/ wt%
893 61.7 36.0 1.9

903 61.2 36.0 1.8

913 57.3 38.1 2.3
CsNy (theor.) 60.87 39.13 -

In order to purify the residue and eliminate melamine and — present to only a small extent —
melem crystals, the product (=~ 80 — 100 mg) was transferred into a Duran ampoule (pre-dried
in vacuo under heating), which was sealed off under argon and heated to temperatures
around 873 K (1 K min~!) for at least 12 h. Alternatively, admixtures of the starting
material melamine were removed by sublimation using a cold finger integrated into a glass
tube (cf. section 2.1.4.2 on page 23). Upon purification, the brownish material lightened up,
thereby changing its color into reddish-brown.

According to elemental analysis, the sublimate contained a larger amount of hydrogen
(typically > 2 wt%), its X-ray powder pattern being slightly less crystalline, yet overall
similar to that of the residue. Therefore, the sublimate may represent a polymeric carbon
nitride material with a degree of condensation slightly less than that found for the residue,
hence having a higher volatility.

According to Table 7.1, the product compositions at 893 and 903 K are similar, whereas
rapidly increasing carbonization is observed at 7' > 913 K. In addition, the hydrogen content
is minimal at 903 K and notably increases at higher temperatures. Therefore, under the
relevant pressure conditions, the thermal stability of the C/N/H-graphite is limited to
temperatures of about 903 — 907 K. At higher temperatures, nitrogen is increasingly lost
from the material in the form of HCN, (CN), and Ny, and a hydrogenated, graphitic material
of black color remains. This points to the re-integration of hydrogen into the bulk material

2

at elevated temperatures under the pressure of gaseous ammonia.” Furthermore, small

“heteroatom” contents (up to 2 wt%; typically ~ 0.5 — 0.7 wt%), presumably oxygen, are

2This tendency has further been corroborated by elemental analysis of a material heated at 943 K (N, 49.29;
C, 46.04; H, 3.15).
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detected in the bulk as impurities. As has been pointed out in the literature, polymeric
carbon nitrides may be prone to water absorption on exposure to air, yielding compositions
with up to 8 wt% oxygen [527].

Lowering the reaction temperature to 893 K led to a slight increase of the residual melamine
impurities, whereas temperatures below 893 K did not furnish full conversion of the starting
material and, as a consequence, melem was found in the products.

Clearly, the average molar C/N ratio of ~ 0.68 is lower than the one expected for C3Ny (0.75),
thus indicating a surplus of nitrogen in the samples. In addition, the non-negligible hydrogen
content of approximately 1.8 wt% suggests that a hydrogen-containing CN,H, polymer was
obtained, whose compositon of ~ C3Ny44H; g is somewhat close, yet not identical to that of

graphitic carbon nitride.

Mass spectrometry was attempted using different techniques (MALDI-TOF, DEI, FAB, ESI),
but did not furnish conclusive results, since typically no mass peaks were observed that could
be interpreted in terms of characteristic fragments of the CN,H, material. Therefore, it is
assumed that a highly condensed, polymeric material was formed that cannot be easily broken

up into volatile species detectable by the experimental techniques applied.

7.4 Reactivity

The chemical reactivity of the condensation product was exemplarily tested by a number
of reactions with acids, bases, and potentially nucleophilic agents. The latter were chosen
so as to either break up the polymeric material and, thus, to chemically identify its ele-
mentary building blocks, or to change the solubility of the otherwise insoluble compound by
(de)protonation. The reactions and their results, together with the principal reaction condi-
tions, are summarized in Table 7.2.

None of the above reactions turned out to be suited to conclusively identify the elementary
building blocks of the polymeric CN,H, material. Instead, most of the products could not
be identified owing to their amorphous character or to the insolubility and chemical inertness
of the polymeric material, therefore rendering the structure elucidation by means of phys-
ical methods indispensable. However, heating the yellow oligomer (polymer) described in
section 7.2 on page 285 in 1 — 4 M NaOH or KOH affords the respective cyamelurate salts
and varying amounts of cyanurates. The extent of hydrolysis is strongly dependent on the
temperature and concentration of the solution, as it is well known that the cyameluric nucleus
further hydrolyzes in alkaline solution to give cyanuric acid salts [76,83,84,424,499,503,517].

Furthermore, potassium melonate is obtained by adding the yellow material to potassium
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Table 7.2: Reactions of the high-temperature condensation product of melamine.

Reaction partner Temperature Reaction products

NH,CI 743 K no reaction

NH;3 (aq.) RT no reaction

LiOH (0.01 M) 373 K partially insoluble, amorphous filtrate
NaOH (0.7 M) / MeOH 373 K partially insoluble, unidentified filtrate
K 423 — 723 K K,CO3, KCN

KI 773 K no reaction

HBr (conc.) 373 K largely insoluble

HNOj3 (conc.) 353 K largely insoluble

H9SOy4 (conc.) 373 K partially insoluble, amorphous filtrate
HC1Oy4 (conc.) 373 K partially insoluble, amorphous filtrate
ZnCls 743 K XRD: semi-amorphous, unidentified
AlClg 673 K melem

AlCl3 623 K Al-melam complex

thiocyanate and heating [76,83,424]. These observations can be assessed as indirect evidence

for the heptazine-based nature of the C/N/H material, which is assumed to be a more highly

condensed condensation product of the yellowish oligomer (polymer).

The thermal behavior of the polymer was probed by in situ TPXRD measurements (Fig. 7.5).

As a result, the material is stable up to ~ 1043 K without passing through phase transitions

prior to its decomposition. The observed considerable thermal stability of this light-weight

material is therefore comparable to or somewhat higher than that of aromatic polyamides and

-imides [517].
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Figure 7.5: In situ temperature-dependent X-ray diffraction measurements (Mo—Ka1 radiation) of the C/N/H-
graphite recorded between room temperature (top) and T ~ 1123 K (bottom).
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7.5 Morphology

Scanning electron microscopy images demonstrate the micro- and submicrocrystalline charac-

ter of the CN,H, material as shown in Figure 7.6. The morphology of the material resembles
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Figure 7.6: Representative scanning electron microscopy images of the C/N/H graphite, taken from various
sample regions. The images reveal crystallite sizes on the nanometer and micrometer length scales, as well as
the porous morphology of the sample.
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that of microcapsules, the hollow tubes and spheres with a diameter of several micrometers
containing crystallites on the nanometer length scale. While the crystalline particles appear
to be plate-like, the spheres presumably result from the particular reaction conditions (see
above): The evolution of ammonia, together with the rising of the inner pressure within the
tube during condensation most likely stimulates the bulging of the particles. As will be shown
in the following, it is considered unlikely that this type of morphology directly reflects the
structure of the material on a molecular level, as would be expected for onion-type layered
materials exhibiting a pronounced curvature of the layers.

Owing to the small size of the crystallites, together with the pronounced disorder dominating
the layered structure of the material (cf. sections 7.7 on page 294 and 7.9 on page 303),
structure elucidation by X-ray methods does not seem to be particularly promising in the
present case.

EDX was used to qualitatively ensure that the composition of the observed particles corre-
sponds to that of a carbon nitride material. As a result, in essentially all sample regions
the carbon and nitrogen distribution was observed to be uniform and to correspond to the

expected C/N ratio within experimental error.

7.6 Vibrational Spectroscopy

Vibrational spectroscopy is a valuable tool to identify the elementary molecular moieties
constituting a material, irrespective of its semi-crystalline or amorphous character. The FTIR
spectrum of the condensation product of melamine is displayed in Figure 7.7; the observed
wavenumbers, together with a tentative band assignment, are given in Table 7.3.

The following instructive features of the spectrum need to be emphasized:

e The IR spectrum is clearly indicative of an at least partially ordered material owing to
its well-resolved band structure and the absence of high absorptive background at lower

wavenumbers typical of amorphous materials.

e The medium intense, sharp band at ~ 810 cm™' suggests the material to consist of
triazine or heptazine building-blocks, while a clear assignment to either of the two is

not possible.

e The prominent absorption bands at 1203 and 1234 cm ™', and possibly 1313 cm™!, indi-
cate the presence of C-N stretching and /or N-H bending vibrations, which have been
shown to be characteristic of the C-NH—-C unit in melam. Therefore, a similar struc-
tural motif, corresponding to either trigonal C-N(~C)-C (full condensation) or bridging

C-NH-C units (partial condensation), can be inferred for the polymeric material.
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Figure 7.7: FTIR spectrum of the CN, Hy, polymer, recorded between 4000 and 400 cm™" as KBr pellet.

Table 7.3: Vibrational frequencies (in cm™"') of the high-temperature condensation product of melamine as
observed by FTIR spectroscopy at RT (KBr pellet). Tentative assignments are given in the right column (v =
stretching, § = in-plane deformation, v = out-of-plane deformation, p = rocking, w = wagging; vs: very strong,
s: strong, ms: medium strong, w: weak, vw: very weak, b: broad).

IRobs

Assignment [240]

3245, 3147, 3076 (ms, b)
1633 (s)

1572, 1534 (ms)
1457, 1401 (s)
1313 ()

1234 (wvs), 1203 (s)
1129, 1076 (w)
1005 (vw)

887 (w)

810 (m)

775 (w)

731, 712 (vw)

646, 592, 493 (vw)

ring sextant bend
w(NH)

7(ring)

w(NH3), 6(CNying)
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e Medium strong bands are found at 1572 and 1534 cm ™', which are not usually observed
in heptazine-based materials, but are characteristic of many triazine-based ones [463,
501]. This feature has been observed in several carbon nitride materials with an assumed
heptazine-based structure [81,84,127,517]. However, as no unambiguous assignment of
the bands can be made unless theoretical calculations have been carried out, far-reaching

conclusions based on this fact cannot be drawn.

e Absorption found in the N-H stretching region between 3250 and 3070 cm ™! strongly
suggests the presence of NH and /or NHy groups. O-H vibrations due to water ad-
sorbed on the surface of the material would be expected at higher wavenumbers. As
the presumed v(N-H) bands are of medium intensity, the N-H moieties are most likely

integral parts of the structure.

7.7 X-ray Powder Diffraction

In accordance with literature data [42,73,124,127,128,240,453,510,513,514, 523], the X-ray
diffraction pattern is indicative of a layered substance with an interlayer spacing of 3.19 A.
The powder pattern resembles that of graphite, which has an interlayer spacing slightly larger
than that of the carbon nitride material (3.33 A) as shown in Figure 7.8.
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Figure 7.8: Ezperimental X-ray powder pattern (Cu—Ka1 radiation) of the CNyH, polymer (continuous line)
and simulation for graphite (bars). The broad and low intensity hk0 reflections indicate 2D planar defects; the
interlayer distance (sharp 001 reflection) amounts to 3.19 A.
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Remarkably, the 001 reflection (for assignment see section 7.9 on page 303), which is com-
monly indexed as 002 by analogy with graphite, is very pronounced and sharp, whereas all
hk0 and hOl reflections — if present at all — are extremely weak and significantly broadened.
In addition, asymmetric shapes of the reflections (“tailing” towards higher 26 values, as seen
for the low-angle reflection at 20 ~ 12.6°), are visible. These features may be indicative of dif-
fuse scattering with a modulated continuous intensity distribution along c* (cf. “streaking”,
section 7.9 on page 303). Therefore, a pronounced 2D planar disorder has to be inferred, yield-
ing X-ray powder patterns with relatively sharp base peaks and broad, asymmetric “bands”
resulting from two-dimensional scattering by single layers. Three-dimensional peaks (h,k,l
# 0) are missing, their positions being located on the “tail” of the hk-bands [528], whereas
the interlayer distance is well-defined. In addition, the absence of splitting of the 001 (002)
reflection suggests planar layers, as corrugation of the layers would lead to the observation of

additional hkl reflections in the region around 26 = 27 — 30°.3

7.8 Solid-State NMR Spectroscopy

The experiments presented in the following section have been carried out in cooperation with
Lena Seyfarth and Prof. J. Senker (both University of Bayreuth) and will also be published as
part of the PhD thesis by L. Seyfarth.

7.8.1 CP- and CPPI-MAS Experiments

Solid-state NMR spectroscopy is a valuable tool for probing the structure of semi-crystalline
or amorphous materials on local and intermediate length scales, as it is not dependent on the
long-range order in contrast to diffraction techniques.

The low sensitivity of the ' N nucleus as well as the expected broad line shapes due to
the partial disorder would lead to insufficient signal intensity, thereby impeding experiments
other than those based on standard CP-MAS techniques. Thus, a '® N-enriched material was
synthesized according to a procedure described in section 10.1 on page 355 as established by
Jiirgens [82,240]. Mass spectrometry of the 1° N-labelled melamine allows for the estimation
of the degree of >N enrichment to be ~ 20 — 30 %, corresponding to an average of 1 — 2

5N nuclei per molecule of melamine.* According to the CP spectra of ' N-melamine, a

3The appearance of a multitude of additional hkl reflections in case of corrugation of the layers has been
verified by simulation and indexing of the powder patterns of non-planar variants of melon (see section 7.9 on
page 303). Note however, that a uniform, periodic undulation of the layers with a unique interlayer spacing
would presumably not lead to a splitting of the 00/ reflection.

4Note that the difference of the signal intensities for the CP spectra of '® N-melamine and “natural”
melamine suggests a degree of enrichment far higher than that obtained from mass spectrometry (=~ 78 — 79 %);
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125 -150 -175 -200 -225 -250 -275 -300 -325 -160 -180 -200 -220 -240 -260 -280 -300
8/ ppm 3/ ppm

Figure 7.9: Left: >N CP-MAS spectrum of the C/N/H-graphite; the signal assignments are based on the
CPPI experiment and typical chemical shift data; “N.” relates to the central nitrogen atom of the heptazine
ring, which this tertiary nitrogen signal is tentatively associated with (recycle delay: 20 s; Tc: 10 ms; spinning
frequency: 7 kHz). Right: SN direct excitation spectrum using a recycle delay of 28800 s (= 8 h) as estimated
from a 5N T1 measurement to ensure a total recovery of the magnetization. Number of scans: 16; spinning
frequency: 9 kHz.

largely uniform enrichment can be assumed, i.e. no significant intensity variations for the
tertiary and amino nitrogen signals are visible when comparing the spectra of !5 N-enriched
and “natural” melamine.

The N CP-MAS spectrum of the C/N/H-graphite is displayed in Figure 7.9 (left). The
comparatively good resolution is diagnostic of a semi-crystalline rather than an amorphous
material.

For a reliable signal assignment as indicated in Figure 7.9, a CPPI (cross-polarization with
polarization inversion) experiment was carried out. By quantitatively evaluating the charac-
teristic time dependence of the polarization inversion dynamics of the different N nuclei,
the number of protons covalently bonded to the latter can be ascertained. As outlined in
Figure 7.10, three types of signals can be distinguished: The signals between — 177 and — 195
ppm, as well as the resonance at — 225 ppm exhibit a moderate intensity loss, the continuous,
slow decrease of the polarization being characteristic of tertiary nitrogen atoms. In contrast,
the polarization of the signals at — 245 and — 265 ppm follows a two-step process induced
by the covalently bonded protons. The intensity at the cross-over between the dipolar and
spin-diffusion regime is given by [2 /(n + 1)] — 1 (n = 0,1, 2), thereby allowing for the dif-
ferentiation between NH (crossover at 0) and NHy (crossover at — 1/3) nitrogen nuclei (cf.

section 3.3.3 on page 63) [82,194].

a possible explanation for this overestimation may be the shorter relaxation times for the ' N-enriched mate-
rial. In addition, the signal heights were used directly instead of their integrated areas; thus, smaller lineshapes
of the '® N-labelled material may significantly enhance the observed intensities.
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Figure 7.10: Left: Curve fits of the >N CPPI experiment. The polarization of the > N nuclei is given as
a function of inversion time ;. Right: CPPI spectrum of the C/N/H-graphite. The polarization inversion
behavior was monitored by varying the inversion time from 0.2 to 800 us (front to back). Contact time 7c: 2
ms, spinning frequency vror: 6 kHz.

Therefore, an unambiguous assignment of all signals according to the proton environment of
the N nuclei is feasible as outlined in Figure 7.9. Notably, apart from tertiary nitrogen
nuclei expected for a fully condensed graphitic carbon nitride network, NH and NHy groups
are also present, which clearly suggests the formation of a hydrogen-containing and, hence,
only partially condensed C/N/H-network. Furthermore, the isolated tertiary nitrogen reso-
nance located at — 225 ppm is reminiscent of the central nitrogen of the heptazine core, as it
exhibits an up-field shift as compared to the “outer” nitrogen nuclei of the ring in essentially
all heptazine-based compounds studied so far [474,529]. For example, this nitrogen resonance
is observed at — 234.2 ppm for melem [82,240]. Thus, the above findings furnish the first
significant indication of the heptazine-based nature of the graphitic C/N/H material and si-
multaneously suggest that a significant portion of structurally integrated hydrogen is present.
In order to quantitatively evaluate the relative !N signal intensities and, hence, to draw
conclusions on the degree of condensation of the presumed heptazine cores, a >N experiment
using direct excitation of the "> N nuclei was carried out.?

Owing to the very long relaxation time of the ' N nuclei, a recycle delay between successive
scans of 8 h had to be applied in order to ensure total magnetization recovery before each scan.
Comparatively long relaxation times are diagnostic of well-ordered materials and are typically
not observed for amorphous polymeric compounds. Due to the isotopic enrichment of melon,
16 scans were sufficient to acquire a spectrum with a reasonable signal-to-noise ratio. As

depicted in Figure 7.9 (right), the signal intensities show significant variations as compared to

SBy circumventing the magnetization transfer from the abundant protons to the '° N nuclei, the signal
intensity of the latter is no more dependent on the number of protons in spatial proximity. Therefore, the
signal intensity is directly proportional to the number of the respective types of ' N nuclei.
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the CP-MAS spectrum (left). According to the expectations, the tertiary nitrogen resonances
have gained intensity at the expense of the protonated nitrogen signals. A quantitative fit
of the relative intensities indicates a ratio of the four signal groups Ny, :N.:NH:NHs of
about 7:1:1:1. In particular, the equal intensities of N., NH, and NHs suggest a degree of
condensation corresponding to that expected for melon (6:1:1:1, c¢f. 1a + 1b, Fig. 7.1 on
page 282).

A “screening” for partially condensed, solely heptazine- or triazine-based structures, which
would exactly reproduce the experimentally observed signal ratio and account for the some-
what higher intensity of the Ny.; signal, did not yield satisfactory results. Non-fully con-
densed, mixed heptazine / triazine variants furnished structure models which in part were
somewhat closer to the experimental ratio. An important argument against such structures
is, however, the small number of nitrogen resonances observed in the CP-MAS spectrum.
Since atom connectivities and, hence, local structural motifs are dominating the chemical
shift of the nuclei, this missing spread in chemical shift values renders a structure composed
of only one single ring system by far more likely.

In addition, DFT calculations of the chemical shift parameters of fully condensed triazine- and
heptazine-based C3N, systems® suggest that the chemical shift range expected for triazine-
based structures would spread out way downfield as compared to the observed data, for both
planar and corrugated geometries. This adds to the above evidence that the C/N/H-graphite
is composed of heptazine rather than triazine building blocks. Accordingly, the somewhat
higher intensity observed for Ny, may likely result from the admixture of minor, heptazine-
based side-phases exhibiting a slightly higher degree of condensation (cf. for instance structure
1c, Fig. 7.1 on page 282).

Figure 7.11 displays the ' H MAS (left) and *C CP-MAS spectra (right) of the product. The
proton spectrum exhibits one signal peaking at ~ 9 ppm, which spreads out over roughly
10 ppm; in addition, a shoulder (indicated by an arrow) is distinguishable at lower field
(=~ 11 ppm). This low-field resonance may be assigned to the NHy groups owing to their
broadness, whereas the relatively sharp resonance at 9 ppm may be appendant to the NH
moieties. However, an ultimate assignment can only be given based on correlation spec-
troscopy, such as a HETCOR experiment.

