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Chapter 1. Introduction

1. Introduction

Heterocycles probably represent the largest andfabdrfamily of organic compounds and play a
significant role in biology and technology, for fasce as building blocks of DNA and amino acids, or
as natural and artificial dyes and pigments. Then&b replacement of one or more carbon atoms in
hydrocarbons with heteroatoms, most common-

ly oxygen, nitrogen, and sulfur, results in a grea*

variety of heterocyclic structur€$.Especially f N N/\/EH
among the large group df-heterocycles plenty N/) lN/ N/>
of compounds with considerable importance a b
especially for nature but also for technical appli N

cations, are known (see Scheme 1). Two of th [ )

most prominent examples in the field of biology ” ¢

are certainly pyrimidine and purine, which are d N= N/ N

the building blocks of the nucleobases, an ©Eé ;>:©
NH HN

thereby contained in the genes of every living p

organism. Widely distributed in nature are alsc N N\ N

the rings imidazole, pyrrolidine and indole,@ Né\IN

which are contained in the amino acids H k\N)

f

histidine, proline, and tryptophane, respectively

(D

®© IZ

g
and the porphin ring system, which is the parent

compound of porphyrins and thereby part of key%cheme 1. N-heterocycles with significant
importance for biology and technology, respectively

biological dyes, such as the blood pigment hemgy imidine (a), purine (b), porphin (c), imidazole
or the green leaf pigment chlorophyll.(d), pyrrolidine (e), indole (f), phthalocyanine),(g
) ands-triazine (h).

Moreover, N-heterocycles are widely used for
technical applications. Indigo dyes, which comptise indole unit, and phthalocyanines are broadly
utilized as dyes and pigments, and $teiazine compound melamine is used for the prejmraf

melamine-formaldehyde resins. These colorlessatieg, and hard materials with high chemical
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stability and flame resistance are employed for enams technical applications, e. g. in moldings and

glues?

The nitrogen-ricts-triazine GN3 ands-heptazine gN; rings

(see Scheme 2) are often regarded as special cdises

N NZ\N
N-heterocycles because they comprise neither C—CHbir N“ °N )\ J\
bonds and therefore formally represent inorganitties. J\\N) N” "N IN
However, strict differentiation between these iong \N \N)\‘

cycles and organidN-heterocycles should be applied only
cautiously considering their close structural samiy. In g heme 2 Molecular structure of the

fact, s-triazine ands-heptazine based compounds are usuallgarbon nitrogen rings-triazine (left)
classified rather inconsistently as inorganic ogamic ands-heptazine (right).
materials depending on the respective point of vi€éiis
should be kept in mind when searching for literator structural data of such compounds, which can
be found both in organic and inorganic journals dathbases. Nevertheless, a general distinction
between hydrocarbons and such nitrogen-rich heteleg can be meaningful in some cases, for
instance if differences in chemical and thermabitty are of interest. High nitrogen contents ofte
increase thermal and oxidative stability of aromatompounds due to the relatively high bond
dissociation energy of carbon nitrogen bonds armdrétatively high electronegativity of nitrogen,
which causes an enhancement of the oxidation nuraberarbon and therefore hampers facile
oxidation of such compound However, although thetriazine ands-heptazine core can in general
be regarded as examples of nitrogen-rich, symmBittieterocycles, there are cases where a distinct
differentiation between those inorganic rings anghaic N-heterocycles should be applied: Both the
term “carbon nitride” and especially the formulaRg’ refer to a binary compound comprising solely
carbon and nitrogen and should therefore not bd tsalescribe various kinds of often undefined

materials which contain significant amounts of otllements such as hydrogen.

The binary phase {8, probably represents the carbon nitrogen materfathwmaterial scientists
dream about most. Initial reason for the questtifitc compound was the assumption that three-
dimensional, cubic {4 (c-C3N4) might exhibit material properties comparable tantbnd such as
high bulk and shear modulus, and high thermal cotidty as is suggested by theoretical calcu-
lations” As suitable precursor for the synthesis ®€;N, the two-dimensional, graphite-like
modification @-C3;N,4) is considered because DFT calculations have @eztlithat a conversion of

graphitic to cubic gN, might be possible under high-pressure conditioremalogy to the synthesis of
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diamond from graphit€! Whereas foc-C;N, a number of phases with’dpybridization at the carbon
atoms have been theoretically predicted, ge€;N, several structures based on tiiazine and
s-heptazine unit, respectively, have been prop&$dowever, despite numerous attempts neither the
cubic high-pressure modification nor layeregNgcould be prepared without doubt so'f4r! and not
only synthesis of crystalline 8, proved to be difficult but that of covalently baurC/N/H
frameworks in general. Until now only for a coupé such networks preparation and structure
elucidation has successfully been performddrvath-Bordonet al. reported on the first crystalline
three-dimensional C/N/H network carbon nitride imi@N,(NH), which was synthesized under high-
pressure conditions and crystallizes in a defeatazita structure-type analogous to that adopted by
sinoite (SiN,O).®! Moreover, the crystalline two-dimensional netwopkdy(triazine imide) (PTI) and
poly(heptazine imide) (PHI), built up sftriazine ands-heptazine cores, respectively, interconnected
via imide bridges, (see Scheme 3) were preparesipjoying various techniques such as syntheses at

s Also the structure of polymeric melon

moderate high-pressure conditions or reactionalimselt
[CeN7(NH2)(NH)]y, which consists of one-dimensional chainsstieptazine rings interconnected by
imide groups, could eventually be elucidafd® Moreover, by employing the hydrogen-free
precursor cyanogen isocyanatéNgD synthesis of ag-triazine based resin of compositiogNg was

reported recently but the poor crystallinity of guat impeded complete structural characterizatfn.

NN : i i
\ i N A
N)\N)\\N NN NN )N\: N \i
HoN \N)\\N NH NJ\N N N)\N)\N 'ﬂ\l\ N H N )N\H 5
)\ x > J\ )\\ X ! NN N~ NAN
N/{\l HN" N7 N7 N7 N7 N7 ONH [ LiCI/HCI PN
1) U s ) AT
) |  HaN__N__NH, |
HN N)\N)\NHZ N)\N)\N T N)\N)\N LU vowe YT
BY N NN PN HNJ\\N N)\\N NH HN)\\N)
NZON NTSNTONH T HNT SN SN A ) A A
BN )% By NH; P NZ>N NN NZ°N
NN NN NN I i wewwer YO YO
o s ) Jo I Jo I N"NH  HNTONTONTN
H,N” N7 "N™ "NH N“°N” "N N7 °N” °N )\ /]\ H
A NN NN NN NZON
N7N N“SNTONTSNTN [N
N)\N)\N " SN
|
a HN \N)\\N/kNHz b c

Scheme 3Crystallines-triazine ands-heptazine polymers: one-dimensional melon (a);dwoensional
poly(heptazine imidejnelamine (b) and two-dimensional poly(triazine igitliCI/HCI (c).



Chapter 1. Introduction

For some time, increasing attention has additigriadien drawn to C/N-rich polymers with often not
exactly defined structures and compositions, whiothibit interesting properties making them
valuable compounds for diverse applicatiBfisSuch materials have for instance been reportés to
suitable catalysts for Friedel-Crafts reactiBflsmetal-free C@ activation!” or photochemical
splitting of water*® Moreover, carbon nitride type nanoparticles angoramicro-, and mesoporous
materials with high surface areas have been prdpgargolymerization reactions in the presence of
hard and soft templafé® or by dynamic nitrile trimerization in salt meftd. However, it has to be
noted that for none of these materials a thorouglctsiral characterization has been performed and
that elemental analysis — if reported — in genéndicated the presence of hydrogen in these
compounds. Probably such polymeric materials stased-CsN,” in the literature actually have to be

regarded rather as graphite- or melon-like compsHid

Since the preparation of novel covalently linkettiazine ands-heptazine networks with defined
structure and composition has proven to be contglicé is indeed worthwhile to take also other
kinds of chemical bonds more into account for fhuspose. Due to their relatedness to both organic
and inorganic compounds tleetriazine ands-heptazine ring represent borderline cases between
different chemical disciplines and are found inimas fields of modern chemistry. Especially, the
striazine core is frequently employed as buildihngck of coordinative and supramolecular materials.
In contrast, for thes-heptazine ring until now only few examples of summpounds are known.
Probable reason for this is the limited syntheticess tes-heptazine derivatives. The ordsheptazine
compounds directly accessible by condensation afllsmolecular C/N/H precursors are melem
CsN7(NH,)5? and melon [EN/(NH2)(NH)].*? Any other moleculars-heptazine materials are
derived either from these starting materials ornugfaric acid GN,05H5,?? which can easily be
obtained by hydrolytic treatment of melem and meldowever, all these compounds exhibit poor
solubility in common organic solvents making furtheonversions often difficult. In contrast,
striazine derivatives are not only distinctly bets®luble in numerous solvents, but can furthermore
be obtained in large variety by facile trimerizatiof nitriles. However, dependent on their functibn
groups, also severaltriazine compounds exhibit only poor solubility most solvents. A method
which is frequently employed to enable chemistrysoéh materials in solution anyhow is to utilize
salts of these compounld$? Definite division between molecular salts, cooation compounds,
supramolecular materials, and covalently linkedniaorks is not always possible but a general
differentiation with respect to the nature of imEions which connect single building blodksthe