As demonstrated in Figure 7.11 (right), the '3C CP-MAS spectrum of the product shows
remarkable similarity with that of melem. In detail, two signal groups are found with peak
maxima at ~ 164 ppm and 157 ppm. In melem, two groups of carbon resonances are ob-
served at 164.3 /166.4 ppm and 155.1 /156.0 ppm, respectively [82,240]. The spectra have

5A more detailed discussion of these results will be subject of the PhD thesis by J. Sehnert, University of
Bayreuth.
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Figure 7.11: Left: "H MAS spectrum of the C/N/H-graphite (2.5 mm rotor; recyle delay: 10 s, spinning
frequency: 25 kHz). The observed low-field shoulder is indicated by an arrow; o denotes an impurity. Right:
13C CP-MAS spectra recorded with different contact times 7c: (a): 2 ms; (b): 15 ms (recycle delay: 10 s;
spinning frequency: 10 kHz.) Spinning side-bands are marked by asterisks.

been recorded using two different contact times 7. in order to differentiate between carbon
nuclei situated adjacent to or more distant from protonated nitrogen atoms. According to the
distance dependence of the dipolar magnetization transfer under CP conditions, a more rapid
magnetization build-up would be expected for carbon nuclei in spatial proximity of hydrogen
atoms. For shorter contact times (spectrum (a)) the signals at 163 — 165 ppm exhibit higher
intensity as compared to (b), the reverse situation holding for the resonance at 157 ppm.
Thus, the '3C nuclei associated with the low-field resonance are located closer to hydrogen
atoms (CN2(NH,) moieties) than are those attributable to the signal at 157 ppm (CN3 moi-
eties).

This observation is in agreement with the results obtained for melem, where the low-field
resonances (164 — 166 ppm) were assigned to the carbon positions adjacent to the amino
groups. The signal assignments for the >N and/or 3C spectra will further be discussed in
the following section as well as in section 7.10 on page 314.

The line width observed in the NMR spectra is slightly increased (120 — 170 Hz in the >N
spectra) as compared to typical line widths observed for crystalline molecular compounds
(~ 60 Hz), which is likely to be diagnostic of slightly varying chemical environments of the
heptazine nuclei, depending on the orientation of the adjacent layers as determined by the
local stacking sequence. Similar effects may be induced by different polymer lengths, giving
rise to slightly altered local magnetic fields at the sites of nuclei in the vicinity of chain or
layer terminations. In contrast, line widths in the range of 500 — 1000 Hz would be expected

for amorphous compounds.
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7.8.1.1 fp-RFDR Experiment
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Figure 7.12: >N 2D-fp-RFDR experiment to probe the homonuclear dipolar coupling. The mizing time was
50 ms. Recycle delay: 5 s, contact time 1.: 20 ms, spinning frequency: 15 kHz.

A finite pulse radio frequency driven dipolar recoupling experiment (fp-RFDR) probes the
homonuclear, through-space magnetization transfer between the > N nuclei and can therefore
be considered as a sensor for spatial proximities of these nuclei. The experiment is based on
spin-diffusion (“flip-flop”) processes and can be classified as a zero-quantum experiment.

Two versions of the RFDR experiment have been carried out. A 2D spectrum was recorded
with a mixing time of 50 ms as outlined in Figure 7.12. During the mixing period, magne-
tization transfer proceeds between all >N nuclei which are sufficiently close to each other
to allow for the dipolar coupling to operate. Exchange of magnetization and, thus, spatial
proximity is indicated by off-diagonal signals, whereas the diagonal simply contains the infor-
mation encoded in a 1D-CP spectrum. In Figure 7.12 cross-peaks are observed between the
outer nitrogen resonances of the assumed heptazine ring (— 176 and — 195 ppm) and all other
nitrogen nuclei. This is a strong indication for a homogeneous phase, in which all nitrogen
nuclei exhibit close proximity on the length scale of a few nanometers. However, couplings
between N, and NH, as well as NH and NHs are observed, whereas no off-diagonal peak due

to the coupling between N, and the amino nitrogen atoms is visible. As will be detailed below,
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this absence is presumably due to low signal intensity; the spatial proximity of the central
and amino nitrogen atoms could be established by means of a 1D-RFDR experiment with
selective excitation of the amino nitrogen nuclei (see below).

In principle, a change of the mixing period 7, may allow for a qualita-
tive evaluation of the relative distances between the PN nuclei. However,
this requires the realization of several time-consuming 2D experiments in or-
der to reliably assess the relative time-dependence of the spin-diffusion processes.
In order to avoid this inconvenience, a mod-
ified variant of the fp-RFDR experiment was
carried out. To continuously monitor the mag-
netization build-up, a single N signal was
excited selectively and the mixing time varied
successively in small intervals. In the follow-
ing, only the selective excitation of the NHy
nuclei will be discussed.”

Figure 7.14 outlines the 1D-RFDR spectra ob-

tained for three mixing times (7, = 1, 25,

150 t/ms

-300 100

-150

3/ ppm
and 205 ms) corresponding to short, interme-

diate and long periods of magnetization trans- Figure 7.18: Contour plot of the 1D fy-RFDR exper-

fer. Whereas for 7,,, = 1 ms no magnetization iments using selective excitation of the NHa nitrogen
transfer to the other nitrogen nuclei is visible, nuclei. The 3D representation displays the succes-
sion of spectra recorded with increasing mixing times
Tm (front to back).

exchange commences at 7, = 25 ms for the
high-field part of the tertiary nitrogen signals,
which is visible by the growing intensity of the latter.

Very weak signals can also be distinguished for the N. and NH resonances. For long mixing
times, all initial resonances are observable, which is again indicative of a dipolar exchange of
magnetization among the NHy nitrogen and all other ' N nuclei in the sample. This observa-
tion is confirmed by the build-up curves shown in Figures 7.15 and 7.13, which represent the
increase of magnetization at the tertiary and NH nitrogen nuclei and the concomitant loss of
signal intensity (magnetization “drain”) at the NHg nitrogen atoms (left).

Build-up is fastest for the tertiary "> N nuclei from — 195 ppm to — 187 ppm. Thus, these rep-
resent the closest neighbors of the NHy group. This finding is in agreement with the ab initio
5N chemical shift parameters calculated for the DFT optimized cell based on the structure

solution from electron diffraction, as will be discussed in section 7.10 on page 314.

" An analogous procedure was chosen for the NH nuclei, whereas a slightly different “filter” had to be applied
in case of the central nitrogen resonance.
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Figure 7.14: >N spectrum of the C/N/H-graphite and the corresponding overall fit (gray line; 2 spectrum
from bottom). Fits of the individual resonances (bottom) and 1D-fp-RFDR for mizing times T, = 1, 25, 205

ms.

This exchange behavior strongly suggests homogeneity of the sample in a regime of at least

50 A. Note that the co-existence of different domains with an extension of several nanometers

cannot be excluded, but their constitution may essentially be limited to different stacking

variants and possibly heptazine-based structural isomers, which do not give rise to additional

signals in the 1D CP-MAS spectrum as outlined above.

Thus, this experiment indicates

that all >N nuclei are in spatial neighborhood and no isolated, structurally distinct phases
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Figure 7.15: >N fp-RFDR curves after selective excitation of the NHy nuclei. Left: Plot of all magnetization
transfer curves, including the magnetization loss of the NHa nuclei. Right: Enlarged plot of the magnetization

build-up at the tertiary

and NH nitrogen atoms.
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(in terms of the principal atom connectivity) are detectable by >N NMR. Thus, in spite
of different degrees of crystallinity observed by electron diffraction, the RFDR experiment,
together with the 1D spectra, strongly suggests at least a structural homogeneity in terms of

the local molecular motifs present in the sample.

7.9 Electron Diffraction

Electron diffraction and TEM measurements, including data evaluation, have been carried out
by Dr. M. Déblinger, University of Munich.

7.9.1 Phenomenological Descripton

As compared to X-ray diffraction, electron diffraction (ED) provides structural insights into
nanometer-sized materials. The dimensions of the C/N/H graphite can be estimated by the
size of the crystallites viewed on a carbon coated copper grid in the microscopy (TEM) mode
(Fig. 7.16).

In the diffraction mode, the presence of domains (Fig. 7.17) exhibiting various levels of crys-
tallinity is evident, which typically show a “corona-shaped” diffuse background.® A noticeable
feature common to most diffraction patterns is the pseudo-hexagonal intensity distribution,

which is reminiscent of the diffraction pattern of graphite (cf. Fig. 7.19 on page 305, right).

8The background may also be due to amorphous cover layers and amorphous domains in general.

Figure 7.16: TEM images of C/N/H graphite after sample preparation for electron diffraction (copper grid),
showing the plate-like nano- and microcrystals.
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5 nm’!

Figure 7.17: Selected area electron diffraction patterns along zone axis [001] of C/N/H graphite. All patterns
exhibit different degrees of diffuse scattering and are indicative of partial disorder and /or thick sample sizes.

In agreement with the plate-like shape of the crystallites (Fig. 7.16), the preferred orientation
is such that almost all diffraction patterns are taken along the [001] zone axis. Owing to the
limitations imposed by the single tilt holder (4 30°) and the preferred orientation of the crys-
tallites, other zone axes are hardly accessible and, thus, essentially restrict the description of
reciprocal space to the hkO plane. Nevertheless, two examples of diffraction patterns obtained
from zone axes perpendicular to ¢* are displayed in Figure 7.18.

In agreement with the X-ray powder patterns, varying degrees of “streaking” along c* are

observable, resulting from planar defects or even turbostratic stacking disorder. Note that the
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Figure 7.18: FElectron diffraction patterns viewed perpendicular c¢*. Whereas the 00l reflections are clearly
visible, “diffuse bars” are observed parallel to ¢* with a non-discrete intensity distribution (“streaking”).

diffraction patterns recorded along [001] typically do not exhibit reflections which are smeared
out in a cone-like manner so that at its extreme isotropic “diffraction rings” would be formed.
Therefore, rotational planar defects are less likely than translational defects due to a lateral
displacement of the layers with respect to each other.

Although many disordered domains are found in the sample (Fig. 7.17), SAED patterns of

5 nm!

Figure 7.19: Electron diffraction patterns along zone azis [001]. Left: Recorded under “static” conditions.
The “double cross” reflection motif, also found — in a distorted form — in the reflection patterns of a presumed
side phase (see below), is highlighted by a white ellipsoid. Right: Recorded using the precession technique. The
pseudo-hexagonal intensity distribution is indicated by white circles. Merging the reflection groups contained in
the circles (shown exemplarily; the same applies for all reflection groups) into one single spot would generate a
diffraction image similar to that of graphite.
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almost perfectly crystalline domains (at least in two dimensions) were obtained. As can be
seen from Figure 7.19, the “pseudo-hexagonal” intensity distribution is visible, which not only
with respect to its symmetry, but also regarding the encoded distance information resembles
that of graphite.

Therefore, the graphite-like character of this compound, which has led to the generally ac-
cepted assumption that these materials are related to graphitic carbon nitride, can in principle
be confirmed. However, despite this resemblance, the hk0 patterns can be indexed on a rect-
angular mesh with cell parameters a = 16.7 A, b = 12.4 A. Note that these values, when
taking into account a layer distance of 3.2 A, are similar to those found by Komatsu with
a halved a lattice parameter (in the direction of the layer stacking) as outlined above (cf.
section 7.1) [83].

7.9.2 Structure Elucidation

Taking advantage of the small sample thickness, the light atom structure and large unit cell,
all of which result in small structure factors or a minimum of dynamical effects, a structure
solution in projection was attempted. To this end, the kinematical approximation Ipj o
|Fhkl|2 was used. To quantify all strong hkO reflections, intensities of two hk0 diffraction
patterns were merged and extracted using the ELD program package [143, 144], yielding a
dataset of 208 independent reflections. Symmetry averaging and merging of the patterns

resulted in an overall redundancy-independent merging R-factor of R,;,= 40.2 % [530].

Oy Smciiom: [

Figure 7.20: Projection of the electrostatic potential (green) obtained from hk0 reflections (plane group p2gg)
as determined using the programm SIR-97. Carbon (blue) and nitrogen (red) atoms are differentiated by color,
although for the structure solution only carbon atoms were used.
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Table 7.4: Crystallographic data of melon.

Formula CeNgH3
M, / g - mol™! 201

plane group p2g9
instrument type JEOL 2011
instrument details single tilt holder, TVIPS CCD camera (F114)
incident radiation energy / kV 200

Amin | A 0.65

a/A 16.7%

b/ A 12.4¢

Z 4
symmetry-independent reflections 208
number of parameters 46
observations per parameter 4.5

R1 26.44 %
wR(F?) 27.72 %
Ryim® 40.2 %

@ The error for determination of the lattice parameters from ED is estimated to be =~ 5 %.
b Defined as

ne VA/(N=1)) ; [Li(hkl)—Tao (hkD)|

hkl i I; (hkl) ’

where N is the redundancy of the reflection [530].

Evaluation of the observed absences in the base plane (h0: h = 2n+1; Ok: k£ = 2n+1)
strongly suggests glide lines to be present along a and b, yielding the plane group p2gg.

The structure was solved using space group P2;2;2, which corresponds to the plane group
p2gg in (001)-projection. The most probable solution as found by SIR-97 [148] had a residual
value of 20.06 %.° All carbon and nitrogen atoms were found with reasonable bond lengths
and angles. The arrangement of the atoms reveals the structure to consist of heptazine units
interlinked via N(—H) bridges, which are arranged in two strands in the planar cell as can be
seen from the projected potential distribution displayed in Figure 7.20.

Although the heptazine core is evident, note that the potential map shows a number of
residual peaks, whose intensity is comparable to or only lightly less than that associated with
carbon and nitrogen atoms. These peaks are predominantly located halfway between the
two adjacent strands. Therefore, one has to consider the possibility that these peaks partly
reflect a non-eclipsed ABA... type layer stacking by which the electrostatic potential from

adjacent layers is projected onto the 2D potential map. However, low data quality or a slight

9 Atomic scattering factors for electrons were used as implemented in SIR-97 according to Jiang and Li [531].
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Table 7.5: Fractional atomic coordinates for melon obtained upon structure solution in projection. The po-
tential density at N8, which was tentatively attributed to the imino hydrogen atom, is not included in the list.
The z-coordinates and site occupation factors are only included for clarity.

Atom b y zZ Ocec.
C1 0.338 0.470 0 1
C2 0.216 0.795 0 1
C3 0.265 0.632 0 1
C4 0.128 0.649 0 1
Ch 0.993 0.669 0 1
C6 0.069 0.820 0 1
N1 0.139 0.755 0 1
N2 0.081 0.933 0 1
N3 0.224 0.903 0 1
N4 0.269 0.733 0 1
N5 0.193 0.592 0 1
N6 0.058 0.619 0 1
N7 0.003 0.790 0 1
N8 0.328 0.566 0 1
N9 0.923 0.631 0 1

misalignment of the zone axis may also result in “artificial” residual peaks in the potential
map. Nevertheless, it should be pointed out that although this lateral shift of the layers may
easily result from the weak interlayer forces, the observed projection does not allow for a layer
sequence other than AAA... A more comprehensive discussion of the third dimension, which
cannot be provided based on ED data, is postponed to sections 7.10 on page 314 and 7.11 on
page 320.

Upon structure refinement (208 reflections, 46 parameters), R1 was 26.44 % (wR2 27.72 %).
The reflection intensities are probably too strongly affected by dynamical diffraction and
planar defects to obtain better residuals. Note however, that least-squares refinement is
unusual in the context of electron crystallography because of the sparsity of the measured
intensity data set and the problems of systematic errors due to multiple dynamical scattering
[532]. The residuals obtained in the present study are nevertheless found in the usual range
reported for structure solutions and refinements by ED [532-536]. In principle, it is still
possible to solve a structure if the strong reflections remain sufficiently strong to find phase
relationships using direct methods [534].

The reflection intensities of hk0 diffraction patterns exhibit considerable variations. Apart
from dynamical contributions and sample misalignment, different portions of planar defects

are most likely the main cause for this behavior.
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Figure 7.21: Labelling scheme of the atoms located in the unit cell of melon based on the structure refinement
(gray: nitrogen; black: carbon; the single hydrogen atom found by ED is omitted for clarity).

Table 7.6: Fractional atomic coordinates and isotropic thermal displacement parameters for melon as obtained
after structure refinement using SIR-97. Standard deviations in brackets®

Atom X y Z Uiso

C1 0.338(2) 0.472(3) 0 0.001
C2 0.217(2) 0.798(3) 0 0.001
C3 0.264(2) 0.630(3) 0 0.002
C4 0.133(2) 0.648(3) 0 0.001
C5 0.988(2) 0.683(3) 0 0.001
C6 0.071(2) 0.820(3) 0 0.001
N1 0.139(2) 0.762(3) 0 0.011
N2 0.086(2) 0.935(2) 0 0.001
N3 0.222(2) 0.904(3) 0 0.022
N4 0.277(2) 0.733(2) 0 0.001
N5 0.194(2) 0.588(2) 0 0.001
N6 0.056(2) 0.608(2) 0 0.001
N7 0.998(2) 0.788(2) 0 0.001
N8 0.327(2) 0.568(2) 0 0.001
N9 0.923(2) 0.638(3) 0 0.017

% Note that the atomic paramters cannot be considered to be more reliable than those obtained after
initial structure solution. The large variations in the U,4, values indicate that the data are not good
enough to allow for proper refinement of these parameters.
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X-ray powder diffraction, theoretical calculations (see section 7.10 on page 314) and chemical
considerations (planar heptazine cores and amide / imide moieties) [42,66,73,128,510,513,514]
indicate planarity of the layers. The maximum symmetry of the structure in the hypothetical
3D case of eclipsed layers is given by space group Pbam. However, by comparing the results
with familiar principles associated with m-stacking interactions [537,538] and theoretical cal-
culations, a lateral displacement of adjacent layers seems to be more likely. Some details of
the structure solution are given in Table 7.4, atomic coordinates, bond lengths and angles as
obtained from the structure refinement are listed in Tables 7.6 and 7.7. For comparison, the
atomic coordinates obtained from the initial structure solution are summarized in Table 7.5.
The atomic numbering scheme can be taken from Figure 7.21.

To countercheck the consistency of the obtained structure solution, electron diffraction pat-
terns based on the above structural parameters were simulated using the program package

VEC [146]. The simulation of the hk0 plane is shown in Figure 7.22, together with the exper-

imental patterns used for structure solution after merging equivalent reflection intensities.

Figure 7.22: Experimental (left, middle) hk0 diffraction patterns, from which the structure solution in pro-
jection was accomplished after merging the respective intensities; right: simulation of the electron diffraction
pattern of the 0" layer based on the proposed structural model, assuming ideal kinematical scattering of elec-
trons.

The principal agreement of the patterns is evident, although the intensity distribution of the
experimental patterns does not entirely fulfill the requirements imposed by the symmetry of
the plane group. Note however, that the mm2 symmetry of the diffraction patterns recorded
using the precession technique is significantly less violated as compared to those obtained
under conventional “static” conditions. Therefore, the projected p2gg symmetry is likely
to be valid at least in special cases, and will further be used as working hypothesis when
discussing implications for the 3D arrangement of the layers (cf. section 7.11 on page 320).

To verify the reproducibility of the structure solution, intensities were extracted from a hk0

precession pattern. Owing to its robustness with respect to sample misalignment and the
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minimization of dynamical effects, the data quality is likely to be superior to that achieved
by the conventional experimental set-up. Accordingly, R, (cf. Table 7.4 on page 307) was
determined to be 20 %.

As a result, the structure could again successfully be solved, the final residual value of the
most probable solution being 19.5 %.1° The solution was accomplished in space group Pbam
and was then “generalized” by using the subgroup P2;/a, which essentially yielded the same
results and R values. According to the chosen cell setting, § angles # 90 (= 92 — 115°)
were introduced, corresponding to a lateral shift of the layers along the a-axis. Note that a
moderate layer offset along the b-axis — after appropriately adjusting the cell-setting — will
have the same (negligible) effect on the structure solution. This flexibility in the choice of the
layer offset should be borne in mind when discussing the 3D structure of melon.