respective materials can be applied. In genera@matal bonds are divided into interatomic and
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intermolecular bonds, and for interatomic bonds further distinguished between compounds of first
order (ionic, metal and covalent interactions) armimpounds of higher order (coordinative
interactions)?”) However, there is a gradual transition betweerettfit bond types, and the actual
description of a bonding situation usually dependsthe respective point of view. For instance,
whereas scientists in the field of coordinationmalstry classify coordinative bonds as special caes
interactions, such forces are rather considerecbeslent bonds in solid-state chemistry. Therefore,
the terms “molecular salts” and “coordination compas” will be used in the following not in order
to strictly classify bonding types but to emphagiee difference between materials in wheetiazine
ands-heptazine cycles are interconnected via metal stamd polymers such as melghPTI? or

PHI®! where these rings are interconnected via imidgges.

For s-heptazine derivatives so far only few

coordination frameworks are known, namely

oo, | Z
2 . . . .
networks comprising either melonate anions
N™>N
NN (CeNANCN),)* and CG" or cyamelurate anions
' |
N“SN N SN (H«CeN;03)®™~and zf* or Cf* %% as well as

| —
_ /@/LN)\@ ) metal organic frameworks (MOFs) built up of
0,C a co

s-heptazine tribenzoate and Cwr Zrf* (see

Na O3
S )N\@ ? Scheme 4¥% In the cyamelurate and melonate
)N\//'NL based coordination networks a layered arrange-
N“ "N N . .
o Jo Jo I 2N NZN ment occuré®®® as is typically observed for
N”NTON Ne PO
N” "N

s-heptazine compounds. Contrary, binding of

Lo o
o @N d NJ\@L o three phenyl rings to theheptazine core in the
0,C CO,

above mentioned linkes-heptazine tribenzoate

Scheme 4.Examples of ligands comprising the inhibits formation of a layered structure and en-
striazine ors-heptazine cores-triazine tribenzoate

(a), striazine-tris(4-pyridyl) (b), melonate (c), and
sheptazine tribenzoate (d). frameworks?® Combination of the carbon nitro-

ables construction of three-dimensional porous

gen cycle with further aromatic rings in order to
obtain multidentate ligands with three-fold symmieblras not only been realized fetheptazine
tribenzoate, but also for sevemtriazine based linkers. Examples for such moleculdich are
commonly employed as building blocks in MOFs aseiazine tribenzoat®) and s-triazine-tris(4-
pyridyl).! Moreover, MOFs comprising similar ligands in whichains of two cycles are bound to

the striazine core have been report&iin addition to such linkers, which compris¢riazine cores
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combined with several further aromatic cycles, digands are known in whicktriazine represents
the only ring system, for instance cyanuric dtidricyanomelaminateéd’ s-triazine tricarboxylat&?!

or striazine triyltrisglyciné®!

Metal organic frameworks are utilized for varioysplications, for instance catalysis, ion exchange,
separation, and gas stordjeThey are usually prepared by the reaction of blétdigands and
lanthanide or transition metal salts in solutiomlemsolvothermal conditions. During this procedure,
organic multidentate ligands coordinate the metasj and thereby assemble into a three-dimensional
porous network. Similarly, in supramolecular stames molecular building units form a specific
arrangement by self-assembly which is determinedthay interplay of different types of weak
noncovalent interactions, e.g. hydrogen bondspetgve, and hydrophobic interactidfs™
However, differentiation between coordinative amghramolecular structures is not clearly defined,
because metal-to-ligand binding is sometimes dlaedsias a separate kind of interaction, and
sometimes as one type of noncovalent interacti@specially pioneering work in the field of
supramolecular chemistry, the “chemistry beyondrtiméecule” {ehn),?® mainly concerned systems
comprising metal ion8%“% The concept of supramolecular chemistry playsyarkée in biology for
molecular recognition and structure formation, fmstance in nucleic acids, proteins, and
polysaccharides. In 196Pederserapplied this concept for the first time in syntbethemistry with