The structure refinement was rather inaccurate in that it afforded residuals R1 and wR2 on
the order of 34 — 35 %. These high values are most probably associated with the comparatively
large sample thickness as indicated by strong diffuse scattering, which gives rise to stronger
dynamical effects. Figure 7.23 presents the diffraction pattern based on which the structure
solution was accomplished, together with the corresponding simulation for a layer offset of
£ = 115°.

Figure 7.23: Experimental (left) hk0 precession diffraction pattern, from which the structure solution in pro-
jection was accomplished in space group P21 /a with an angle B of 115° (arbitrarily chosen). Right: Kinematical
simulation of the 0'" layer using the program JSV108.lite [145].

10184 independent reflections, no. of reflections / param. = 6, dpin.: 0.78 A
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7.9.3 Structure Description

The above data are one example of ab initio structure solution from electron diffraction
data [532,534-536, 539]. Melon represents a light atom structure which is well suited for
ED investigations, as critical dynamical effects may reduce to a minimum. However, the
structure solution might not be representative of the whole sample and cannot account for
the 3D structural arrangement of the molecular building-blocks.

The 2D projection of the crystal structure is displayed in Figure 7.24. The layers are made
up from infinite chains of “melem-monomers” condensed via N(H)-bridges, thereby forming
a closely packed two-dimensional array. The heptazine strands are arranged in a zig-zag-type
fashion, allowing for close N --- N contacts of 3.1 — 3.4 A between adjacent strands, which
are bridged by medium strong hydrogen bonds between the ring-nitrogen atoms and the NH-

and NHs-groups, respectively. Although the array of heptazine strands may be additionally

..

Figure 7.24: 2D structure projection of melon based on the initial structure solution (gray: nitrogen; black:
carbon); the single hydrogen atom “found” by ED is omitted for clarity; thermal displacement ellipsoids exhibit
unit size. To emphasize the polymeric character of the compound, four planar unit cells with projected symmetry
p2gg) are displayed.
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Table 7.7: Bond lengths (in A) and angles (in °) for melon obtained from the refined ED data. Note that
the estimated standard deviations are large, such that a detailed discussion of the geometric parameters is not

advisable.

N(1)-C(2) 1.38(5) N(7)-C(6) 1.28(5)
N(4)-C(2) 1.28(4) N(6)-C(5) 1.47(4)
N(3)-C(2) 1.31(5) N(6)-C(4) 1.37(5)
N(3)-C(1) 1.31(5) N(1)-C(4) 1.42(5)
N(9)-C(5) 1.22(5) N(4)-C(3) 1.30(4)
N(1)-C(6) 1.35(5) N(5)-C(4) 1.25(4)
N(2)-C(1) 1.35(4) N(8)-C(3) 1.30(4)
N(2)-C(6) 1.45(4) N(5)-C(3) 1.29(4)
N(7)-C(5) 1.31(5)

N(4)-C(2)-N(1)  121(3) C(6)-N(1)-C(2)  128(3)
N(3)-C(2)-N(1)  112(3) C(4)-N(1)-C(2)  113(3)
N(3)-C(2)-N(4)  125(3) C(4)-N(1)-C(6)  117(3)
C(6)-N(2)-C(1)  119(2) C(3)-N(4)-C(2)  119(3)
C(6)-N(7)-C(5)  115(3) N(1)-C(4)-N(6)  115(3)
C(4)-N(6)-C(5)  119(2) N(5)-C(4)-N(6)  123(3)
N(3)-C(1)-N(2)  120(3) N(5)-C(4)-N(1)  121(3)
N(6)-C(5)-N(7)  121(2) C(3)-N(5)-C(4)  120(3)
N(9)-C(5)-N(7)  124(3) C(1)-N(3)-C(2)  126(3)
N(9)-C(5)-N(6)  114(3) N(8)-C(3)-N(4)  116(3)
N(7)-C(6)-N(2)  118(2) N(5)-C(3)-N(4)  122(3)
N(1)-C(6)-N(2)  112(2) N(5)-C(3)-N(8)  120(3)
N(1)-C(6)-N(7)  129(3)

stabilized and the planarity retained by the efficient 2D arrangement driven by hydrogen-
bonding interactions, semiempirical cluster calculations suggest the planarity of the chains
to be a characteristic feature even if single zig-zag strands are optimized in the gas phase
(see section 7.10 on the next page). Therefore, it appears that covalent interactions within
the heptazine backbone (formation of an extended m-system) play a pivotal role in fixing the
planar geometry of the strands.

Van-der-Waals-type interactions between the layers appear to be in large part unselective
toward a particular kind of stacking sequence. This results in planar defects caused by trans-
lations of adjacent sheets with respect to each other, as discussed in section 7.7 on page 294.
Nevertheless, crystallites with an ordered stacking sequence — which may vary between differ-
ent crystallites — are an integral part of the sample, yielding the structure projection presented
above.

From these statements one can conclude the following:
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The structure is built up from infinite 1D chains instead of 2D atomic arrays and does therefore
not represent the structure postulated for the prototype g-C3Ny. In contrast, it corresponds to
the “polymer” structure model proposed for melon [75,76,80], whose existence has therefore
been substantiated. Statements as to the geometry of the melon strands are now possible, as
for instance the zig-zag-type arrangement of the heptazine motifs as well as the close packing
of the chains leading to a tightly hydrogen-bonded 2D array.

Furthermore, no evidence was found for the alternative structure model postulated for melon,
which is based on a trimer of melem with triangular shape (Fig. 7.1, 1a). Moreover, according
to calculations presented in section 7.10, melem-trimers tend to corrugate, thus rendering the
formation of planar graphite-like layers rather implausible. It should, however, be emphasized

that this does not in principle disavow the existence of this structural isomer of melon.

7.10 Melon: Theoretical Calculations

Theoretical calculations, including the calculations of NMR parameters (cf. section 7.10.2 on
page 319 and structure models for g-C3Ny (cf. section 7.13 on page 329) were carried out by
Jan Sehnert (advisor: Prof. J. Senker, University of Bayreuth) and will also be published as
part of the PhD thesis by J. Sehnert.

7.10.1 Structural Models

To countercheck the consistency of the structure solution obtained by electron diffraction,
theoretical calculations were carried out using three different computational methods. As
a starting basis, semiempirical structure optimizations of different molecular clusters taken
from the structure proposal were carried out: Both a single chain comprising nine heptazine
molecules, as well as an array of six chains containing six heptazine monomers each were

optimized using the PM3 method [540, 541]. Hydrogen atoms were located at the assumed
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Figure 7.25: Zig-zag chain of melon after geometry optimization based on the semiempirical PM3 method.
Gray: nitrogen; black: carbon; gray: hydrogen; the positions of the latter are empirically fitted.
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Figure 7.26: “Classical” model of an initially linear melon chain after geometry optimization based on the
semiempirical PM3 method. Gray: nitrogen; black: carbon; gray: hydrogen; the positions of the latter are
empirically fitted. The linear chain bends upon energy minimization.

NH and NHj positions according to standard geometric considerations, and the structure was
then subjected to an overall structure optimization. Energy minimization reveals that the
single zig-zag chain as found by ED already poses a stable molecular arrangement in the gas
phase. The geometry of the zig-zag chain after optimization is outlined in Figure 7.25.

As an alternative, the classically proposed straight melon chain (see Fig. 7.1 on page 282,
1b) was optimized using the same approach. As expected, this molecular arrangement bends
upon energy minimization as demonstrated in Figure 7.26. The tendency of a pair of NH-
bridged heptazine rings to bend apart is also visible in the zig-zag arrangement, whereby the
alternating curvatures about every NH-bridge compensate, yielding an overall straight chain.
However, if the geometry about the NH-bridge is further propagated as is the case for the
initially linear geometry, the melon chain is forced into the observed bent arrangement.
Thus, on further increasing the number of monomers, a helix-like 3D arrangement is obtained
after optimization, which most probably hampers the formation of a regular two-dimensional
array (Fig. 7.27).

When assembling six zig-zag chains into a 2D arrangement according to the ED structure
proposition, a planar oligomer is obtained upon optimization, which is highly stabilized by a
tight hydrogen-bonding network.

In order to calculate the NMR chemical shift parameters for a single layer of melon, the latter
was further optimized under periodic boundary conditions using DFT with plane waves and
pseudopotentials [542]. The periodicity of the PM3-optimized core region of the above planar

oligomer allowed for the extraction of the a / b cell parameters to establish a rectangular unit
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Figure 7.27: Screw-like distortion of an initially linear melon chain upon geometry optimization using PM3
after increasing the number of heptazine monomers as compared to the arrangement in Figure 7.26. The
heliz-like arrangement is shown for three different perspectives.

mesh. To ensure that the interaction between neighboring layers does not influence the NMR
parameters, the interlayer distance was fixed to 4.43 A, where dispersion interactions between
the layers should be essentially negligible. Note that although the symmetry restrictions
were lifted during structure optimization by using space group P1 for the calculations, the
rectangular metrics of the planar structure was retained. Whereas the resulting b-axis matches
the value found with PM3, the a-axis is slightly elongated (Table 7.8). As the length of the
latter is highly dependent on the hydrogen-bonding network, an overestimation of the a-axis
can be rationalized by the naturally poor description of dispersion forces using DFT and plane
waves. Note that attempts to optimize the structure based on an orthorhombic unit cell with
an interlayer distance of 3.2 A failed, as the layers systematically moved apart for eclipsed

layer arrangements.

Table 7.8: Ezperimental and calculated lattice parameters (in A) for the structure of melon obtained from ED
and different theoretical approaches.

Method a b c
PM3! 16.6 12.7

CASTEP? 17.1 12.8 (4.43)2
DREIDING 16.8 12.8 3.4
TEM / XRD 16.73 12.43 3.2

! Cluster of 36 heptazine units arranged in 6 planar zig-zag chains.
2 Constrained during geometry optimization.

3 Estimated error ~ 5 %.

4 X-ray powder diffraction.
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An overall description including dispersion interactions between individual layers is possible
based on force field methods [543]. Using the Dreiding force field and partial charges fitted
to the ESP, a full optimization of the input cell (Table 7.8) [544, 545] could be performed.
Whereas the a- and b-axes match well the values found using PM3 and CASTEP, the c-axis
is larger as compared to the experiment.

This finding most probably results from the eclipsed arrangement of the layers, which is
considered to be energetically unfavorable in terms of interlayer van-der-Waals interactions
and does not represent a local minimum on the energy hypersurface. Note that m-stacking
interactions in general require a slight displacement of adjacent layers to ensure an optimal
interaction of the m-orbitals. Therefore, an eclipsed layer stacking is expected to maximize
the repulsive inter-plane forces. The correctness of this line of argument is evidenced by
the fact that for slightly shifted layer arrangements — in which case the orthorhombic cell
symmetry is broken — the energy of the system is reduced and cells with interlayer distances

of 3.2 A were found by force field calculations.

Figure 7.28: Planar cluster of melon after geometry optimization under periodic boundary conditions using
CASTEP. The hydrogen positions are empirically fitted and the hydrogen-bonding network is indicated by black
dots. Gray: nitrogen; black: carbon; gray: hydrogen.
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Figure 7.29: Possible arrangement of four melem-trimers before (top) and after (bottom) semiempirical ge-
ometry optimization at the PM3 level of theory.

Although according to the above discussion the structure of melon has been established to
conform to the polymeric structure model, the question addressing the existence and 3D struc-
ture of the alternative trimeric structure proposition remains (Fig. 7.1 on page 282, 1b and
1a, respectively). To this end, a possible arrangement of four “melem-trimers” assembled in a
close-packed, planar strand (Fig. 7.29) or layered structure (18 trimers) was optimized using
the PM3 method. Notably, in contrast to the polymeric structure, geometry optimization
of different clusters yields both planar as well as corrugated arrangements. For an array of
only two trimers, no twisting of the individual melem-trimers is observed, whereas for larger
cluster sizes a significant tendency towards undulation of the strands or layers is evident.
Obviously, strain built up within the trimeric units is released upon corrugation about the
bridging NH-groups. The hydrogen contacts between the trimers are retained upon optimiza-
tion, thereby keeping the overall 2D arrangement largely intact. The observed exception of a
planar arrangement in the case of two trimers has to be substantiated by additional calcula-
tions, and only 3D calculations using force field methods can afford a more reliable estimate
of the geometry of extended layered systems. In principle, if the trimeric model of melon can
in fact be obtained, it presumably will — according to the above results — not bear significant

resemblance with a graphitic (i.e. planar) structure as found in the case of the melon-polymer.
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7.10.2 Ab Initio NMR Calculations

An additional confirmation of the structural model was furnished by the calculation of the ab
initio NMR, chemical shift parameters for the DFT-optimized unit mesh. As demonstrated
in Figure 7.30, the calculated '3C and ' N chemical shifts are in good agreement with the
experimental spectra and confirm the overall signal assignments extracted from the CPPI
experiment. The chemical shift range covered in the experimental 3C spectrum is essentially
reproduced by the calculations, the match being optimized further by adding a Gaussian
broadening to the calculated curves. In the theoretical " N spectrum, the resonance of the
central nitrogen is shifted towards higher field, the same tendency applying for the NH and
NH; groups.

As indicated in Figure 7.31 the calculated chemical shifts also allow to distinguish between

tertiary nitrogen atoms bonded to different NH, groups, since they are directly affected by
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Figure 7.30: Top left: Calculated (CASTEP) and measured *C CP-MAS spectrum of melon. Top right:
Enlarged cutout including the result from adding Gauss broadening to the calculated spectrum (top). Bottom
left: Calculated (CASTEP) and measured "> N CP-MAS spectrum of melon. Bottom right: Enlarged cutout.
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Figure 7.31: Experimental *3C (left) and >N CP-MAS spectrum (right) and signal assignments (bars, top)
obtained by ab initio calculations of the chemical shift values for the DFT optimized cell of melon. The respective
carbon sites in the structure are indicated by numbers.

the surrounding NH (low-field shift) and NHs moieties (high-field shift), respectively. As
stated in section 7.14 on page 302, these observations match well with the results from the 1D
fo-RFDR NMR, experiment, which lead to identical conclusions. Similarly, the assignment of
the two 13C signal groups based on the variation of 7, (cf. Fig. 7.11 on page 299, right) is in

agreement with the ab initio calculations.

7.11 3D Approaches

Until now, only an account of the projected structure of melon has been given. Nevertheless,
as evidence was found for the planarity of the layers, the missing information with respect to
the spatial arrangement can be reduced to the stacking sequence of the layers. As a start-
ing basis, it can be assumed that the 2D projection delineated above, which may hold for a
sizeable number of crystallites, is only compatible with some sort of AAA... type stacking.
However, other more or less likely 3D stacking arrangements, which are compatible with the
above results, will briefly be reviewed in the following.

The projected symmetry p2gg is compatible with several orthorhombic space groups, such as
those acting as a makeshift for structure solution (P212;2 and Pbam). Although an eclipsed
layer stacking is evidently compatible with the structure projection, alternative layer stack-
ings (such as ABA...) may also give rise to the observed symmetry. On the other hand, a
possible violation of the orthorhombic symmetry, either by the layer stacking or by an in-plane
distortion of the layer content, cannot be excluded.

In general, all “bulk” 3D models appear to be intrinsically affected by the inherent planar
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Figure 7.32: 3D structure model with pseudo-orthorhombic metrics (left) and the corresponding simulated
kinematical hk diffraction pattern (right). Adjacent layers are offset with a translation vector (in fractional
coordinates) of (r/a, y/b) = (0.124, — 0.244); the in-plane structure is based on the structure model obtained
from ED.

defects, resulting in “streaking” along ¢*. Lowther examined three types of graphitic C3Ny
structure models with different stacking sequences of triazine-based layers using the local-
density approximation plane-wave pseudopotential approach [546]. His findings confirm that
there are only little energy differences for the three models, all of them representing stable
structures which are easily interconvertable by applying hydrostatic or uniaxial compression.
The forces between adjacent layers were reported to be very small, suggesting the graphitic
carbon nitride to be extremely “soft” along the c-axis. Accordingly, the overall stability of the
graphitic phases was assumed to relate to the intralayer rather than the interlayer structure,
which again corroborates the experimentally found stacking disorder phenomena.!!

In fact, only local approximations in terms of different, energetically similar stacking modes
seem to be feasible, or the extraction of an average model leading to an idealized description in
terms of a superposition structure. Using the former, one may approach a correct description
of the 3D structure in the borderline case of ultra-thin crystals with a locally ordered layer
sequence, giving rise to “quasi” 2D scattering. Thus, the idealized case of an ordered layer
stacking may result from an energetically preferential piling — either leading to a doubled
c-axis (ABA... stacking) or to ordered polytypes — or simply from the limited extension of the

crystal over only a few unit cells. According to the calculations presented in section 7.10 on

1Note that the LDA approach used by Lowther is questionable in that it cannot satisfactorily account for
dispersion interactions. Therefore, only relative stabilities of different layer stackings should be considered.
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Figure 7.33: 3D structure model with pseudo-orthorhombic metrics (left) and the corresponding kinematical
hk diffraction pattern (right). The layer stacking is such that the centers of the C3N3 wunits are essentially
covered by adjacent layers (offset vector (z/a, y/b) = (0.072, 0.054)); the in-plane structure is based on the
structure model obtained from ED (the cell origin exhibits a slight offset).

page 314, a face-to-face alignment of the heptazine rings corresponding to an AAA... stacking
sequence and orthorhombic symmetry, is disfavored as compared to the offset arrangements.
It has been pointed out in the literature that a face-to-face alignment of aromatic rings (the
more so for electron-rich heterocycles) is extremely rare. Usual m-stacking interactions imply
an offset or slipped geometry, that is, the rings are parallel displaced up to distances (between
the ring centers) of 3.8 A, with a typical ring-plane overlap below 30 % [537].

Therefore, alternative layer sequences may be thought of, which — though being in agreement
with orthorhombic symmetry — allow for a parallel displacement of the layers with respect
to each other. To probe the impact of the layer offset on the diffraction patterns, different
models with varying layer offsets were set up and their diffraction images calculated.

An example for an ABA... stacking sequence associated with a doubled c-axis and orthorhom-
bic metrics (v = 90°) is displayed in Figure 7.32 (left). The offset of adjacent layers is chosen
at random so that all symmetry along the a- and b-axes is lost. Accordingly, the (centrosym-
metric) intensity distribution of the calculated diffraction pattern (right) does not conform to
the experimental patterns despite its “pseudo-orthorhombic” metrics.

Searching further for an orthorhombic structure with an ABA... stacking sequence, kinemati-
cal diffraction patterns of different stacking variants were simulated. The results are depicted
in Figures 7.33 and 7.34. In the former, the heptazine polymers are offset along the cell
diagonal, resulting in a stacking mode corresponding to that in graphite. This arrangement
is also in agreement with the residual density found within the C3Ns units in the potential
map (cf. Fig. 7.20 on page 306). However, the orthorhombic (mm2) symmetry is lost in the

theoretical diffraction pattern.
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Figure 7.34: 3D structure model with pseudo-orthorhombic metrics and an ABA... stacking sequence (left),
and the corresponding kinematical hk diffraction pattern (right). Offset vector (z/a, y/b) = (0.000, 0.109). The
in-plane structure is based on the structure model obtained from ED (the cell origin exhibits a slight offset).

A different situation is encountered for the second example, in which the layers are only offset
along the b-axis, resulting in a projected pg symmetry, as only one glide plane is retained and
the calculated diffraction patterns still exhibit mm?2 symmetry (Fig. 7.34, right). With respect
to the intensity distribution, the overall resemblance of the theoretical with the experimental
pattern is inferior to that observed for the pattern calculated from the ED structure model
(cf. Fig. 7.22 on page 310).