the synthesis of crown ethé?8, which was followed by extensive investigations hafst-guest-
chemistry byLehnandCram Eventually, in 1987 the Nobel Prize in Chemistigs awarded jointly

to these three scientists “for their developmentl arse of molecules with structure-specific
interactions of high selectivity? Among different types of noncovalent interactiofs
supramolecular assemblies the role of hydrogergbsds often regarded to be of special importance.
Although hydrogen bonds can formally just as welldescribed as weak covalent or strong dispersive
bonds, dependent on their bonding strength, theiapattention which is drawn to them can
nevertheless be justified considering their enommbielogical importance. Hydrogen bonds are not
only essential for biological recognition and stuwe formation, but also responsible for the high
melting point of water, which is an inevitable mguisite for life processes in water. The excejtion
role of hydrogen bonds in biology has, among otherparticular been highlighted WBauling, who
“believe[d] that [...] it will be found that the sigitance of the hydrogen bond for physiology is
greater than that of any other single structuraifiee”**!

The role of hydrogen bridges for a specific suprgtaar arrangement has also been investigated in

detail for a prominent material comprisiegriazine units, the 1:1 adduct between cyanurid &CA)
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and melamine (M¥*** In this compound the formation of numerous hydrogends results in self-
assembly of CA and M into rosette-like hexamer® (Seheme 5)Whitesideset al. have not only
extensively studied the formation of a rosette-lteicture, but have also developed methods for a
directed construction of such motifd. The correctly proposed structure of the CA-M adduas
eventually confirmed byrRao et al. who succeeded in obtaining single-crystdl€A-M and of a
structurally related adduct of melamine and trighienuric acid @NsS;H; under hydrothermal
conditions®! Next to these adducts melamine also forms co-alystith several other compounds,

for instance with imide¥” uracil® boric acid*® or

4,4'-bipyridyl *® and additionally molecular salts H
N-H-OQ
comprising melaminium ions and various cyclic H N=< >—N'
anions, such as aromatic carboxyldtBsaromatic N—( N-H-N =0
52 : . N—< N H
sulfonates®® or tricyanomelaminat&d have been S H N-H-O H  N-H
investigated. Contrary, recently reported adduc yN' ,,H 'H‘ "N:<
. H-N ) N N
phases between melamine and mé&feifi do not N>=OH H ‘<\N%/
represent examples of molecular self-assemblyéntt O H  N-H-0Q H  N-H
: - ! H
classical sense because they are merely obtained H\N %N4<N HoN N>: O
N— N~ -
intermediates during thermal condensation ¢© H N—/< }—N\
: : N-H-~O H
melamine, but not when respective amounts of mel; H

mine and melem are reacted.
Scheme 5Hydrogen-bonded rosettes formed

. L . . between melamine and isocyanuric acid.
Despite countless publications in the field of supr Y

molecular chemistry and plenty of structural data a

hand prediction of crystal structures in supramakec assemblies remains complicated, and the
possibilities of chemists for directed constructmfndesired structures are rather limited — esfigcia
when compared to the amazing complexity of biolabaystem&® Therefore, the first step towards
targeted synthesis of materials with specific stmes, and ideally also desired properties, vigtaty
engineering, is a detailed investigation of bondprgperties of respective building blocks. In an
explorative approach, a comprehensive study of fmédr metal coordination, hydrogen bonds, and
dispersive interactions contributes to a betteresstdnding of the factors which influence a specifi
arrangement of building units in the crystal. Additlly, characterization of physical properties of
obtained materials, e. g. thermal and chemicalilgtatallows to estimate under which conditions

these compounds can be utilized as starting métdoiacoordination and supramolecular networks.
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In this thesis, severattriazine ands-heptazine derivatives, which have been investidyatdy rarely
in this regard so far, are analyzed with respec¢héar suitability to be employed as building units
molecular salts, coordination compounds, and suplesular networks. The role of diverse types of
interactions on the assembly of molecular entitiethe crystal is discussed, and thermal stabéity
well as selected further physical properties, sashluminescence properties or stability against
hydrolysis, of these materials are investigateder§th of different types of interactions and their

relative impact on structural features is studiethliby analysis of crystal data and DFT-calculation
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Chapter 2. Summary