A more systematic approach to the elucidation of preferred stacking sequences is given by

Figure 7.35: Triclinic 3D structure model obtained from force field calculations (left) and calculated kine-
matical hk diffraction pattern (right). Adjacent layers exhibit an offset with respect to each other; the in-plane
structure is based on the structure model obtained from ED.
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Figure 7.36: Exzperimental hk0 diffraction patterns which show a significant deviation of v (in-plane angle)
from 90°.

the use of force field calculations. Figure 7.35 (left) displays a 3D arrangement based on the
planar model extracted from ED and structure optimization using Mulliken point charges.
Adjacent layers are preferentially displaced with respect to each other, resulting in a triclinic
unit cell (@ = 16.389 A, b = 12.635 A, ¢ = 4.065 A, o = 74.704°, = 57.067°, v = 89.991°).
The corresponding calculated diffraction image is shown in Figure 7.35 (right). The projected
rectangular metrics as well as the mm?2 symmetry is obviously violated. Though deviating
from the experimental patterns in terms of the above aspects, the “intensity symmetry” is
largely matched by the simulation. Although the majority of the experimental diffraction
patterns clearly have an angle v = 90°, “distorted” variants with v # 90° are sporadically
encountered as shown in Figure 7.36. These patterns may well be diagnostic of parallel
displaced layers in a way similar to that outlined in the example above (Fig. 7.35). Therefore,
the triclinic scenario with layer offsets along both the a- and b-axes is worthwhile considering
as a — though minor — stacking variant.

We therefore conclude that in the first instance those layer-offsets have to be considered, in
which the Laue symmetry of the projection is mm2. In other words, the 3D symmetry has to
be monoclinic, which implies that the layers are laterally shifted only along a unique axis (a
or b, if the stacking direction is along c).

As already pointed out above, shifting the layers with respect to each other along either
a or b affords a unit cell with a monoclinic angle # 90° and an AAA... type of stacking.
Interestingly, when viewed along the [001] zone axis, the associated diffraction patterns are

indistinguishable from those obtained for an orthorhombic setting. Figure 7.37 demonstrates
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Figure 7.37: Triclinic 3D structure model obtained from force field calculations (left) and the corresponding
theoretical hk diffraction pattern (right). Adjacent layers exhibit an offset with respect to each other; the in-plane

structure is based on the structure model obtained from ED.

two alternative views of the unit cell obtained when introducing an angle § of 115°, which

is equivalent to a lateral shift of the layers along the a-axis. Note that a particularly large

angle was chosen in order to clarify its effect on the structure projection in real space. The

corresponding theoretical diffraction image is shown in Figure 7.38.

Note the (expected) resemblance with the simula-
tions for the alternative scenarios: layer offset along
the short axis (Fig. 7.23 on page 311, right), and
eclipsed layer stacking assuming orthorhombic sym-
metry (Fig. 7.22 on page 310, right). From the above
it is evident that the monoclinic model is best suited
to unify the results from ED, theoretical calculations
and chemical considerations. While all other mod-
els exhibit serious incompatibilities, the monoclinic
AAA... stacking can accommodate both the ob-
served structure projection and beneficial w-stacking
interactions. Still no quantitative interpretation of
the 3D structure of melon can be given for two rea-
sons: The disorder phenomenon is dominating the
layer piling, so that at most a preferred stacking se-

quence may be inferred. In addition, if the mono-

Figure 7.38: Kinematical diffraction pattern

of the 0" layer, corresponding to the mono-
clinic “offset-model” (B = 115°) presented in
Fig. 7.87.

clinic AAA... variant in fact holds, no statements can be made as to the extent of the layer

offset and, hence, the value of the monoclinic angle and the size of the c-axis. Nevertheless,

the monoclinic model appears to be superior to any other of those presented above and should
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be considered the most plausible working hypothesis for further attempts to elucidate the 3D

structure of melon.

7.12 Side Phases

Apart from diffraction images of the dominant melon phase (“phase I”, Fig. 7.19), SAED pat-
terns were observed which exhibit some similarities with the “prototypic” ones, but can most
probably be assigned to domains with a different — though potentially related — arrangement
of atoms (named “phase II” for simplicity).

Besides similar intensity distributions of the strong reflections, the relationship between the
diffraction patterns becomes manifest in the “distortion” of particular reflection motifs, such
as the “double cross” indicated in Figure 7.39, which is present in an undistorted form in the
patterns displayed by Figure 7.19.

If in analogy to phase I the c-axis can be assumed perpendicular to a and b, a monoclinic
unit cell with the following lattice parameters can be extracted:

a=119A (instead of 12.4 A for phase I; = similar within experimental error),

b =12.9 A (instead of 16.7 A for phase I), v = 109°.

Rather speculative interpretations may be put forward for the assumed distortion. In princi-
ple, the structure of melon — though being tightly fixed by hydrogen bonds — is flexible and

allows for a lateral displacement or buckling of the 1D chains with respect to each other.

Figure 7.39: Left: Electron diffraction pattern of “phase II”; the reflection motif indicated by a white ellipsoid
is similar to that observed for the melon structure. Right: Diffraction pattern with simple hexagonal symmetry
and a lattice parameter of a = 5.6 A.
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Figure 7.40: Left: Model structure of a less dense melon modification, view along [001]. The lattice parameters
after geometry optimization (a = 13.83 A, b=11.67A4,¢c =323 A4, ~ =9822;«a and 8 were assumed to be
90.00°.) are similar to those observed for “phase II” (left). Calculated kinematical diffraction pattern of the
hk0 plane for the case of eclipsed layers (right).

Owing to the small unit cell dimensions of the “distorted phase” as compared to those of
melon, only one single chain could be accomodated if again a planar arrangement was as-
sumed. A possible model based on two melem-strands of six molecules each has been set up
and optimized using PM3, the refined cell parameters being a = 13.33 A, b = 11.67 A, ¢ =
3.23 A, v = 98.22°. The angles a and § were fixed at 90.00° for simplicity and the structure
was optimized only with respect to the a / b plane. Though having cell parameters similar to
the observed ones, the resulting structure is not as “compact” as that of melon and presum-
ably less favorable in terms of hydrogen-bonding interactions (Fig. 7.40, left). Nevertheless,
the theoretical diffraction pattern has been calculated and is shown in Figure 7.40 (right).
Comparing the calculated pattern with the experimental one (Fig. 7.39, left), similarities are
clearly evident; however, owing to the significant distortions of the reflections in the latter,
the degree of agreement cannot be quantified.

Since other SAED patterns similar to that of “phase I1”, yet with slightly different metrics,
have been observed, we conjecture that several distorted variants of the prototypic melon
structure exist, the structure solution of which may be tackled by a concerted approach based
on electron diffraction and theoretical calculations.

The right picture of Figure 7.39 displays another SAED pattern, which represents a minority
phase. The pattern exhibits hexagonal symmetry, the lattice parameter corresponding to

5.6 A. Possibly, this pattern results from a more highly condensed carbon nitride material
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close to the hypothetical models commonly put forward for g-CsNy (cf. Fig. 7.2, 2a and 2b).
In order to visualize the diffraction patterns expected for fully condensed, planar triazine- and
heptazine-based structures (for a more detailed discussion of these idealized structure models
see section 7.13 on the next page), the atomic positions for both models were calculated
based on the known structural parameters of the two heterocycles. Diffraction images were
then computed for two stacking variants (AAA... and ABA...) with trigonal symmetry in all
cases. As can clearly be seen from Figures 7.41 and 7.42, which are shown exemplarily, simple

diffraction patterns with hexagonal symmetry result in both cases.

Figure 7.41: Triazine-based model for g-CsNy (a = 4.45 A, b = .45 A, ¢ = 3.19 A, a = 90°, B = 90°,
v = 120°) with an AAA... stacking sequence in space group P3m1 (left) and the corresponding kinematical
diffraction pattern of the hk0 plane (right).

However, the lattice parameters theoretically expected for the triazine models with trigonal
symmetry are significantly smaller (4.5 A) than those found experimentally. In contrast,
considering heptazine-based structures requires unit cell dimensions which can accomodate
at least one heptazine molecule together with a minimum of two bridging nitrogen atoms.
The resulting width of the smallest entity, corresponding to the a-axis in the above model
(Fig. 7.42, left), amounts to ~ 6.7 A, which is significantly too large for the experimentally
observed lattice parameters.'?> Nevertheless, the diffraction patterns displayed in Figures 7.39
on page 326 (right) and 7.42 exhibit principal analogies, which may be indicative of a rela-
tionship between the respective underlying structures.

Interestingly, the 001 reflection (5.544 A) of the hypothetical hexagonal phase 3-C3Ny with a
3-SizNy-type structure exactly corresponds to the observed d-value (5.6 A) [42,43,45,51], as

does the lattice parameter calculated for the willemite-II-type structure of C3Ny (space group

2The same line of argument applies to possible triazine-based defect phases as for instance the hexagonal
phase “[(C3N3)2(NH)3],” proposed by Kawaguchi et al. with a = 8.23 A [510].
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I43d, a = 5.3973 A) [51,547]. Furthermore, a suspected cubic phase of C3Ny recovered at
ambient pressure after treatment of “g-C3Ny” at 21 GPa in a diamond anvil cell was indexed
with @ = 5.484 A (body centered setting) or 3.877 A (primitive setting). The latter phase,
however, would not exhibit a diffraction pattern of hexagonal symmetry [547]. Nevertheless,
at this stage no conclusive interpretation of the observed metrics can be given, but a more
detailed investigation of possible structure models matching the diffraction patterns of the

side-phases is certainly one of the most promising future tasks.

Figure 7.42: Heptazine-based model for g-CsNy (a = 6.72 A, b = 6.72 A, ¢ = 3.19 A, a = 90°, B = 90°,
v = 120°) with an AAA... stacking sequence in space group P3m1 (left) and the corresponding kinematical
diffraction pattern of the hk0 plane (right).

7.13 General Trends: Models for Graphitic Carbon Nitride

7.13.1 Fully Condensed Structure Models

The relevance of graphitic carbon nitride has launched a plethora of theoretical investiga-
tions on possible structure models for g-C3Ny by various methods. Surprisingly, almost all
models discussed in the literature are “biased” both with respect to their molecular building
blocks and to the 3D conformation these motifs adopt. In detail, most models are based
on a planar arrangement of triazine building blocks [42,51, 53,299, 515, 546]; it is, however,
increasingly recognized that a nitrogen concentration in graphite-like sheets above 15 % leads
to a considerable buckling of the latter as observed for the borderline case of CN, nan-
otubes [42, 61,515,516, 548]. Kroke et al. performed total energy calculations of various
structures using DFT with a plane wave basis set [85]. According to these calculations, the

fully condensed heptazine-based structure model for g-CsNy was found to be by = 30 kJ
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mol~! more stable than the triazine-based analogues. At least three different, non-eclipsed
stacking variants for the heptazine-based system were computed, which were separated by
an energy difference of less than 10 kJ mol™'. An extensive account of the literature data
will not be given in this work; instead, a brief summary of the results from semiempirical
structure optimizations at the PM3 level using a large number of different “input” structure
models is presented [42,515,516]. For all models, both imino and amino hydrogen positions
were included and fitted empirically.

As a first step, fully condensed structures based on either triazine or heptazine building blocks
were calculated as outlined in Figure 7.43. The energy optimizations were carried out in ei-
ther case using a systematic screening by varying the cluster sizes; a maximum of 91 and 61

monomers were used in the triazine and in the heptazine case, respectively.

Optimization l

Figure 7.43: Starting geometries (top) and optimized structures (bottom) of fully condensed triazine- (left)
and heptazine-based networks (right), using the PMS8 method.

Most notably and in contrast to previous statements [51,73,301,520] both arrangements are
highly strained in the planar case, releasing strain upon optimization by forming undulated
arrangements without obvious periodicity. Therefore, a quasi-amorphous layered structure
with a non-periodic intra- as well as a poorly defined interlayer spacing is to be expected in
both cases. Notably, the heptazine and triazine rings are slightly distorted from the ideal

planar geometry and twisted about the bridging trigonal nitrogen atoms. The structure as-
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sociated with minimum energy may thus result from the minimization of both the repulsion
imposed by the nonbonded N --- N interactions and the ring strain enforced by the overall
planar arrangement. It should, however, be noted that unless a 3D array made up from several
layers or an infinite structure using periodic boundary conditions is optimized, the observed
buckling of the layers can only be considered as a preliminary result.

Evidence for a possible buckling of the g-C3Ny layers was reported by Vodak at al. who car-
ried out computations of possible triazine-based C3Ny networks using the semiempirical AM1
method as well as DFT calculations [66]. By analogy to the results of geometry optimiza-
tions for the molecular precursor tris(2,4-dichloro-1,3,5-triazine)amine (TDT), planar g-C3Ny
extended solids were calculated to be significantly destabilized relative to the corrugated (out-
of-plane) deformations owing to the presence of highly repulsive N - -- N nonbonded distances
in the range of 2.380 — 2.436 A. This trend was obvious irrespective of the calculated stacking
variants, thereby demonstrating that planar geometries are highest in energy. In addition,
possible 3D analogues based on the Si networks of SrSis- and ThSis-type structures were
shown to be similar (SrSiz) or significantly lower (ThSi2) in energy as compared to the struc-
tures with a corrugated graphite-type topology [66].

The above findings suggest that the classical planar structure models for g-C3Ny are highly
unfavorable and alternatives have to be sought, which, however, will most probably differ

significantly from the idealized graphite-like topology.

7.13.2 “Defect” Structure Models

Apart from the fully condensed networks described above, the difficulties in synthesizing
hydrogen-free graphitic carbon nitride demonstrates the necessity of devising alternative “de-
fect” structure models, of which melon represents the first structurally characterized example.
An intriguing feature of such defect g-C3Ny structures may be a less strained geometry ow-
ing to a lower degree of condensation, thereby leading to the formation of essentially planar
layers. To check this possibility, different hypothetical structure models have been set up and
optimized using the semiempirical PM3 method.

First, an extension of the polymeric melon structure was tested, which is made up from a
double strand of melem monomers condensed wvia trigonal nitrogen atoms (Fig. 7.44). The
ratio of tertiary nitrogen atoms to NH and NHy groups is higher as compared to that in melon;
in addition, a structural motif representative of a high degree of condensation is introduced by
the tri-coordinated tertiary nitrogen atoms. Upon energy minimization of an isolated cutout
of the 1D infinite band, the planarity of the arrangement is essentially retained. However, a

notable “planar deflection” is introduced into the strand, which presumably entails a release
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Figure 7.44: Double strand made up of melem monomers before (top) and after (bottom) geometry optimiza-
tion at the PM3 level of theory.

of strain at the trigonal planar nitrogen atoms.

A larger assembly of heptazine rings is displayed in Figure 7.45. In this structural model
large “cavities” are present leading to an open network with frequent layer terminations by
NHs and NH groups. In contrast to the situation encountered for fully condensed networks
(cf. Fig. 7.43), the vacancies allow for a “planar” release of strain, which is accompanied by
an in-plane distortion of the overall arrangement. This observation may be generalized with

respect to the favored formation of planar systems in case of partial network condensation
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Figure 7.45: Finite trigonal assembly of only partially condensed heptazine monomers before (left) and after

(right) optimization using PM3. The large vacancies within the layer allow for the release of strain without
buckling of the planar arrangement.
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whereas undulation of the layers is observed in highly condensed structures.

However, it should be noted that large vacancies as encountered in the above model may not
be favorable in terms of the overall energetic stabilization of the network. Thus, a compromise
of strain reduction and close packing of the molecular building blocks may be energetically
most beneficial and will have to be the guiding theme in the search for the most realistic

defect structure models.

7.13.3 “Mixed” Structure Models

Owing to the observation of melamine crystals in the bulk material recovered after heat
treatment at 903 K, an extraordinary thermal stability of the starting material under the
pressure of ammonia may be conjectured. In addition, various synthetic routes have been
devised based on triazine derivatives, in which under certain reaction conditions (for instance
two-component reactions between appropriately functionalized precursors) the triazine ring
system might in fact be preserved. Therefore, the integration of melamine into the resulting
products, leading either to purely triazine or to mixed triazine-heptazine-based materials, may

not in principle be excluded.
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Figure 7.46: Mized cluster containing both triazine and heptazine ring systems, which are loosely condensed
via NH bridges. Geometry optimization (PM3) leads to corrugation (right) of the initially planar arrangement

(left).

Hence, several clusters of predominantly trigonal starting geometry have been devised and
optimized using the semiempirical PM3 method. Both examples presented in the following do
not contain trigonal planar nitrogen atoms, indicating the low degree of condensation of the
molecular building blocks. As a major result, the geometry optimization is largely dependent
on the cluster size and the special arrangement of the heterocycles. As outlined in Figures 7.46

and 7.47, energy minimization may furnish heavily corrugated structures as well as essentially
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planar topologies, in which strain is released by displacement of the rings with respect to each

other.
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Figure 7.47: Starting geometry of a larger cluster containing both triazine and heptazine rings, the latter
representing the main species (left). Upon geometry optimization (PM3), strain is released within the layer,
thereby avoiding a buckling of the planar sheet (right).

The above discussion again demonstrates the versatility of arrangements based on both tri-
azine and heptazine building blocks, as well as the various possibilities of interlinking the
latter. A large number of structural motifs may be synthetically accessible under suitably
tuned reaction conditions. However, the interplay of theoretical predictions, preparative pre-
suppositions and analytical findings may greatly facilitate the systematic identification of the

energetically most favorable and realistic structure models.

7.14 Preliminary Conclusion

To conclude, in the previous sections the first example of the structural characterization of a
polymeric carbon nitride material was presented based on a concerted approach using a broad
spectrum of analytical techniques. The above study represents a further example of an ab
initio structure solution by means of electron diffraction.

The above results shed light on the long-standing debate on the identity of Liebig’s inert
compound “melon”, whose existence has now been proven for the first time. The polymer
model of melon, put forward by Redemann and Lucas as early as 1940 [76], was confirmed
and extended with respect to the overall geometric arrangement of the polymer chains.
Considering the fact that melon is composed of planar layers built up by a “carbon(IV) nitride

core” (heptazine units), this compound may on the one hand be conceived of as a “defective
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g-C3N4” material, whose graphite-like topology may in fact result from the presence of “net-
work terminations” in the form of NH and NHy groups. These function as triggers for strain
release in a way that a buckling of the sheets is prevented.

The similarity to graphite is complemented by the exceptional thermal and chemical stability
of melon. As has recently been noted [514], melon (in this work called g-C3N4) may therefore
be considered a promising functional material in catalysis or surface science, and at the same
time represent the ultimate pre-stage of graphitic carbon nitride.

On the other hand, however, the existence of melon highlights characteristic differences be-
tween graphite and “graphitic” carbon nitride materials, and in doing so, point out that the
analogy between the two systems (C and C / N) — both with respect to chemical and structural
aspects — is clearly limited.

Given the fact that essentially all attempts to prepare g-CsNy from hydrogen containing
precursors yield materials with similar structural features and hydrogen contents, one may
hypothesize that the products of the frequently claimed syntheses of graphitic carbon ni-
tride have in fact rather been the carbon nitride polymer melon or related compounds
[42,73,83,84,90,91,300,301,453,510,512-514, 518,519,523, 525].

We can thus add the first direct evidence to the ongoing debate on the structure of the hypo-
thetical g-C3Ny, that triazine-based models, which are still being predominantly discussed in
the literature, should henceforward be assessed very critical.

As a next step, a comprehensive description of the stacking disorder governing large parts of
the sample is essential, with the long-term objective being the elucidation of the “real struc-
ture” of melon.

A glimpse of other, perhaps more highly condensed carbon nitride phases, has already been
catched; the combination of electron diffraction with solid-state NMR, spectroscopy and the-
oretical screening of possible structure models will have the potential to fully enter the realm

of structure elucidation of graphitic carbon nitride materials.
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Chapter 8

Discussion and Outlook

The scope of this thesis was defined by three major issues, which have been arising from the
requirement to further extend and to deepen research on carbon nitride chemistry.

As the progress of the precursor approach to carbon nitrides has gradually been meeting
“saturation” during the past years, the main objectives at the outset of this study were

centered on the following leitmotifs:

e To gain a deeper understanding of the reactivity of precursors and the mechanisms
governing solid-state reactions, the latter being the key to the directed synthesis of novel

precursor systems as well as to extended carbon nitride solids with tailored properties.

e To develop novel CN, precursors based on the evaluation of reactivity principles and

solid-phase reaction trajectories thus established.

e To provide an experimental basis for the predominantly speculative discussion centered
on the structure of graphitic carbon nitride-type systems, with the major focus on the
nature of the structural building-blocks of polymeric CN,H, solids:

Triazine or heptazine?