2. Summary

In this thesis various possibilities to empiriazine ands-heptazine compounds as building blocks
in novel materials are presented. Different molacsitriazine ands-heptazine derivatives have been
utilized as building units in molecular salts, atioation and supramolecular compounds. Special
attention has been paid to increased employmestheptazine derivatives and of molecules which
can be classified as intermediates between inacgawirbon nitride type compounds and
hydrocarbons. In the obtained materials differgmtes of interactions except for covalent bonds
determine specific assemblies of components incthistal. Detailed analysis of impact and mutual
influence of diverse types of noncovalent forcestlosm arrangement of molecular entities has been
performed in order to gain a deeper understanditigese interactions, which will hopefully faciliea
more directed syntheses of such materials in thardu Structural characterization has been
complemented by analysis of chemical and thernadilgl, and thereby the suitability of investigdte

compounds to be employed as building blocks in haaerials could be evaluated.
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2.1

Rare-Earth Melonates

Coordination Compounds and Molecular Salts

(chapter 3, published iur. J. Inorg. Chenm2012 1832)

Coordination frameworks comprising melonate

(see Scheme 6) and trivalent lanthanide ions haea Iprepared and
comprehensively characterized as is described mpten 3. The
obtained materials represent novel exampleshafptazine derivatives
with trivalent cations and complement precedingligtsi of Ln** tri-

cyanomelaminates and dicyanamides. A series ofeianth melonates

Un@sNG(NCN)g)* N N
N%IN
N NJ\N)\lN
NS
Y \N)\\N)\Ne
© |
l
N

LNCeN7(NCN)zxH,O (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb ard 8-12) gcheme 6.Molecular struc-

has been synthesized by metathesis reactions goagsolution. The ture of melonate.

crystal structure of Lagbl;,(NCN);-8H,0 has been

Figure 1. Representation of a single layer in
LaCiN+(NCN)3-8H,0, illustrating the arrangement
of melonate units and B&in strands along and the

localization of crystal water between these strands

16

solved and refined

from single-crystal diffraction dataCp, a =
1666.2(3)b = 669.04(13)¢c = 1751.0(4) pmp =
108.74(3)°,V = 1848.4(6)-10pnt, Z = 4) and
structures of isostructurdlnCsN;(NCN)z-8H,O
(Ln

diffraction data by Rietveld refinement. In the

= Ce, Pr, Nd, Sm) from powder X-ray
crystal, melonate units and rare-earth ions form
one-dimensional strands which are arranged in
corrugated layers (see Figure 1). During synthe-
ses at ambient conditions La and Ce melonate
adopt this structure instantaneously, whereas Pr
and Nd melonate transform into it only after
several days of aging at room temperature.
DTA/TG studies and elemental analysis have
indicated this transformation to be induced by
partial release of crystal water. Alternatively,
LNCeNZ(NCN)s-:8H0O (Ln = Pr, Nd, Sm) could
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be obtained directly by gradually increasing systhdéemperatures up to hydrothermal conditions.
TG/DTA measurements have revealed low thermal Igtabf rare-earth melonates in comparison to
alkali melonates. This might be attributed to tlghhoxygen affinity of rare-earth metals impeding
complete dehydration during heating and consequgatiential hydrolysis at elevated temperatures.
Whereas Eu melonate does not exhibit luminescenderdJV excitation, photoluminescence studies
of Tb* melonate have showgreen emission with a maximum at 545 nm due to *he~'Fs

transition.

Alkali and Alkaline Earth Triazine Tricarboxylates

(chapter 4, published in @) Anorg. Allg. Chen01Q 636, 2584; b)Z. Anorg. Allg. Chen011, 637,
2142; c)Z. Anorg. Allg. Chen012 638 345)

Due to the structural similarity of triazine tricaxylate (TTC) S
(CiN3(CO,)5)* (see Scheme 7) with benzene tricarboxylate, a co j\:
pound that is commonly employed as linker in metafjanic o NI N
frameworks, TTC appears to be a suitable linkecdordination O N/)YO
networks. In order to gain a better understandingpordination and o) 0O
thermal properties of triazine tricarboxylates was alkali and

alkaline earth salts have been prepared and chkawdt by means Scheme 7.Molecular struc-
ture of triazine tricarboxy-

of single-crystal X-ray diffraction, FTIR spectrogxy, and TG/DTA late

measurements.

Alkali triazine tricarboxylates LJCsN3(CO,)3)-4H,0 (P 1, a = 655.10(13),b = 939.84(19),c =
1025.2(2) pm,a = 102.81(3), = 106.56(3),y = 91.38(3)°,V = 587.4(2)-10 pn?, Z = 2),
K3[CsN3(CO,)3]-2H,0 (P 1, a = 696.63(14)b = 1748.5(3),c = 1756.0(3) pmg = 119.73(3),8 =
91.96(3),y = 93.84(3)°,V = 1847.6(6)-10pn?, Z = 6), RR[C3N5(CO,):]-2H,0 (P2y/n, a = 1038.1(2),

b = 687.44(14),c = 1807.9(4) pm,pf = 92.47(3)°,V = 1289.0(5)-10 pn?, Z = 4), and
Cs[C3N5(CO,)4)-2H,0 (Cmem a = 2043.3(4)b = 967.51(19)¢ = 726.54(15) pmy = 1436.3(5)-10
pnt, Z = 4) have been synthesized by saponification efréispective triethyl ester, and alkaline earth
triazine tricarboxylates §C3N3(CO,)s]-12HO (P24/n, a = 1005.4(2)b = 1302.7(3)c = 2107.2(4)
pm, A = 97.36(3)°\V = 2737.1(10)-10pnT, Z = 4) and BgCsN5(CO,)3),-12H0 (P2:/n, a = 1020.9(2),

b = 1337.4(3),c = 2139.5(4) pmg = 95.71(3)°,V = 2906.6(10)-10pn?, Z = 4) by metathesis

17
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reactionslin the crystal structures, TTC units are arrangethyers with varying degrees of stacking
interaction between the layers dependent on thalnoet (see Figure 2). Binding to metal ions viatw
adjacent carboxylate groups and the intermedidteggin atom of the triazine ring has been observed
as recurring motif. Alkali triazine tricarboxylatexhibit comparable thermal stability up to 350 °C.
Heating above this temperature causes cleavagéeofirtazine ring for K, Rb and Cs triazine

tricarboxylate, but not for Li triazine tricarboxy-

(\ late. This might be due to more covalent inter-
NI/N O o action of Li ions.
N™SN Cu?* Nﬁ)LN)S/N\

| N\W)LN/)\WN\ H,0 &N H N'J

R;N N~

00

Scheme 8Hydrolysis of triazine tris(2-pyrimidyl) to Figure 2. Crystal structure of

bis(2-pyrimidylcarbonyl)amine (top) and of triazine Rb;[C3N3z(CO,)s]-2H,O, representing  stacking

tricarboxylate to oxalate (bottom). beween the triazine cores and the hexagonal
arrangement of triazine tricarboxylate columns.

Furthermore, stability of TTC in aqueous soluti@idvin®*, F&*, Cd™*, Ni**, C/* and ZA* salts has
been investigated by means of X-ray diffraction &¥R spectroscopy. In the presence of most
divalent transition metal ions TTC showed tendetweyards hydrolysis yielding oxalate. Hydrolysis
of TTC can be explained as a result of ring tensibich is caused by the coordination of transition
metal ions in analogy to the hydrolysis of triaztris(2-pyrimidyl) (see Scheme 8). TTC is stable in
aqueous solutions of Mhand F&" salts, whereas decreasing ionic radii and conselyugecreasing
M-O andM-N distances for G, Ni?*, C/** and Zri* cause intensified ring tension and therefore

hydrolysis. Comparison of TTC and triazine tris§@imidyl) not only allows for an explanation of the
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facile hydrolysis of TTC, but also enables the d@wament of strategies for the synthesis of novel
TTC coordination networks. Hydrolysis might be alexd by using large metal ions, adding a second,
strongly coordinating ligand, or performing synteesinder anhydrous conditions, e. g. in suitable

ionic liquids.

Cocrystals of Alkali Triazine Tricarboxylates and Cyanuric Acid
(chapter 5, published in. Anorg. Allg. Chen011, 638 88)

In order to obtain materials in which the relative

o
Oio e} influence of different types of interactions on the
NN HNJ\NH arrangement of molecular building blocks in the