The interplay between structural requirements of suitable CN, precursors and their
thermal reactivity was demonstrated in Chapter 4.  Although ammonium cyanoure-
ate NH4[HoNC(=O)NCN] can be considered a “hydrate” of ammonium dicyanamide
NH4[N(CN)s|, the conversion of the latter affords the prototypic CN, precursor dicyandi-
amide, whereas the former transforms into urea and cyanoguanylurea along significantly dif-
ferent reaction trajectories. The conversion of urea and its derivatives into melamine is prin-
cipally feasible; however, they can at best be considered “indirect” CN, precursors. While

both reactions — if carefully adjusting the reaction conditions — proceed in the solid state,
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the decomposition of ammonium cyanoureate is highly complex, giving rise to several side-
products. These could be identified by taking the different functionalities of the precursor
into account. Only subtle changes in the constitution of the precursor species thus lead to a
profound modification of the observed solid-state reactivity and the overall performance and
suitability as CN, precursor.

As outlined for the model system ammonium dicyanamide, the kinetics and mechanism of the
transformation into dicyandiamide by fractionalizing the latter into elementary reaction steps
could be assessed on a molecular level, thus highlighting the potential of combining a variety
of complementary analytical techniques. Extending the system under study to the gas phase
by monitoring the volatile species evolved and their interplay with the solid may allow for an
optimization of the reaction conditions (pressure, temperature), as was demonstrated in the
case of ammonium dicyanamide.

A consequent methodological extension will be the quantitative study of more complex sys-
tems exhibiting competing modes of reaction, as well as of those where none or only a few of
the species involved are crystalline. An appropriate handling of increased levels of complexity
will certainly demand for elaborate spectroscopic techniques, which are being developed for
instance in the field of multi-dimensional zero- and double-quantum solid-state NMR. spec-
troscopy. The scope of the latter is not restricted to crystalline compounds, and by exploiting
and correlating different types of interactions, a vast amount of structural information is ac-
cessible. By specifically tuning the type of probe nucleus, as has been done in the present
work by switching from 3C' /"N CP-MAS NMR [163] to static 2H NMR, the regime of dy-
namics and reaction kinetics may also be entered, opening up another fundamental dimension
governing solid-phase reactions. In particular, nucleation, growth and interface dynamics, as
well as structural inhomogeneities or amorphous intermediates may be identified by taking
advantage of the versatility of solid-state NMR spectroscopy. In addition, in situ vibrational
spectroscopy — both of the gas and the solid phase — may serve as a useful probe of substruc-
tural subtleties, as for instance of proton transfer reactions, volatile condensation products or
structural building blocks in amorphous materials.

Chapter 5 was conceived as an attempt to apply the principles worked out in Chapter 4
and to accordingly screen various precursors for potential thermal solid-phase reactivity. As
outlined previously, dicyanamides and tricyanomelaminates represent particularly promising
systems owing to their composition (hydrogen-free, nitrogen-rich carbon(IV) nitrides) and
well-established thermal reactivity. Since the structural chemistry and reactivity of metal
dicyanamides and tricyanomelaminates was comprehensively delineated by Jirgens [240], the

focus of this theses was directed to an extension of dicyanamide and tricyanomelaminate
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chemistry toward the non-metal salts. As indicated by the significantly different reactivity of
ammonium dicyanamide as compared to the metal dicyanamides, tuning the reaction modes
by deliberately choosing the cation seemed to be feasible. Therefore, a number of differ-
ent dicyanamides and tricyanomelaminates, among which being the ammonium, guanylurea,
guanidinium and melaminium salts, were synthesized by means of metathesis reactions and
were structurally characterized. Although the structural features of the non-metal species are
largely identical to that of the metal-analogues, the thermally induced reactivity appears to
be significantly influenced by the choice of the cation, thereby no longer being governed solely
by the cyanamide functional groups of the anions.

Since the cation may function as “covered” nucleophile, being released upon proton transfer
to the anion, the nucleophilic addition of the cation to the electrophilic nitrile carbon sites
of the anion is feasible. For the dicyanamides, this reaction pathway is indeed realized twice
for the guanidinium and guanylurea salts owing to the N-C—-N backbone of the cation and
the symmetric C-N-C moiety of the anion. Thus, ring closure reactions, giving rise to the
triazine core (C3N3), are observed for these molecular salts, which is in close analogy to the
“monofunctional” ammonium dicyanamide and therefore nicely supports the validity of the
structure-reactivity principle.

Guanidinium dicyanamide is exceptional both in terms of the high heat of formation accom-
panying the cyclization into the isomeric compound melamine, and regarding the fact that
melting occurs prior to the transformation. Since molecular motion is therefore governed
by solution-like conditions, typical solid-state approaches to probing the reaction mechanism
were doomed to fail in this case and therefore not pursued any further.

In contrast, an extension of the scope of precursor systems to less common compounds was ad-
viced by studying the thermal reactivity of guanylurea dicyanamide. It could be demonstrated
that an in fact unfavorable heteroatom content — in this case oxygen — does not necessarily
deteriorate the performance of the precursor. In this particular case, the thermally induced
evolution of the volatile species HNCO gives rise to the elimination of unwanted constituents
and the intermediate formation of the purely C/N/H-based precursor melamine. This in situ
generation of the actual CN, precursor species may therefore be considered as an alternative
guiding theme for the selection of suitable precursors.

Melaminium dicyanamide contrasts the above thermal behavior in that the anion is not inte-
grated into the reaction product but solely functions as a base in the initial proton transfer
reaction. As the as-formed free acid dicyanamide is particularly prone to polymerization, the
only crystalline species detected is melamine. A reaction mechanism according to the princi-

ples established above does not seem to be applicable in this case.
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Interestingly, similar findings — in terms of the absence of nucleophilic addition to the anion
— can be adduced for the class of non-metal tricyanomelaminates. The thermal behavior of
tricyanomelaminates in general had until now been a largely unknown variable, except for a
TG-MS study of a mixture of Na[CgNg] and Na[CgNg| - 3 HoO, where total decomposition
was observed beyond 910 K. At first sight, the non-metal tricyanomelaminates may seem
less thermally stable, yet — unlike the metal analogues — the potentially reactive nitrile sites
may give rise to cross-linking reactions leading to a 2D triazine-based array. However, none
of these potentialities is in fact observed, but a rather simple and unified mode of reaction
occurs instead. It was conjectured that melaminium TCM may form a hypothetical network
phase composed of triazine units, but ultimate evidence was only found for the formation of
melamine and melem, irrespective of the type of cation. Although the exact mechanism of the
respective solid-phase transformations is still subject to speculation, all tricyanomelaminates
lose their structural integrity at relatively low temperatures, with the triazine core however
staying intact and giving rise to a significant gain in thermal stability by the subsequent for-
mation of melem.

Considering the findings outlined above, a remarkable tendency is disclosed:

The formation of melamine is observed in all precursor systems studied and may therefore
be considered a major thermodynamic driving force. Although this tendency may already be
imparted in some of the starting materials, the unevitable formation of this prototypic carbon
nitride precursor is nevertheless striking as well as instructive. Thus, the concept of creating
suitably functionalized precursors must be re-considered, as it can obviously be reduced to
the common intermediate melamine. As this CN, species is commercially available and easy
to handle, the lesson that can be learned from the precursor screening is to simply reduce the
pool of precursors to their functional prototype melamine.

Although consequentially the search for suitable precursors may be greatly simplified, the
thermal reactivity of melamine is somewhat “biased” by its triazine ring system as well as the
presence of hydrogen atoms, which taken together may impede the formation of g-C3Ny.
Alternative precursors may therefore be sought, which are either acyclic or hydrogen-free.
Some of the most promising candidates for further research are displayed in Figure 8.1. For
example, by preparing salts from the triazidocarbenium cation (a) [549-554] and the tri-
cyanoguanidinate dianion (b) [555], both requirements — high nitrogen content and absence
of hydrogen or elements other than C and N — would be met. Only the latter criterion is
fulfilled for the isonitrile derivatives of melamine (c) and melem (d), whereas tricyanoamine
(e) as well as the hexacyano-derivatives of melamine (f) and melem (g) exhibit the ideal-

ized formula C3Ny, thus representing the molecular “monomeric” forms of the binary carbon
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Figure 8.1: Hydrogen-free CNy precursors: Triazidocarbenium cation (a) and tricyanoguanidinate dianion (b),
isonitrile derivatives of melamine (¢) and melem (d), tricyanoamine (e), hexacyano-derivatives of melamine

(f) and melem (g).

nitride. The above species demonstrate that various types of precursors may be envisaged,
which under thermal treatment or high-pressure conditions may give rise to the formation of
hydrogen-free C3Ny4. However, it remains doubtful whether well-defined, crystalline materials
will be obtained. Also, the challenge of safe and convenient handling of these compounds
might be too high to pursue the commercial application of these systems.

Following the above thread, a natural consequence of simplifying the precursor screening to
one single prototype, is the study of the thermal behavior of this very precursor — melamine
— as was done in Chapter 6.

The pyrolysis of melamine and the identities of the intermediates has been a highly
controversial issue during the past decades. Whereas the identity of the condensation
product melem has been resolved recently [82,240], the existence and, above all, molecular
structures of the other conjectured intermediates, melam [(HaN)2(C3N3)]oNH and melon
“[CeN7(NH)(NH2)],,”, have not been resolved as yet. However, owing to their prototypic
carbon(IV) nitride backbones, clarifying the identities of these fundamental CN, precursors
may entail far-reaching implications for the structure and formation of g-C3Ny.

The present work provides the missing links located in the intermediate temperature regime

between the stability ranges of melamine and melem, respectively. The existence of melam
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was proven and its crystal structure elucidated, while it was demonstrated that it is accessible
only in small amounts and under ambient pressure conditions during melamine pyrolysis,
presumably owing to its rapid successive transformation into melem.

Apart from clarifying the role of melam in the condensation cascade, the identities of two
true intermediate phases were resolved, which are observed prior to the formation of melem
between 590 and 650 K. The crystallographically distinct, metastable phases were identified
as 2:1 and 1:2 adducts of melamine and melem, which consecutively form on depletion of
melamine in the solid phase. Comparing the elemental composition of the 2:1 adduct with
that of melam, one finds that the two are exactly identical. Therefore, it is strongly indicated
that for decades the 2:1 co-crystallisate of melamine and melem has been mistaken for
melam owing to the misinterpretation of elemental analysis data.

Along these lines, the need for a detailed insight into reaction mechanisms on a molecular
level, together with an understanding of the processes governing the interface between solid
and gas phase, was demonstrated in the context of melam and adduct formation. Adjusting
the reaction conditions is a vital issue and successfully led to the discovery of melam, which
is not accessible when working in closed systems under the counter-pressure of ammonia.
Nevertheless, we could show that melam can alternatively be produced on a preparative scale
by reacting melamine with acid salts and treating the resulting melamium salts with aqueous
bases. As a result, melam hydrates with non-stoichiometric water content are formed, which
can subsequently be dehydrated by thermal treatment. Though being largely unexplored as
yet, some glimpses on the multi-faceted chemistry of melam could be given in the present
work. Besides several crystalline melamium salts, melam-complexes such as the species
Zn|[CgN11Hg]Cly were synthesized, in which melam functions as a neutral bidentate ligand.
It may be envisaged that melam could serve as a complex ligand in much the same way as
its phosphorus analogue, which is presently being studied as a complex ligand for catalysis
applications.

As the crystal structure of the adduct phases are not yet established, it is a major point of
interest to resolve their structures, possibly by a combination of X-ray powder diffraction
and real-space methods for structure solution. The latter have been successfully applied by
elucidating the crystal structure of polycrystalline cyameluric acid and are particularly suited
for compounds whose molecular building-blocks are well-established as in the present case.
As the intermediates occurring in the “low-temperature” regime of melamine thermolysis
have been identified and characterized, Chapter 7 closes the last gap present in the otherwise
complete account of the condensation cascade of melamine. Simultaneously, a link is provided

gth

between the historic roots of carbon nitride chemistry in the 19" century and the present
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quest for graphitic carbon nitride.

The identity of the CN,H, polymer obtained by pyrolysis of melamine at 893 — 913 K was
resolved by a concerted approach based on electron diffraction, solid-state NMR spectroscopy,
and theoretical investigations. It was demonstrated that the material commonly associated
with a hydrogen-contaminated graphitic carbon nitride material is in fact melon, a 1D
polymer composed of NH-bridged heptazine rings first described by Liebig in 1834. Thus,
melon represents a so far unique example of a structurally characterized polymeric carbon
nitride material, and at the same time sheds new light on the present discussion regarding
the identity and structure of graphitic carbon nitride. The nanocrystalline character of the
material as well as the preponderance of 2D planar defects render structure elucidation
particularly challenging and at the same time highlight the potential of electron diffraction
as a tool for non-conventional structure analysis of disordered materials. However, a full, i.e.
3D account of the structure of melon seems only feasible by combining ED with spectroscopic
methods and theoretical calculations. In particular, using force field calculations together
with solid-state NMR experiments probing the through-space homo- or heteronuclear dipolar
couplings may allow for the elucidation of the — either average or local — stacking sequence
of the graphite-like layers. In addition, an extension of ED to electron microscopy may be
advisable, taking however into account the sensitivity of carbon nitrides to damage caused
by the electron beam. Thus, low-dose methods may be employed, and EELS experiments
and simulations are a promising technique for probing the validity of the proposed structure
model.

Although melon is obtained as the dominant species when adhering to the established
synthetic procedure, side phases are observed by ED. These could be associated with different
distorted variants and structural isomers of melon, oligomers with varying molecular masses,
or even more highly condensed heptazine- or triazine-based species. It should be worthwhile
focussing on the structure elucidation of such minority phases to gain a more complete
picture of the bulk composition of “melon”.

Apart from further structural insights, the chemical potential of melon needs to be elaborated.
On the one hand, the synthesis of intercalation compounds of melon may be thought of by
analogy to the well-known graphite intercalates. In this respect, the reaction of melon with
potassium or other alkali metals in liquid ammonia as solvent may show promise. On the
other hand, melon or heptazine oligomers may have potential as complex ligands, which,
however, could be limited by the obvious difficulties in finding an appropriate solvent. Thus,
functionalizing the polymer, either by derivatization or by using protonated or deprotonated

forms thereof, may be indispensable.
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Besides its evident use as flame-retardant material, melon may show interesting properties as
functional material in various fields, such as catalysis and surface science, and may even be
tested as dye or chemically inert, conducting polymer after suitable doping or electrochemical

treatment [556].

A major implication of the structure of melon is the extraordinary stability of the heptazine
core at temperatures beyond 900 K, which seems to be an important criterion for challenging
the commonly employed triazine-model of g-C3N,4. Obviously, when starting from melamine,
the stability range of the triazine core is limited by temperatures favoring the formation of
melem. Models relying on extended triazine-based layers therefore have to be critically eval-
uated, if not entirely abandoned.

Although melon was found to be made up from planar layers, which owing to the sp?-
hybridized carbon(IV) nitride backbone is somewhat akin to graphite, it is questionable
whether sheets of fully condensed triazine or heptazine building-blocks will retain their pla-
nar topology. As has been shown by semiempirical structure optimizations of medium large
cutouts of model structures, only partially condensed clusters with frequent NH and NHs
layer terminations form planar sheets, whereas fully condensed layers tend to release strain
by significantly corrugating. These findings may be relevant to the observed difficulties in
preparing fully condensed, i.e. hydrogen-free carbon nitrides, and at the same time explain,
why the formation of melon may be favored if hydrogen is present in the system. As a conse-
quence, the use of hydrogenated precursors should be re-evaluated, as hydrogen may impede
complete condensation of the monomers. Directing the focus on hydrogen-free precursors is
again advisable, as are attempts to convert melon as well as hydrogen-free carbon nitride

polymers into 3D modifications of C3Ny4 under high-pressure conditions.
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Chapter 9
Summary

This thesis provides a detailed account of the reactivity, structures and thermal behavior
of a variety of different molecular carbon nitride precursor species. A brief summary of the

different aspects touched on in this work is given below.

1. Dynamics and reactivity of ammonium dicyanamide NH,[N(CN)2| as probed
by 2H NMR and QNS /INS (Chapter 4, section 4.1 on page 71)

The model system ammonium dicyanamide NH4[N(CN);] and its deuterated analogue were
synthesized by ion exchange reaction using Na[N(CN)y] and NH4Cl in aqueous solution,
and by repeated crystallization from D2O, respectively. The temperature-dependent re-
orientational dynamics of the ammonium ion in NDy[N(CN)s], as well as the solid-state
transformation of NDydca into dda was investigated in situ by means of 2H wide-line
solid-state NMR spectroscopy and quasielastic neutron scattering between 5 and 390 K. The
reorientational dynamics of the ammonium group was classified as an isotropic jump motion
in a distorted tetrahedral potential with E, in the order of 23.7 (QNS) — 25.8 kJ mol~! (?H
NMR) and an attempt frequency 7, ' in the range 38 (QNS) — 435 THz (2H NMR). INS
measurements evaluated in the framework of the SPM support the energy characteristics of
the jump process (23 kJ mol™!), as well as the librational behavior of the protons (DLiv/2
= 14°) and furnish qualitative information on the phonon modes in the regime of lattice
vibrations.

Line shape analysis of the deuteron spectra as well as N NMR suggest an increasing
asymmetric distortion of the NDZLIr tetrahedron with increasing temperature, which roughly
amounts to Ay = 6° and Ae = 0.5° at RT. The static powder spectra exhibit three distinct
QCCs of 161, 175 and 193 kHz with intensity ratios 1:2:1 and n = 0.02(1), which was

verified by a specially designed program capable of accounting for more than one input QCC.
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Librational amplitudes of the deuterons observed between 10 and 380 K show a — likely
model-dependent — larger spread according to NMR (5 — 26°) as compared to QNS and
neutron diffraction (7 — 13°). Correlation times 7 between 1072 and 107!, obeying an
Arrhenius-like temperature dependence characteristic of thermally activated single particle
jump processes, were established by 77 relaxation measurements. The time scale of the jump
frequencies indicates the possible coupling of the reorientational motion with the lattice
modes. Thus, it provides a potential reaction trajectory for the instantaneous detachment of
the deuteron and transfer to the anion as required by the transformation of NDydca into dda.
The high-temperature regime was probed by both 2H NMR and QNS, both of which suggest
the evolution of ammonia at 7" > 372 K during the course of the transformation onset.
The heterogeneous 2H spectra were deconvoluted and the temperature-dependent liberation
of ammonia was monitored at 372, 375, 378, and 380 K. The transformation proceeds in
a two-step fashion involving the fast liberation of NDs and the slow “re-integration” of
ammonia into the sample. The extent of completion of the latter step, dependent on both

temperature and pressure, is vital to the quantitative conversion of NDy4dca into dda.