A

o crystal can be studied two differesmtriazine com-

pounds, namely alkali triazine tricarboxylates and

o®
Z
b
O
O>_
T IZ

cyanuric acid (see Scheme 9), have been combined
Scheme 9. Molecular structure of triazine © cocrystals. Investigating the reactivity of cya-
tricarboxylate (a) and isocyanuric acid (b). nuric acid GN;Os;H3; towards alkali triazine tricar-
boxylatesM3[C3N3(CO;)5]-xH,O (M = Li, Na, K,
Rb, Cs) has revealed that the degree of ion trargben triazine tricarboxylate to cyanuric acid
increases gradually from the Li to Cs salt. Thisaskiation can be explained with the HSAB concept
and reflects an increasing basicity from Li triazitmicarboxylate to Cs triazine tricarboxylate. The
novel cocrystaldM;[CsN3(CO,)5][CsNsOsH3]-HO (M = K, Rb) have been synthesized this way in
aqueous solution at room temperature and analygeddans of single-crystal X-ray diffraction and
thermal analysis. In the crystal structures g{§N3(CO,)3][C3N3sOzHs]-H,O (P 1, a = 709.66(14)b =
964.97(19)c = 1279.1(3) pmg = 75.83(3)8 = 75.38(3)y = 70.88(3)°V = 788.1(3)-10pnT, Z = 2)
and RB[C3N3(CO,)3)[C3N3OzH3]-H,O (P2y/c, a = 720.01(14)b = 3756.4(8),c = 1256.9(3) pmp =
101.81(3)°,V = 3327.5(11)-10pnT, Z = 4) s-triazine entities are interconnected by hydrogeddes
to zigzag strands. These strands alternate withugated bands of alkali ions forming a layered
structure. Next to hydrogen bonds betwesénazine units, hydrogen bonds betwesetmiazine entities
and crystal water (see Figure 3), and Coulomb acteyns betwees-triazine entities and metal ions
also dispersive interactions betwestriazine rings occur. However, strength of thesspersive

forces has shown to be rather weak in comparistiydoogen bridges and Coulomb interactions.
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Figure 3. Hydrogen bonding interactions irs[kC3N3(CO,)3][C3NzO3H3]-H,O0.

2.2  Supramolecular Assemblies

Melem Hydrate
(chapter 6, published @hem. Eur. J2012 18, 3248)

The existence of melem hydrate, which is obtaingdreatment of melem l;(NH,); in boiling
water, has been known for some time. As is destdribechapter 6, in this work single-crystals of
melem hydrate have been obtained by reacting aeocagususpension of melem under elevated
temperature and pressure in an autoclave, andvyistat structure has been elucidaté&i3¢, a =
2879.0(4),c = 664.01(13) pmyV = 4766.4(13)-10pn?, Z = 18). Self-assembly of melem units in
boiling water leads to the formation of a hydrodpemded, hexagonal channel structure (see Figure 4)

reminiscent of that of the well known adduct betweeelamine and cyanuric acid. Due to this
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similarity a potential hydrolysis of melem to cydore acid has been suspected and could be ruled

out by means of solid-state NMR spectroscopy, efeai@nalysis and mass spectrometry.

In the crystal structure, melem units form hexadatennels which are filled with crystal water

molecules, and perpendicular to the direction ainciels melem units are arranged in corrugated
layers. Hydrogen bonds interconnect melem unitsh beithin and between the layers and are
additionally formed between melem and water moleullhermal analysis has revealed differing
bonding strengths of hydrogen bridges in the stinect\Whereas crystal water molecules can be
removed from the channels by heating under vactlienhexagonal, layered arrangement of melem
units is retained even in the dehydrated matdralvever, withdrawal of water molecules from the

structure presumably causes shifting of melem kymrpendicular to the direction of channels,

thereby blocking the channels and making them iesgible for guest molecules.

NH,
NJ\lN A
_—
NJ\N N

Figure 4. Self-assembly of melem into hydrogen-bonded, heraljchannels.
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Cocrystals of Melamine andN-Heterocycles
(chapter 7, published ih Mol. Struct2012 1013 19

chapter 8, unpublished results)

Hydrogen-bonded cocrystals of melamingNgNH,); andN-heterocycles (see Scheme 10) have been
prepared under solvent-free conditions and in agsiesolution. In the obtained 4:3 adduct of
melamine and tris(2-pyridyl)-triazine (TPTZ) andett8:1 adduct of melamine and tetrakid{4-
methylpyridinumyl)porphyrin tetratosylate (TMPyP-§josimilar structural motifs occur. Both in
AM-3TPTZ C2/c, a = 4927.6(10),b = 1212.3(2),c = 2301.6(5) pm,f = 100.85(3)°,V =
13503(5)-10pnt, Z = 8) and 3M-TMPyP-Tos:99 (P1, a = 1045.2(2),b = 1462.8(3),c =
1573.6(3) pmg = 83.26(3)8 = 80.34(3)y = 76.03(3)°V = 2294.2(8)-10pnT, Z = 1) N-heterocycles
are arranged im-t stacks and melamine molecules are arranged pecpdandto these stacks. This
way melamine units are located most suitable asmoand acceptors, respectively, for formation of
hydrogen bonds.Next to classical N-H---N, N-H---O, and N-H-.--&raations also several
nonconventional hydrogen bridges involving C-H dsrare present in both adducts. Apart from such
nonconventional hydrogen bonds charged
porphyrin rings are primarily bound by electro-
static forces. Dispersive interactions between
the aromatic rings dN-heterocycles have been
analyzed with respect to distances and angles
between those rings, showing arrangements as
typically observed between nitrogen-containing
aromatic systems. Thermal analysis of both

cocrystals has revealed that noncovalent inter-

actions between components are present even at

elevated temperatures.
Scheme 10Molecular structures of a) melamine, b)