2. Crystal structure and thermal reactivity of ammonium cyanoureate
NH,[H:NC(=0O)NCN] (Chapter 4, section 4.2 on page 105)

The ammonium salt of cyanourea (P2;/c¢, a = 388.95(8) pm, b = 1121.0(2) pm,
c =1096.4(2) pm, B = 92.57(3)°, V =477.5(2) 10°pm?, T = 140 K, R1 = 0.0297,
wR2 = 0.0769) was synthesized via an acid-base route from the parent acid. It under-
goes a non-topochemical transformation at 7" > 355 K, which despite its complexity
proceeds in the solid phase. Competing reaction pathways have been identified by
thermal analysis, vibrational spectroscopy, solution NMR and mass spectrometry. Typi-
cally, a microcrystalline product mixture is afforded with the main products being urea
HyNC(=0O)NH; and cyanoguanylurea HoNC(=O)NHC(NH2)NCN, or the isomeric compound
ammeline (C3N3)(NHsz)2(OH), depending on the reaction conditions. Small amounts of
guanidinium cyanoureate [C(NHz)3][HoNC(=O)NCN] and (1-cyanoguanyl-3-guanyl)urea
(HaoN)oNC(=O)NHC(NH2)NCN have been identified as side products, resulting from con-
secutive reactions of the intermediate cyanamide with either ammonia or cyanoguanylurea.
The thermal reactivity of ammonium cyanoureate fundamentally differs from that of its
formal “dehydration product” ammonium dicyanamide. This observation was tentatively
correlated with the differing hydrogen bonding network, resulting in a more facile release of
ammonia, and with the altered reactivity of the anion due to the presence of an electrophilic

amide carbon.
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3. Catalytic formation and crystal structure of cyanoguanylurea
Ho;NC(=O)NHC(NH;)NCN from ammonium cyanoureate NH,[Ho;NC(=O)NCN]
(Chapter 4, section 4.2.4 on page 121)

The ion exchange reaction between ammonium cyanoureate NHy;[HoNC(=O)NCN]
and zinc chloride yields single crystals of the wurea derivative cyanoguanylurea
HoNC(=O)NHC(NH2)NCN. It is obtained as a by-product alongside zinc cyanoureate
and traces of ammonium chloride, which may act as a mineralizing agent. It is assumed that
owing to its Lewis and Brensted acidity, the hydrated Zn?* ions act as catalyst, promoting
the degradation of the cyanoureate anion with subsequent formation of cyanoguanylurea.
The crystal structure (P21/n, a = 476.7(1) pm, b = 965.3(2) pm, ¢ = 1165.6(2) pm,
B =97.75(3)°, V = 531.4(2) 10°pm?, T = 200 K, RI = 0.0357, wR2 = 0.0964) is made
up from non-planar cyanoguanylurea molecules with a dicyandiamide-type C-N system.
This can only be adequately described by invoking the contribution of several charge
separated structures in addition to the neutral prototype structure with a conjugated -
system. The molecular structure is fully consistent with that proposed for the main product of

the decomposition of ammonium cyanoureate on the basis of IR and NMR spectroscopic data.

4. Crystal structures of two polymorphs of guanidinium dicyanamide
C(NH3)3[N(CN);] and their thermal conversion into melamine (Chapter 5, sec-
tion 5.2 on page 135)

Two modifications of guanidinium dicyanamide were synthesized by means of ion-exchange re-
action in aqueous or methanolic solution. The hygroscopic compounds were characterized by
solution-state NMR, mass spectrometry and vibrational spectroscopy. The crystal structures
of the polymorphs (S-form: Pna2;, a = 1373.1(3) pm, b = 495.5(1) pm, ¢ = 1802.9(4) pm,
V = 1226.7(4) 10°pm?3, RI = 0.0423, wR2 = 0.0967; a-form: P2i/c, a = 1924.9(4) pm,
b = 496.0(1) pm, ¢ = 1372.4(3) pm, 3 = 110.46(3)°, V = 1227.5(4) 10°pm?, R1 = 0.0474,
wR2 = 0.1118) were found to be largely equivalent in terms of the overall assembly of the
molecular ions. While both modifications are obtained at room temperature, the S-form slowly
transforms into the a-polymorph at temperatures between 303 — 325 K, however, detection
of the reverse transformation failed. Both polymorphs melt around 430 K and recrystallize
in the form of the isomeric compound melamine C3N3(NHsz)3 at ~ 400 K, which serves as
yet another acknowledgement of the thermal reactivity of dicyanamides inferred by previous

model studies of ammonium dicyanamide.
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5. Crystal structure and thermal behavior of melaminium dicyanamide hydrate
C3N3(INH3)3[N(CN)2]-H2,O (Chapter 5, section 5.3 on page 148)

Melaminium dicyanamide (C2/¢, a = 2735.5(6) pm, b = 364.43(7) pm, ¢ = 1884.1(4) pm,
B = 103.17(3)°, V = 1828.9(6) 10pm?, T = 150 K, RI = 0.0504, wR2 = 0.0977) was
prepared by metathesis reaction in aqueous or methanolic solution. Two competing thermal
transformation pathways were discovered, which can be distinguished by the role of crystal
water when working in closed systems, the latter leading to the formation of HNCO as a
by-product. The major transformation reaction is initiated by a proton transfer from the
melaminium cation to the anion with subsequent polymerization of the latter and thermal

transformation of the as-formed melamine to melem and polymeric CN, species.

6. Crystal structure and thermal conversion of guanylurea dicyanamide
[(HoN)C(=0O)NHC(NH,);3][N(CN);] into prototype CN, precursors (Chapter 5,
section 5.4 on page 157)

Guanylurea dicyanamide (C2/¢, a = 2249.0(5) pm, b = 483.9(1) pm, ¢ = 1382.4(3) pm, 8 =
99.49(3)°, V = 1483.8(5) 10 pm?, T = 130 K, R1 = 0.0352, wR2 = 0.0758) was synthesized
by ion exchange reaction in aqueous solution starting from Nadca and guanylurea sulfate.
Upon heating, a sequence of thermally induced addition, cyclization and elimination reactions
is observed at temperatures 7" > 390 K. Melamine is formed with concomitant loss of HNCO
by a cyclization reaction following a pattern analogous to that observed for the thermal
conversion of both ammonium dicyanamide and guanidinium dicyanamide into melamine.
The transformation proceeds wvia addition of the nucleophilic component guanylurea after
an initial proton transfer to the electrophile dicyanamide, followed by a 1,3-H-shift and
a second nucleophilic addition leading to a ring closure reaction and subsequent proton
rearrangement. Further condensation of melamine yields the prototypic CN, precursor
melem, which alongside varying amounts of directly formed CN,H, material transforms into
layered CN,H, phases without significant integration of oxygen into the core framework.
The observed mode of reaction may be generalized with respect to the formation of volatile
compounds such as HNCO during thermal decomposition, thereby rendering a large variety

of previously not considered molecular compounds possible CN, precursors.
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7. Crystal structures and thermal behavior of non-metal tricyanomelaminates
(Chapter 5, section 5.6 on page 170)

The first non-metal tricyanomelaminates were synthesized wvia ion exchange reactions in
aqueous solution and characterized by means of single-crystal X-ray diffraction, vibrational
and solid-state NMR spectroscopy. Three forms of ammonium tricyanomelaminate were
obtained starting from similar synthesis conditions, of which two species were struc-
turally characterized. Single-crystal X-ray diffraction of the metastable hydrated form
[NH4]2[CsNoH] - 2H20 (1a) (C2/¢, a = 3181.8(6) pm, b = 360.01(7) pm, ¢ = 2190.4(4) pm,
B = 112.39(3)°, V = 2319.9(8) 105pm?, T = 130 K, R1 = 0.0368, wR2 = 0.0923) reveals
cation / solvent disorder involving one ammonium ion and water molecule each, which are
statistically (fraction 0.53(2)/0.47(2)) distributed on two inequivalent sites. The disorder
scenario was substantiated by means of * N solid-state NMR. The ammonium-TCM hydrate
loses crystal water when exposed to air under ambient conditions, transforming within days
into the thermodynamically stable, non-hydrated species [NH4]2[CsNoH| (1) (P21/¢c, a =
1060.8(2) pm, b = 1146.2(2) pm, ¢ = 913.3(2) pm, 3 = 112.36(3)°, V = 1027.0(4) 10° pm?,
T =200 K, R1 = 0.0295, wR2 = 0.0680).

Whereas all other tricyanomelaminates exhibit monoprotonated anions, guanidinium-
TCM [C(NHj)s]3[CsNg] - 2H20 (2) (P212121, a = 762.1(2) pm, b = 1333.6(3) pm,
c = 1856.6(4) pm, V = 1887.0(7) 10pm?, T = 200 K, R1 = 0.0253, wR2 = 0.0652)
possesses a non-protonated anionic core. Two different melamine tricyanomelaminates
were obtained from solutions with different concentration of the starting materials sodium
tricyanomelaminate and melaminium sulfate. Whereas [C3NgH7|2[CsNoH] - 2.4Hy0 (3)
(P1, a =1029.5(2) pm, b = 1120.3(2) pm, ¢ = 1120.7(2) pm, a = 104.22(3)°, 8 =
112.74(3)°, v = 104.62(3)°, V = 1064.8(4) 10pm?3, T = 200 K, R1 = 0.0570, wR2 =
0.1230) exhibits a layered structure with the solvent water loosely embedded and disordered,
[C3NgH7]2[CsNgHg][CeNoH] - 2H20 (3a) (P21/¢, a = 674.7(5) pm, b = 1123.6(5) pm,
¢ = 3400.2(5) pm, 8 = 95.398(5)°, V = 2566(2) 10°pm3, T = 200 K, RI = 0.0470, wR2 =
0.0983) is characterized by a 3D array of 1D strands made up from TCM anions as well as
monoprotonated melaminium cations and neutral melamine molecules.

Particular emphasis has been placed on the elucidation of the thermal reactivity of 1, 2,
and 3 by means of thermal analysis, vibrational and NMR spectroscopy, as well as tem-
perature dependent X-ray powder diffraction. Upon heating, ammonium and guanidinium
tricyanomelaminate uniformly pass the crystalline, heptazine-based intermediate melem,
which ultimately decomposes forming melon at 770 K. Though being entirely triazine-based

with potentially reactive electrophilic and nucleophilic sites, identical pyrolysis products are
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obtained for the melaminium salt after passing an intermediate, possibly cross-linked phase
at low temperatures. The thermodynamically favored formation of melem therefore seems
to be the driving force dominating the thermal reactivity of the TCM precursors in the
high-temperature regime, suggesting that in general purely triazine-based structures become

unstable and essentially yield layered compounds made up from heptazine building blocks.

8. Melamine—Melem adducts (Chapter 6, section 6.3 on page 203)

Contrary to previous reports, the formation of melam or melem as the first condensation
products of the starting material melamine could not be verified by pyrolyzing melamine in
closed or semi-closed systems. Instead, the major decomposition pathway yields two crystal-
lographically distinct adduct phases made up from neutral melamine and melem molecules
with distinct compositions [CsN3(NHg)3]2[CeN7(NHa)s] (I) and [C3N3(NHz)3][CsN7(NHz)s]2
(IT). The co-crystallisates were identified by means of elemental analysis, solution-state NMR,
vibrational spectroscopy and mass spectrometry and were found to be stable between 590 and
650 K, after which temperature adduct II transforms into melem. According to solid-state
NMR investigations and dissolution / extraction studies, the homogeneous phases are made
up by hydrogen-bonded arrays of neutral melamine and melem molecules rather than salts
originating from chemical reactions of the components (acid-base reactions). Accordingly, the
DMSO solutions of the adduct phases are identical to the solutions of 2:1 and 1:2 mixtures
of melamine and melem, respectively. The significant decrease in yield of adduct IT (30 —
35 %) as compared to I (60 — 70 %) strongly suggests that the transformation from phase
I into II is simply a consequence of melamine sublimation, which is continuously removed
from the solid, leaving behind metastable adducts in equilibrium with gas phase melamine.
Elemental analysis data of adduct I (obs. (theor.) N, 65.93 (65.53); C, 30.56 (30.64); H, 3.63
(3.83)) not only corroborate the inferred composition, but also demonstrate that the latter is

identical to that expected for melam.

9. Melam [CsN;;Hy] (Chapter 6, section 6.4 on page 213)

The existence and formation of the carbon  nitride precursor melam
(HaN)2(C3N3)NH(C3N3)(NHa)2 has been disclosed by studying the complex thermal
condensation of melamine under varying reaction conditions. At ambient pressure small
amounts of melam single crystals can be isolated, which may either be considered as a side
product of melamine condensation, or are rapidly consumed by successive transformation into
melem. Melam was characterized by single-crystal X-ray diffraction, in situ X-ray powder

diffraction, vibrational spectroscopy, mass spectrometry and solid-state NMR spectroscopy.
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13C" chemical shifts are observed at 164.0 and 167.2 ppm; the N CP-MAS spectrum
exhibits Ny signals between — 190.0 and — 205.9 ppm, two NH signals at — 252.0 and
— 254.8 ppm, and five NHs signals at — 282.8, — 286.0, — 288.9, — 295.0, and — 300.4 ppm.
The CN, precursor melam (C2/¢, a = 1811.0(4) pm, b = 1086.7(2) pm, ¢ = 1398.4(3) pm,
B =96.31(3)°, V = 2735.3(9) 10° pm?, T = 130 K, R1 = 0.0350, wR2 = 0.0926) adopts a
ditriazinylamine-type structure with a twisted conformation about the bridging NH moiety.
Therefore, the non-conjugated tautomeric form, made up from two non-protonated triazine
rings, was shown to be the prevailing species in the solid state. The molecules are connected
via medium strong hydrogen bonds (D --- A: 297 — 333 pm). No pronounced 7-stacking is
observed, reflected by a screw-like arrangement of the molecules, giving rise to a 3D network
of mutually tilted melam molecules. Melam transforms into melem at 640 K without passing
through the melt. Though being accessible from melamine only with difficulties, melam
can be produced on a preparative scale by reacting melamine with acid salts and treat-

ing the resulting melamium salts with aqueous bases, upon which melam hydrates are formed.

10. Melam derivatives (Chapter 6, section 6.5 on page 226)

Several melam derivatives were synthesized wvia solution and solid-state reactions and
characterized by means of vibrational spectroscopy, mass spectrometry and solid-state NMR
spectroscopy. The melam solvates “[CgNi;Hg] - 2H20” and [CgNp1Hg] - 2 O=S(CHj3)q
were obtained by treatment of [CsN11Hi0]Cl - 0.5 NH4Cl with aq. NHs and by recrystal-
lization of melam hydrate in DMSO, respectively. Crystalline melam salts were obtained
as monohydrates by reacting melam hydrate with diluted hydrochloric and hydrobromic
acid. The crystal structures of both compounds are isotypic (P2;/c) with lattice pa-
rameters ¢ = 6.1064(12) pm, b = 7.8157(16) pm, ¢ = 24.518(5) pm, B = 93.67(3)°,
V = 1167.8(4) 106 pm3 ([CN11H1p]Cl - HoO) and a = 6.1114(5) pm, b = 7.9362(6) pm,
c=25.231(2) pm, B = 93.89(1)°, V = 1220.9(6) 10°pm?® ([C¢Ny3Hio]Br - Hp0), both
crystallizing as pseudo-merohedral twins with significant reflection overlap. Unlike pure
melam, the monoprotonated melam cations are planar within experimental error.

The salt melamium diperchlorate CgN11H;1(ClOy4)2 - 2H20 (C2/¢c, a = 1747.8(4) pm,
b = 1148.2(2) pm, ¢ = 993.6(2) pm, B = 118.79(3)°, V = 1747.4(6) 10°pm?, T = 130 K,
R1 = 0.0400, wR2 = 0.1009) was obtained from reaction of melam hydrate with perchloric
acid in aqueous solution. It crystallizes as a dihydrate with the oxygen atom of a crystal
water on a split position and only one triazine ring in the asymmetric unit. The protons
are approximately equally distributed about four ring nitrogen atoms, such that in total two

protons are attached to the rings, yielding a planar melam core.
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A ZnCly-melam complex was synthesized from melamine and ZnCls in closed Duran-ampoules
between 593 and 703 K. In the neutral complex Zn[CgN;;Hg|Cly (P21/¢, a = 743.00(15) pm,
b = 2233.2(5) pm, ¢ = 762.5(2) pm, B = 99.86(3)°, V = 1246.5(4) 10°pm?, T = 200 K, R1
= 0.0306, wR2 = 0.0697), melam acts as a symmetrically bent bidentate ligand, which is
coordinated to the Lewis acid Zn-site via two ring nitrogen atoms.

In analogous solid-state reactions, Fe-, Al-, and Cu-melam species were obtained, which
were characterized by vibrational and solid-state NMR spectroscopy. Although no crystal
structures were available, the Fe- and Cu-melam species are most likely based on neutral

melam ligands, whereas the Al-species contains a monoprotonated melamium cation.

11. Ammeline salts (Chapter 6, section 6.6 on page 263)

The salts ammelinium chloride [C3HgN5OJ]Cl, ammelinium bromide [C3HgN5O|Br, and
ammelinium nitrate [C3HgN5O]NOgs were obtained by hydrolysis of melam hydrate with the
respective concentrated mineral acids. The structures of the molecular salts were elucidated
by single-crystal X-ray diffraction and vibrational spectroscopy, thereby representing the first
examples of structurally characterized ammeline derivatives. All ammeline salts crystallize in
the monoclinic space group P2;/c with 4 formula units in the unit cell. The hydrochloride
(a = 535.4(2) pm, b = 1467.3(3) pm, ¢ = 815.2(2) pm, 3 = 90.00(3)°, V = 640.4(2) 10° pm?,
T =293 K, R1 = 0.0325, wR2 = 0.0690, twin fraction 0.845(2) /0.155(2)), hydrobromide
(a = 521.2(1) pm, b = 883.1(2) pm, ¢ = 1457.7(3) pm, 3 = 98.97(3)°, V = 662.7(2) 10° pm?,
T = 130 K, R1 = 0.0349, wR2 = = 0.0780), and nitrate salt (¢ = 933.2(2) pm, b =
625.6(2) pm, ¢ = 1351.1(3) pm, 3 = 108.05(3)°, V = 750.0(3) 10°pm?, T = 130 K, RI =
0.0301, wR2 = 0.0789) all contain planar, mono-protonated ammelinium cations which are
hydrogen-bonded to the respective halide or nitrate anions. The non-isotypic structures are
composed of anion—cation arrays forming either planar (chloride) or corrugated (nitrate)
layers, or strands with differing stacking sense (bromide). The keto tautomer with Cg,

symmetry is representing the actual proton distribution rather than the hydroxy tautomer.

12. Melaminium dinitrate (Chapter 6, section 6.7 on page 274)

The potential high-energy-density material melaminium dinitrate (P21 /¢, a = 783.63(16) pm,
b = 988.9(2) pm, ¢ = 1351.1(3) pm, 8 = 100.43(3)°, V = 931.8(3) 10° pm3, p = 1.798 gcm 3,
T =200K, R1 =0.0398, wR2 = 0.0971) was obtained as a by-product when heating an aque-
ous suspension of melam perchlorate at 333 K and adding conc. nitric acid. The compound
is made up from planar, doubly protonated melaminium cations and nitrate ions, which form

a layered arrangement with a short interlayer spacing of 334 pm.
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13. Melon (Chapter 7 on page 280)

Chapter 7 presents the first structure elucidation of a polymeric carbon nitride material by
ED, solid-state NMR and ab initio DFT calculations.

When heating melamine under pressure equalization, a yellowish, poorly crystalline material
is obtained, which is tentatively associated with a heptazine-based oligomer, likely a dimer of
melem. By heating melamine in sealed quartz ampoules at 903 K for 12 — 24 h, a brownish
material is obtained with an average composition “C3Ny4H;g”. The X-ray powder pattern
is dominated by a sharp reflection corresponding to d = 319 pm, and several broad peaks of
asymmetric shape indicative of 2D planar defects. The ' H solid-state NMR spectrum shows
a broad resonance peaking at ~ 9 ppm; in the '3C CP-MAS NMR spectrum two signals
centered at 164 and 157 ppm are observed. PN signals of the ' N-labelled compound are
located between — 177 and — 195 ppm (Nyept ), — 225 ppm (N,), — 245 ppm (NH) and — 265 ppm
(NHs), where the assignment was carried out based on a CPPI experiment. N direct exci-
tation yields signal intensities Nyeps: No: NH: NHs of roughly 7.4:1.1:1.0:1.0. According to
a fp-RFDR experiment using selective excitation of the NHs signal, the sample appears to be
single-phase, as exchange is observed between all >N nuclei in the sample.

Nanometer-sized crystals with domains exhibiting different degrees of crystallinity were ob-
served by TEM and ED. Diffraction patterns of the 2k0 plane show a pseudo-hexagonal inten-
sity distribution and were indexed on an orthorhombic cell with ¢ = 1670 pm, b = 1240 pm,
¢ = 320 pm. Structure solution in projection was successfully carried out based on ED data
(plane group p2gg, R1 = 26.44 %, wR2 = 27.72 % after refinement; R,,, = 40.1 %), revealing
planar heptazine strands connected via NH-bridges and arranged in a zig-zag-type fashion.
The structure model (metrics, planarity) was independently verified and extended with re-
spect to the most likely hydrogen positions by semiempirical, DFT / plane wave calculations
under periodic boundary conditions, and by force field calculations. The dominant stacking
sequence of the layers cannot be determined from ED; however, force field calculations sug-
gest the energetically most favorable layer stacking to occur with an offset of adjacent layers.
An additional confirmation of the structural model was furnished by calculation of the ab
initio > N and '3C' NMR parameters for the DFT optimized cell, which support the signal
assignments based on the CPPI experiment.

Different crystalline side-phases detected by ED besides melon suggest the formation of more
highly condensed phases as well as distortion variants of the melon structure, or domains
with different stacking variants. The latter were partially addressed by simulation of the
kinematical diffraction patterns of 3D model structures; however, no convincing model was

found as yet.
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The structure elucidation of this CN,H, polymer, which represents the ultimate pre-stage of
graphitic carbon nitride, resolves the long-standing debate on the identity of Liebig’s inert
compound “melon”, whose existence has now been proven. The similarity to graphite ex-
pressed by its planar layered arrangement is complemented by an exceptional thermal and
chemical stability, which may render melon a promising functional material in catalysis or

surface science.
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Chapter 10

Appendix

10.1 Syntheses

The synthesis procedures which have not been dealt with in detail in the respective chapters

are listed in the following. In addition, some analytical data are given where appropriate.

10.1.1 Ammonium Dicyanamide NH,[N(CN),]

NH4[N(CN)g] was prepared by ion exchange in aqueous solution. An aqueous solution (1 —
2.5 M) of NH4Cl, corresponding to 3 — 7 times the theoretical exchange capacity, was given
on a column containing an ion exchange resin in strongly acidic form (Ionenaustauscher I,
H*-Form). The H*/ NHZLIr exchange was considered to be complete when the pH of the eluate
reached that of a saturated NH4Cl solution (pH 4 — 5). Subsequently, the exchange resin was
washed thoroughly with deionized water and the removal of excess chloride was substantiated
by the AgNO3 method. To provide the counter ion, a solution containing Na[N(CN)z] (0.5 M)
was passed through the column and the eluate, which was evaporated at room temperature,

gave colorless, needle-shaped crystals (yield > 99 %).

10.1.2 ND,[N(CN),]

The deuteration of ammonium dicyanamide was effected by dissolving NH4[N(CN);] (3.0 g) in
D20 (20 mL) and stirring the colorless solution under argon at 313 K for 1 h. After drying the
product in vacuo the procedure was repeated twice and the white powdered product stored

under argon.
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10.1.3 Ammonium Cyanoureate NH,[H,NC(=0O)NCN]

Ammonium cyanoureate was synthesized by neutralisation of the free acid cyanourea with
aqueous ammonia. Typically, to 500 mg (5.9 - 10~ mol) cyanourea were added 1 — 3 mL
(13.3 - 1072 mol) conc. NHj3 solution (25 %) and the white suspension was dissolved in
12 mL water (pH = 9 — 10) and stirred for one hour. Afterwards the solution was fil-
tered and left for crystallisation by slow evaporation. Cyanourea was synthesized by loading
8.0 g (50.6 - 1072 mol) urea-phosphate on a strongly acidic ion exchange resin (Ionenaus-
tauscher I, Ht-Form), washing the resin with water and passing a solution (0.5 M) of 1.0 g
(11.2 - 1072 mol) sodium dicyanamide Na[N(CN)s] through the column. As a result, the di-
cyanamide was converted into cyanourea by acid hydrolysis without ion exchange taking place.
A more convenient and direct synthesis for cyanourea, however, is the alkaline hydrolysis of
dicyandiamide in boiling NaOH (3M) solution for 2 hours.

'H NMR (400.0 MHz, DMSO-dg): § = 5.3 ppm (s, 2H, NHy), 7.2 ppm (s, 4H, NH,); *C {1H}
NMR (100.5 MHz, DMSO-dg): 6 = 123.5 ppm (C=N), 167.0 ppm (C=0); MS (FAB™, 6 kV):
m/z (%) = 84 (11) [HoNC(=O)NCN]~.

10.1.4 Cyanoguanylurea H,NC(=O)NHC(INH,)NCN

Cyanoguanylurea was synthesized quantitatively by constantly stirring 706 mg
(6.9 - 1072 mol) of ammonium cyanoureate with 196 mg (2.3 - 1073 mol) of cyanourea
in 15 mL water at 308 K. After 3 — 4 days, the white product commenced to precipitate,
yet the reaction was sustained for another 4 — 5 days and the insoluble product isolated by
filtration. In order to increase the yield, 100 mg cyanourea was added to the filtrate and the
mixture again subjected the above reaction conditions.

Cyanoguanylurea was also obtained as a side product in the synthesis of the zinc salt
of cyanourea from ammonium cyanoureate (for synthesis of the latter, see above) by
ion metathesis in aqueous solution. A column filled with 3 mlL of a strongly acidic ion
exchange resin (Ionenaustauscher I, H-Form) was loaded with 20 mL of an aqueous solution
containing 4.2 g of ZnCly. After washing with 200 mL of water, 12 mL of an aqueous solution
of 0.2 g ammonium cyanoureate was poured onto the column. The eluate was evaporated at
room temperature. Besides the polycrystalline main product, cyanoguanylurea was obtained

as a minor phase along with traces of ammonium chloride.

10.1.5 Guanidinium Dicyanamide [C(NH,);3][N(CN),]

Guanidinium dicyanamide was prepared by ion exchange reaction in aqueous or methanolic

solution. Several guanidinium salts, among which were guanidine hydrochloride [C(NHz)3]|Cl,
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guanidine acetate [C(NHj)3]C2H302 and guanidine nitrate [C(NHz2)3]NOg, have been tested
as starting materials, yielding similar results. Typically, an aqueous solution of the guani-
dine salt (1 M), corresponding to 1.5 times the theoretical ion exchange capacity, was poured
onto a column containing 20 mL of a strongly acidic ion exchange resin (Ionenaustauscher I,
H*-Form). After washing the resin with water (2 — 3 1), a solution of sodium dicyanamide
Na[N(CN)2] (0.5 M, 0.5 times the theoretical exchange capacity) was given onto the column.
The eluate yielded a strongly hygroscopic white product after evaporation of the water. After
re-loading the column with HCI solution (1 M) and cation substitution by means of the respec-
tive guanidine salt, the product was purified from residual sodium dicyanamide by dissolving
it in little water and repeating the ion exchange reaction. The aqueous product solution was
concentrated at room temperature and the deliquescent product either dried under vacuum
or slowly crystallized using KOH platelets as water extracting agent. To this end, a bent glass
tube filled with KOH and the product in one part each, was slightly evacuated, yielding a
glassy dry product within days which was stored under argon. It was observed, however, that
evaporating the aqueous solution in a beaker open to the atmosphere yielded crystals whose
moisture presumably depend on atmospheric conditions such as temperature and relative
humidity. Crystals of S-[C(NHz)3][N(CN)z] suitable for single-crystal X-ray diffraction were
obtained from fresh samples extensively dried under argon and stored at room temperature.
Crystals of a-[C(NHz2)3|[N(CN);] were obtained from aged crystals contained in a watery bulk
and stored open to the atmosphere.

Anal. Caled (in wt%) for [C(NHz)3][N(CN)q]: C, 28.57; H, 4.76; N, 66.67. Found: C, 28.37;
H, 4.41; N, 64.45 (3); C, 29.27; H, 5.12; N, 64.72 («). 'H NMR (400.0 MHz, DMSO-dg):
§ = 6.9 ppm (s, NHy); *C {*H} NMR (100.5 MHz, DMSO-dg): 6 = 119.3 ppm (s, C=N),
158.4 ppm (s, C=NHy); MS (FAB*): m/z (%) = 60 (100), [C(NHz);].

10.1.6 Melaminium Dicyanamide [C3N3;H(INH,);3][N(CN),] - H,O

Melaminium dicyanamide was synthesized by metathesis reaction of melaminium sulfate (see
section 10.1.8) and barium dicyanamide in aqueous solution, or in a MeOH / HyO mixture
(=~ 3:1).

Ba[N(CN)z]o was synthesized by ion exchange reaction in aqueous solution. An aqueous
solution of barium chloride (4 — 7 times the theoretical exchange capacity) was poured onto
the ion exchange resin (Ionenaustauscher I, H*-Form). Full loading was indicated by a pH
change from pH =~ 1 to pH ~ 5. After washing the column with H2O, an aqueous solution
(25 mL) of sodium dicyanamide Na[N(CN)y] (2.27 g, 25.50 - 10~2 mol) was given onto the

resin, corresponding to less than half the theoretical exchange capacity. After evaporation of
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the solvent, 1.84 g (9.02 - 1072 mol) colorless crystals of barium dicyanamide were obtained.
If impurities of sodium dicyanamide were detected in the product, the ion exchange process
was repeated using an aqueous solution of the product instead of sodium dicyanamide.

Typically, melaminium sulfate [C3NgH7]2[SO4] - 2 H2O (460 mg, 1.16 - 10~ mol) was dissolved
in 250 mL H2O at 343 K. An aqueous solution (18 mL) of barium dicyanamide Ba[N(CN)a]o
(320 mg, 1.57 - 1073 mol) was added dropwise and the BaSO, precipitate removed by suction
of the hot solution. Upon slowly evaporating the filtrate at RT, 310 mg (1.88 - 1073 mol)

colorless crystals of melaminium dicyanamide monohydrate were obtained.

10.1.7 Guanylurea Dicyanamide [(H,N)C(=0O)NHC(NH,);][N(CN);]

Guanylurea dicyanamide was obtained by ion exchange reaction in aqueous solution. 225 mL
of an aqueous solution of 4.42 g (14.6 - 1072 mol) guanylurea sulfate, which was slightly
heated for complete dissolution of the salt, were poured onto a column containing 6 mL (ion
exchange capacity: 10.2 - 1073 mol) of a strongly acidic ion exchange resin (Ionenaustauscher
I, H -Form). Full loading was indicated by the change from acidic (H2SO4) to neutral pH
of the eluate, corresponding to that of a solution of guanylurea sulfate. After thoroughly
washing the column with 3 1 of deionized water, 0.420 g (4.7 - 1073 mol) sodium dicyanamide
in 10 mL HoO was poured onto the column. The eluate was collected and crystallized by
evaporation of the solvent. When traces of the starting material sodium dicyanamide were
found in the product, the ion exchange procedure was repeated.

Evidence was found for the formation of a metastable phase of guanylurea dicyanamide,
whose chemical identity was probed by its vibrational spectra. Since upon recrystallization
from aqueous solution or storing the sample in air for a couple of days the metastable mod-
ification transformed into that reported in this study, no crystals suitable for single-crystal
X-ray analysis could be obtained as yet.

'H NMR (400.0 MHz, DMSO-dg): § = 7.1 ppm (s, 2H, C(=0)NHs), 8.1 ppm (s, 4H,
C(=NHz)"NHy), 10.0 ppm (s, 1H, NH); ¥C {*H} NMR (100.5 MHz, in DMSO-dg): § =
155.2 ppm, 156.1 ppm (C=0/C=NHJ), 119.2 ppm (C=N); MS (FAB~, 6 kV ): m/z (%) =
103.1 (100) [HoNC(=O)NHC(=NH3)NHy| ™.

10.1.8 Non-Metal Tricyanomelaminates

Sodium-TCM was prepared according to a method described in ref. [240]. Ammonium-TCM
(1) and guanidinium-TCM (2) were synthesized by ion-exchange reactions. In a typical
procedure, an aqueous solution of the respective chloride (XCl, X = NHy, C(NHs)s; 3.0 —

3.5 M), was poured on a column containing an ion exchange resin in strongly acidic form
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(20 mL, Tonenaustauscher I, H*-Form). After full loading, the exchange resin was washed
thoroughly with deionized water and the removal of excess chloride was substantiated by
the AgNOgs method. Subsequently, a solution of sodium-TCM (610 mg / 30 mL HyO (1)
or 940 mg / 30 mL H20O (2)) was poured on the column and the eluate evaporated at
room temperature. The product of the ammonium-TCM synthesis was found to be strongly
dependent on the concentration of the sodium-TCM solution. Reducing the concentration
from 0.10 M to 0.06 M resulted in the formation of the metastable hydrated phase (1a),
which gradually dehydrated when exposed to air at ambient temperature.
Guanidinium-TCM was always obtained as a two-phase mixture composed of colorless
crystals of 2 and ball-shaped aggregates of a white polycrystalline powder. Judging
from its vibrational and solid-state NMR spectra, the latter phase may be described as
[C(NH2)3]2[CsNgH] - H2O.

Melaminium-TCM (3) was prepared by adding a solution of sodium-TCM (207 mg,
0.78 - 1072 mol) to a hot methanol / water solution (1:3, 400 mL) of melaminium sulfate
[C3NgH7]2[SO4] -2 HoO (500 mg, 1.30 - 1073 mol). The solution was kept at 353 K until
crystallization commenced.

Melaminium-melamine-TCM was obtained according to the above procedure on repeatedly
removing the precipitating melaminium-TCM (8). The hot solution was then cooled down
and evaporated at RT within several days. A heterogeneous mixture of 3a, 3, and melamine
was obtained.

Melaminium sulfate was prepared by adding 16 % H2SO4 (30 mL) to 270 mL of a hot
aqueous solution of melamine (3.0 g, 23.80 - 1072 mol). The solution was cooled slowly and

the obtained crystals filtered off.

Data for 1: IR (KBr): 7 = 3456.8, 3237.0, 3051.4, 2840.9 (s, v(O-H), v(N-H)), 2182.7 (vs,
v(N-C=N), 1576.3 (vs, §(N-H)), 1532.4 (vs, #(CNying)), 1456.3, 1438.5, 1408.2, 1392.6, 1334.5
(vs, 6(CNping) + v(C-NCN)), 1215.5 (w, v(NCN) + 6(CNpipng)), 1027.5 (w, d(skeleton)
+ 6(NCN)), 980.4 (w, 6(CsN3)), 788.9 (w, 7s(C3N3)), 760.6 (w, w(N-H)), 747.9 (w,
Yas(C3N3)), 698.9 (w, §(NCN) + 6(C3N3)), 570.1, 549.9 ecm~! (w, 7(NCN)). Anal. Calcd (in
wt%) for [(NHy)2][CeNoH] (1): C, 30.63; N, 65.51; H, 3.86. Found: C, 30.57; N, 65.68; H, 4.01.

Data for 2: IR (KBr): v = 3333.1, 3133.0 (s, »(O-H), v(N-H)), 2132.8 (vs, v(N-C=N)),
1669.6 (vs, v(C=N), (N-H), §(0-H)), 1580.4 (w, 6(N-H)), 1474.5 (vs, v(CNying)), 1389.6
(vs, 6(CNying) + v(C-NCN)), 1249.8, 1145.5 (w, v(NCN) + 6(CNying)), 1006.5 (vw,
d(skeleton) + 6(NCN)), 985.6 (vw, §(C3N3)), 814.5 (m, v(C3N3)), 582.5 cm™! (w, 7(NCN)).
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Anal. Caled (in wt %) for [C(NH2)s3]3[CsNg] -2 HoO (2): C, 26.08; N, 60.84; H, 5.36. Found:
C, 26.11; N, 61.05; H, 5.26.

Data for 3: IR (KBr): 7 = 3358.5, 3138.5, 2008.0, 2728.3 (s, v(O-H), v(N-H)), 2182.7 (vs,
V(N-C=N)), 1667.6 (vS, v(CNying.metamine), 0(N-H), §(0-H)), 1580.7 (vs, 6(N-H)), 1506.7
(vs, Y(CNyingrom)), 1413.7, 1377.5 (vs, 6(CNyingrom + v(C-NCN)), 1178.2 (w, v(NCN) +
O(CNying,rcn)), 1031.7 (w, é(skeleton) + §(NCN)), 975.5 (w, 6(C3N3)), 782.4 (m, v5(C3N3)),
746.1 (vw, 745(C3N3)), 697.7 (vw, §(NCN) + §(C3N3)), 568.0 cm~! (w, v(NCN), ring-
bend,eiamine)- Anal. Caled (in wt%) for [(C3sNgHy7)2|[CsNoH]-2.4H20 (3): C, 28.91; N,
59.02; H, 4.05. Found: C, 28.78; N, 58.99; H, 4.12. MS (ESL): m/z (%) = 200.05 (100) [A
+ H], 222.04 (20) [A + Na]~, 423.00 (45) [2 A + 2 H + Na|~; (DEL+): m/z (%) = 126.10
(12) [C3NgHg) .

10.1.9 '"N-Melamine C}’NgHj,

According to a procedure developed by Jirgens [240], ' N-enriched melamine was prepared
by reacting sodium tricyanomelaminate Na3[CgNg] (742.5 mg, 2.78 1072 mol) with NH,CI
(183 mg, 3.36 1073 mol) in a Duran tube (length: 160 mm, @ey. 26 mm, P 24 mm)
at 743 K (heating rate of 1 K min~!) for 12 h. The raw material was further purified by
sublimation (1 Pa, 493 K).

10.1.10 Ammeline Salts

All ammelinium salts were obtained by acid hydrolysis of melam hydrate according to the
following procedure: A melam — NH4Cl adduct of assumed composition [CgN11Hjp|CL - 0.5
NH4Cl was synthesized according to Jirgens by heating melamine and NH4Cl in a molar
ratio of 2:1 at 723 K for several hours in a glass ampoule with ground neck [240]. The
obtained melam — NH,Cl adduct was stirred in aqueous NHs (25 %) for 1 hour to remove the
ammonium chloride and subsequently air-dried. The as-obtained melam hydrate, CgNy1Hg
-2 HaO (12 mg, 4.4 - 107> mol) were suspended in HoO (50 mL) and heated under reflux.
Concentrated acid (2 mL HCl, 1 mL HBr, or 4 mL. HNO3) was added to the hot suspension
until complete dissolution was observed. The solution was stirred for another 10 minutes, then
slowly cooled down and the solvent evaporated at 313 K until formation of colorless crystals

commenced.
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10.2 Chemicals

The sources of supply as well as the purity of the commercially available chemicals used in

this work are listed in Table 10.1.

Table 10.1: Source of supply and purity of the chemicals used in this work.

Chemical Formula Purity Source of Supply
Acetonitrile H;CCN 99.9 % Riedel-de-Haén
Aluminium chloride Hexahydrate AlCl3 - 6 H,O 99 % Acros

Ammonia (25 % aq.) NH; p. a. Fluka
Ammonium bromide NH,Br > 99.5 % Fluka
Ammonium chloride NH,4C1 > 99.5% Fluka

15 N-Ammonium chloride 15NH,C1 98 % (1N)  Promochem
Ammonium iodide NH,I >99 % Fluka

Argon Ar 99.998 % Messer
Ammonium dihydrogen phosphate  (NH4)H2POy p. a. Merck

Barium chloride Hexahydrate BaCl, - 6 Hy,O 99 % Merck

Calcium chloride Hexahydrate CaCly - 6 HbO  p. a. Merck

Copper chloride Dihydrate CuCly - 2H2O0 99 % Merck
Deuterium oxide D50 > 99.9 % Deutero GmbH
Diammonium hydrogen phosphate  (NH4)oHPOy4 p- a. Merck
Dicyandiamide H,CaNy 99% AVOCADO
Dimethylformamide OHCN(CHas), > 99.995 %  Acros Organics
Dimethylsulfoxide OS(CHs), >99.5 % Merck
Dimethylsulfoxide—dg OS(CD3)2 >99.9 % Deutero GmbH
Formic Acid (100 %) CHOOH p. a. Merck
Guanidinium chloride [C(NHz)3]Cl1 > 98 % Fluka
Guanidinium nitrate [C(NH2)3]NO3 > 98 % Fluka
Guanidinium sulfate [C(NH2)3]NOs > 97 % Merck
Guanylurea sulfate [CaN4H70]2S04 98 % Acros Organics
Hydrobromic acid (47 %) HBr p. a. Bisterfeld-Graen
Hydrochloric acid (36 %) HCl p. a. Bisterfeld-Graen
Ion exchanger I, H"-form p- a. Merck

Iron chloride FeCls > 97T % Griissing

Iron chloride Hexahydrate FeCls - 6 HoO - Caelo
Magnesium chloride Hexahydrate MgCly - 6 Ho O p. a. Merck
Melamine C3N3(NHy)3 > 99 % Fluka

Nitric acid 65 % HNOg p. a. Bisterfeld-Graen
Ortho-phosphoric acid (85 %) H3POy4 p. a. Bisterfeld-Graen
Perchloric acid (60 %) HCl104 p. a. Merck
Potassium K purum Kochlight
Sodium dicyanamide Na[N(CN)s] > 96 % Fluka

Sulfuric acid (95 — 98 %) H9SOy4 p. a. Bisterfeld-Graen
Tetrahydrofurane (stabilized) C4HgO p. a. Acros Organics
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10.3 Crystal Structures

10.3.1 2,4-Diamino-1,3,5-Triazine

Figure 10.1: Asymmetric unit of 2,4-diamino-1,3,5-triazine. Displacement ellipsoids are drawn at the 50 %
probability level.

Figure 10.2: Unit cell of 2,4-diamino-1,8,5-triazine, view along [010]. Displacement ellipsoids are drawn at
the 50 % probability level.
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Table 10.2: Crystallographic data for 2,4-diamino-1,3,5-triazine.

Formula C3NsHj5

M, / g - mol™? 148.16

crystal system monoclinic
space group P2y/c (no. 14)
T /K 200
diffractometer Nonius Kappa CCD
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 987.5(2)

b / pm 375.00(8)

¢ / pm 1294.0(3)

B/° 99.34(3)

V /105 . pm3 472.85(17)

Z 4

Pcalcd / g cm™? 1.561

F(000) 232

g/ mm! 0.11

X 0.03(2)

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e-1076 pm™3

0.12 x 0.03 x 0.02
3.19 <0 < 25.00
—11<h<11, -4 <k <4,
~15<1<15

5888

837 (Rint = 0.1452)

628

with F2 > 20(F2)

74/ 0

1.070

Ry = 0.0631 (0.0798)

wRy = 0.1836 (0.1986)
with w = [02(F?)
+(0.1100P)? + 0.3045P) !
where P = (F2 +2F?)/3

~0.240 / 0.608
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10.3.2 Guanylurea Sulfate

Figure 10.3: Hydrogen-bonded chains of guanylurea cations (dotted lines, bold) which are interconnected by
sulphate ions and water molecules (dotted lines, thin). Displacement ellipsoids are drawn at the 50 % probability
level.

Figure 10.4: Unit cell of guanylurea sulphate hydrate, view along [100]. Displacement ellipsoids are drawn at
the 50 % probability level.
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Table 10.3: Crystallographic data for Guanylurea (carbamoylguanidinium) sulfate hydrate.

Formula [CoH7N40]2S04 - 2H0
M, / g - mol™? 338.32

crystal system monoclinic

space group C2/c (no. 15)

T /K 200

diffractometer Nonius Kappa CCD
radiation (A / pm) MoK, (71.073)
monochromator graphite

a / pm 3035.3(6)

b / pm 661.62(13)

¢ / pm 2120.4(4)

B/° 99.37(3)

vV /10% - pm3 4201.4(14)

Z 4

Pcalcd / g cm™? 1.605

F(000) 2136

p / mm~* 0.287

absorption correction semi-empirical, multiscan
X 0.00096(15)

crystal size / mm?

diffraction range
index range

total no. reflections
independent reflections
observed reflections

refined parameters / restraints
GooF on F?
R indices (all data)

min./max. residual
electron density /
e-1076 pm~3

0.25 x 0.12 x 0.09

3.15 <6 <27.49
—38<h<38 —8<k<S,
=27 <1 <27

40605

4821 (R;pt = 0.0475)

3959

with F2 > 20(F2)

394 /0

1.046

Ry = 0.0475 (0.0342)

wRy = 0.0823 (0.0886)
with w = [02(F?)
+(0.0411P)% + 3.7320P) !
where P = (F2 +2F?)/3

- 0.397 / 0.363
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10.4 Melon: Electron Diffraction

Figure 10.5: Potential map obtained after refinement of the precession electron diffraction data of the hk layer
(wR2 =~ 35 %, weighting factor 1.0). Top: without atoms; bottom: C (blue) and N (red) atoms are indicated,
showing a heptazine-based melon structure.
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10.5 Solid-State NMR Spectroscopy

10.5.1 Line Shape Simulations

290 K

250 K

230 K

210K

190 K

170 K

-600 -400 -200 O 200 400 600
v [ kHz

Figure 10.6: “*N wide-line solid-state NMR spectra measured between 170 K (bottom) and room temperature
(top), together with the respective simulations employing n = 0.91 and variable QCCs: 170 K: 200 kHz; 190 K:
820 kHz; 210 K: 360 kHz; 230 K: 420 kHz; 250 K: 480 kHz; 290 K: 520 kHz. The simulations were carried out
using the program MXQET [181].
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10.5.2 Program Code for the Analysis of 2H Powder Spectra Using the
NMR Library Gamma [186]

#include <gamma.h>
#include<iostream>
#include<string>

using namespace std;

complex null(0.0,0.0);
matrix cartesisch(space_T CS);

void Kristallite(int maxn, double theta[], double phi[], double wichtel[]);
matrix cartesisch(space_T CS) {

int i, j;

matrix CSC(3,3);

for (i=0;i<3;i++) {
for (j=0;j<3;j++) {
CSC(i,j)=CS.Ccomponent(i,j);

}
return CSC;

void Kristallite(int maxn, double thetal[], double phi[], double wichte[]){

char file[15];

int 1i;

if (maxn<100000) {sprintf(file,"repulsion’5d",maxn) ;}
if (maxn<10000) {sprintf(file,"repulsion%4d",maxn);}
if (maxn<1000) {sprintf(file,"repulsion}3d",maxn) ;}
if (maxn<100) {sprintf(file,"repulsion%2d",maxn);}

if (maxn<10) {sprintf(file,"repulsion%ld",maxn) ;>
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ifstream readrep(file, ios::in);
for(i=0;i<maxn;++i){

readrep>>phi[i]>>theta[i]l>>wichte[i];

main(int argc, char *argv[]) {

int gqn=1, Zspins, maxn;

double QCC1, QCC2, QCC3, QCC4,etha, betal, beta2, omegal, omega2, omega3, omega4;
double scal=0.5%sqrt(3./2.);

double rate=1.e0, ti1;

coord ptl;
ptl.xyz(0,0,1); //Orientierung des BO-Feldes entlang Z des Laborkoord.

ask_set(argc, argv, qn++,"\n\tKopplungskonstante QCC1 [kHz]? ", QCC1);
ask_set(argc, argv, qn++,"\n\tKopplungskonstante QCC2 [kHz]? ", QCC2);
ask_set(argc, argv, qn++,"\n\tKopplungskonstante QCC3 [kHz]? ", QCC3);
ask_set(argc, argv, gn++,"\n\tKopplungskonstante QCC4 [kHz]? ", QCC4);
ask_set(argc, argv, gqn++,"\n\tAsymmetrieparameter fuer 2H7 ", etha);
ask_set(argc, argv, gnt++,"\n\tbetal? ", betal);

ask_set(argc, argv, gn++,"\n\tbeta2? ", beta2);

ask_set(argc, argv, gn++,"\n\tZahl der Pulverinkremente? ", maxn);
ask_set(argc, argv, gnt++,"\n\tRate? ", rate);

ask_set(argc, argv, gqn++,"\n\tt_1 in us? ", t1);

tl=tlxl.e-6;

double phi[maxn], thetal[maxn], wichte[maxn];
Kristallite(maxn, theta, phi, wichte);
QCC1=QCC1xscal*1000. x2+PI;

QCC2=QCC2*scal*1000.*2*PI;
QCC3=QCC3*scal*1000.*2*PI;
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QCC4=QCC4*scal*1000.*2*PI;

ofstream writeausgabe("Werte_TQCC.dat", ios::out);
spin_system sys;

sys.read("spindifl.sys");
writeausgabe<<"Spinsystem:\n"<<sys<<"\n\n";
Zspins=sys.spins();

writeausgabe<<"Zspins: "<<Zspins<<"\n";

space_T Q1,Q2,Q3,Q4, CS[4],CSr[4];

Q1=A2(0.,QCC1,etha);
Q2=A2(0.,QCC2,etha) ;
Q3=A2(0.,QCC3,etha) ;
Q4=42(0.,QCC4,etha) ;

CS[0]=Q1.rotate(0.,betal,0.);
CS[1]=Q2.rotate(0.,betal,180.);
CS[2]=Q3.rotate(0.,beta2,90.);
CS[3]1=Q4.rotate(0.,beta2,270.);

matrix pi(4,4);
pi.put(-3*rate,0,0);
pi.put(-3*rate,1,1);
pi.put(-3*rate,2,2);
pi.put(-3*rate,3,3);
pi.put(rate,0,1);
pi.put(rate,1,0);
pi.put(rate,0,2);
pi.put(rate,2,0);
pi.put(rate,0,3);
pi.put(rate,3,0);
pi.put(rate,1,2);
pi.put(rate,1,3);
pi.put(rate,2,1);
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pi.put(rate,3,1);
pi.put(rate,2,3);
pi.put(rate,3,2);

int i,h,k,j;

matrix mR,mRdia,mX,momega(4,4,null),emRdia(4,4,null),R,Rdia,X;
matrix omega(4,4,null),eRdia(4,4, null),templ(4,4,null);
complex z1(0,1),echo=null;

double t;

double dw=1.e-6;

col_vector G(4,0.25), temp2(4,null);

row_vector I(4,1),temp3(4,null) ;

col_vector echofin(2000,null),echosum(2000,null),

echocut (2048,null) ,fftecho(2048,null);

for(h=0; h<maxn; h++) {

CSr[0]=CS[0] .rotate(phil[h],thetalh],0.);
CSr[1]1=CS[1] .rotate(phi[h],thetal[h],0.);
CSr[2]1=CS[2] .rotate(phil[h],thetal[h],0.);
CSr[3]=CS[3] .rotate(phil[h],thetal[h],0.);

omegal=Re (CSr[0] .component(2,0));
omega2=Re (CSr[1] . component (2,0));
omega3=Re (CSr[2] . component (2,0));
omega4=Re (CSr [3] . component (2,0)) ;

——————————————————————————— Def.: pi und (m)omega-----—--———————————————————
momega.put (-zl*xomegal,0,0);
momega .put (-z1*omega2,1,1);
momega.put (-zl*omega3,2,2);

momega.put (-zl*omega4,3,3);

omega=-1.*momega;
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mR=momega+pi;

diag(mR,mRdia,mX) ;

omega.put (zl*xomegal,0,0);
omega.put (zl*xomega2,1,1);
omega.put (zl*xomega3,2,2);
omega.put (zl*omega4,3,3);

R=omega+pi;

diag(R,Rdia,X);

templ=inv(mX)*X;
temp2=inv (X) *G;
temp3=I+*mX;

Y e t-inkrementiertes e(m)Rdia, echo--------—-—--———-———-

for (k=0;k<2000;k++){
t=k*xdw;
for(i=0;i<4;i++){
emRdia.put (exp(mRdia(i,i)*(t-t1)),i,1);
eRdia.put(exp(Rdia(i,i)*t1),i,i);
}
echo=temp3*emRdia*templ*eRdiaxtemp2;
echofin(k)=echo;
}

echosum+=echofin*wichte[h];

}
for(j=0;j<2000; j++){
echosum. put (Re (echosum(j)),j);
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row_vector gauss(2000);

gauss=Gaussian(2000,0,300.);

for(i=0;1<2000;i++){

echosum(i)*=gauss (i) ;

int Abschn=(int) (2.*(t1/dw));

cout<<"Abschneidepunkt: "<<Abschn<<"\n";

for(i=0;1<2000-Abschn;i++){
echocut (i)=echosum(i+Abschn) ;

3

echocut (0)=echocut (0)*0.5;
fftecho=FFT (echocut) ;

[/=—mmm e x-Achse, Spektrum-----------—---—--—-—————————

int 1;

col_vector nue(2048), PLA(2048);
double SW=1/dw, tp=3.0e-6, omegat=5.24eb5;
cout<<"SW: "<<SW<<"\n";
for(1=0;1<2048;1++){

nue (1)=(SW/2047.%1-SW/2.)*2*PT;

for(1=0;1<2048;1++){
PLA(1)=omegat*(sin(tp*sqrt ((omegat*omegat)+0.5*nue(1l)*nue(l))))/

(sqrt (omegat*omegat+0.25*nue (1) *nue(1)));
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writeausgabe<<"fftecho_vorher: "<<fftecho<<"\n";

for(1=0;1<2048;1++){
fftecho(1)*=PLA(1);

writeausgabe<<"fftecho_nachher: "<<fftecho<<"\n";

ofstream spektrum("spc_TQCC.dat", ios::out);

for (i=0;i<2048;i++){
spektrum<<Re (nue (i) )<<"\t"<<Re(fftecho(i))<<"\t"<<Im(fftecho(i))<<"\n";}
spektrum.close();

ofstream fid("fid_TQCC.dat", ios::out);

for (i=0;1i<2000;i++){
fid<<i<<"\t"<<Re(echosum(i))<<"\t"<<Im(echosum(i))<<"\n";}
fid.close();

ofstream PLAB("PLAB.dat", ios::out);

for(i=0;i<2048;i++){

PLAB<<Re (nue (i) )<<"\t"<<Re(PLA(i))<<"\t"<<Im(PLA(i))<<"\n";}
PLAB.close();
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Abbreviations

acq acquisition

BSS backscattering spectrometer
CAS crystal axis system

cf. confer

conc. concentrated

Cp cross-polarization

CPPI cross-polarization with polarization inversion
CS chemical shift

CSA chemical shift anisotropy

d day

dca dicyanamide

dda dicyandiamide

DCI direct chemical ionization

DEI direct electron impact

DFT density functional theory

DSC differential scanning calorimetry
DTA differential thermal analysis

n asymmetry parameter

ED electron diffraction

EDX energy dispersive X-ray analysis
EFG electric field gradient

ESI electrospray ionization

ESP electrostatic potential

Eq. equation

F., calculated structure factor

F, observed structure factor

FAB fast atom bombardment

FID free induction decay

Fig. Figure
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fp-RFDR
FT
FWHM
GooF

h
HETCOR
HF

INS
IPDS
IR

kHz
LAS

b

MAS
mg
MHz
min

mL

MS
msec
NHydca
NMR
PAS
pdf

pm

ppm

QCC
QNS

RFDR
RT

Oiso

finite pulse radio frequency driven dipolar recoupling
Fourier transformation

full width at half maximum
goodness of fit

hour

heteronuclear correlation

high frequency

inelastic neutron scattering
imaging plate diffraction system
infrared

kilohertz

laboratory axis system

line broadening

magic angle spinning
milligram

megahertz

minute

milliliter

mass spectrometry
milliseconds

ammonium dicyanamide
nuclear magnetic resonance
principal axis system
probability density function
picometer

parts per million

momentum transfer
quadrupole-coupling constant
quasielastic neutron scattering
residual

radio-frequency driven dipolar recoupling
room temperature

second

isotropic chemical shift
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SAED
SEM
SOF
SPM

TCM
TEM
TPXRD
UV /vis

selected area electron diffraction
scanning electron microscopy

site occupation factor

single particle model

time

longitudinal (spin-lattice) relaxation time
transversal (spin-spin) relaxation time
contact time

mixing time

tricyanomelaminate

transmission electron microscopy
temperature programmed X-ray powder diffraction

ultraviolet / visible
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Austria, June 15-18, 2006.

B. V. Lotsch, M. Doéblinger, J. Sehnert, L. Seyfarth, J. Senker, W. Schnick, Melon: First
Structural Characterization of a Polymeric Carbon Nitride Material, GDCh-Meeting of the
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IITb. Posters

B. V. Lotsch, W. Schnick, Structure and Thermally Induced Reactivity of NDy/N(CN)s] —
Combined Neutron Diffraction, Solid-State NMR and Spectroscopic Investigations, 11" An-
nual Meeting of the German Society of Crystallography (DGK), Berlin, March 10-13, 2003.

B. V. Lotsch, W. Schnick, Towards FExtended C-N Solids: Crystal Structures and Thermal
Solid-State Reactivity of Molecular Precursor Compounds, 2" Sigma-Aldrich Workshop on
Materials Chemistry, Graduate School of Chemistry, University of Miinster, Germany, August
24-27, 2004.

B. V. Lotsch, W. Schnick, Towards FExtended C-N Solids: Crystal Structures and Thermal
Solid-State Reactivity of Molecular Precursor Compounds, 2"¢ Wohler Conference (GDCh-
Meeting), Marburg, Germany, September 15-17, 2004.
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IV. CSD and CCSD Reference Numbers:

Crystallographic data were deposited with the Fachinformationszentrum Karlsruhe (76344
Eggenstein—Leopoldshafen, Germany; fax: (449)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) or with the Cambridge Crystallographic Data Centre (CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; e-mail for inquiry: file-

serv@cedc.cam.ac.uk) and are available on quoting the respective CSD /CCDC reference

numbers.

[NH4][N(CN)q]: CSD-413097

[NH4][HoNC(=O)NCNJ: CSD-414279

H,NC(=0)NHC(NH;)NCN: CSD-414651

B-[C(NH3)3][N(CN)s: CCDC-240066
a—[C(NH;)3][N(CN)g: CCDC- 240067
[(HoN)C(=0)NHC(NH;)5][N(CN)y: CCDC-275277
[HoNC(=0)NHC(NHy)3]2S04 - 2H,0: CCDC-275021
[C3HgN50]Cl: CCDC-295005
[C3HgN;50]Br: CCDC-295006
[C3HgN50]NOs5: CCDC-295007
Zn[CeN11Hg]Cly: CCDC-618431
[CsN11H11](ClO4)2 - 2 H20: CCDC-618432
C6Ny1Hy: CCDC-618430
[NH,4]2[CsNoH]: CCDC-287126
[C(NHz)3]3[C6Ng] - 2 H,O: CCDC-287124
[(C3NgH7)2][CsNoH] - 2.4 HyO: CCDC-287125
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Curriculum Vitae

Personal Details

07/09/1977
Education
1984 — 1988
1988 — 1997
1997

1997 — 1999

November 1999
1999 — 2000

2000 — 2002

December 2002

since April 2003

Born in Frankenthal / Pfalz, Germany, as second child of
Dr. Wolfgang Lotsch and Brunhilde Lotsch, nee Weiss;
Citizenship: German

Marital status: unmarried

Primary school education at Albrecht — Diirer — Grundschule,
Beindersheim

High-School education at Karolinen-Gymnasium Frankenthal / Pfalz
Abitur (A-Levels)

Undergraduate studies in Chemistry at
Ludwig-Maximilians-Universitat, Miinchen

Preliminary Diploma

Visiting student at the University of Oxford, Balliol College,
practical project in the group of Prof. D. O’Hare, entitled
“Synthesis and Study of Intercalation Compounds”

(advisor: Dr. F. Millange)

Graduate Studies in Chemistry at
Ludwig-Maximilians-Universitat, Miinchen

Diploma thesis in the group of Prof. W. Schnick (chair of
solid-state chemistry) at Ludwig-Maximilians-Universitét,
Miinchen, entitled

“Investigation of the Structure and Thermally

Induced Reactivity of Ammonium Dicyanamide”

Research assistant in the group of Prof. W. Schnick;

PhD thesis in inorganic solid-state chemistry, entitled
“From Molecular Building Blocks to Condensed

Carbon Nitride Networks: Structure and Reactivity”
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