TPTZ and ¢) TMPyP-Tos. Furthermore, the role of dispersive interactions
in the adduct phase 4BTPTZ in comparison
to 2,4,6-tris(2-pyridyl)-1,3,5-triazine (2-TPTZ),,4&6-tris(3-pyridyl)-1,3,5-triazine (3-TPTZ), and
melamine has been investigated theoretically bysitherfunctional theory including dispersion
corrections (DFT-D3). Twenty-six smaller complefasn the crystal structures of these compounds
were chosen as model systems and noncovalentdtitera in these complexes were studied. The
applied density functionals were two GGAs (BLYP-IPBE-D3), one meta GGA (TPSS-D3) and the
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recently proposed double-hybrid density functio®VPB95-D3. A very good agreement for
structures obtained from crystal data and strustopimized by using periodic boundary conditions
was achieved. For 4RITPTZ, 2-TPTZ and 3-TPTZ dispersion interactiongliiferent TPTZ dimers
with a varying number of stacked pyridinyl moietiere calculated, and for melamine interactions
were calculated both for mstacked and a hydrogen bonded dimer. Addition&lly2-TPTZ and 3-
TPTZ the effect of neighboring molecules was stddiesing PBE-D3 with periodic boundary
conditions. For TPTZ units dispersive interacti@mount for 40-45 % of the total crystallization
energy per molecule, whereas these interactionsaapg to be less important between melamine units
and between melamine and TPTZ. A contribution te domplexation energy of approximately
4.5 kcaltol™ for each pair of stacked pyridinyl rings and opapximately 2.4 kcaihol™ for stacked
triazine cores was computed. Consistently, intevaatnergies of -15.8 kdatol™ for 3-TPTZ dimers

in which all pyridinyl and triazine rings are stack and of -10.5 kcahol™ for 2-TPTZ dimers with
two stacked pyridinyl units, were calculated. Thesults indicate that interaction between TPTZ
moieties is mainly determined by dispersive foragsereas these forces are distinctly weaker for
interactions between melamine moieties and betwesamine and TPTZ. These findings are in good

agreement with the results obtained from analylsssngle-crystal data.

Figure 5. Crystal structures of 4M-3TPTZ (left) and 3M-TMP¥Bs-9HO (right), viewed parallel to the
direction of TPTZ and TMPyP stacks, respectively.
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3. Rare-Earth Melonates

Melonates (gN7(NCN),)* provide multiple coordination sites and therefa@present suitable ligands
for coordination networks. Preceding studies oksalvalkali and alkaline earth melonates have shown
that nitrogen atoms of botls-heptazine core and cyanamide side chains corgribot metal
coordination. Whereas prior to this work a cougdlenelonates with mono- and divalent cations have
been investigated, no structurally fully charaated melonates with trivalent cations were known so
far. In this regard especially lanthanide compouads of particular interest because®Eand TH*
dicyanamides and tricyanomelaminates have beentegpto exhibit photoluminescence under UV
excitation. Dicyanamides (N(CH), tricyanomelaminates 83(NCN);)*, and melonates are
structurally related, with tricyanomelaminate beitig trimerization product of dicyanamide, and
melonate representing tiseheptazine analog cftriazine based tricyanomelaminate. In this chapter
synthesis, crystal structure, thermal behavior, lantinescence properties of a series of melonates

with trivalent rare-earth ions are presented.

25



Chapter 3. Rare-Earth Melonates

Rare-Earth Melonates LNnCsN7(NCN)3-xH 0
(Ln = La, Ce, Pr, Nd, Sm, Eu, Th;x = 8-12):
Synthesis, Crystal Structures, Thermal Behavior, ad

Photoluminescence Properties of Heptazine Salts wifTrivalent Cations

Sophia J. Makowski, Arne Schwarze, Peter J. Schmidand Wolfgang Schnick

published in: Eur. J. Inorg. Chen2012 1832. DOI: 10.1002/ejic.201101251

Keywords: Lanthanides; Rare earths; Luminescence

Abstract. The rare-earth melonates LiNG(NCN)z-xH,O (Ln = La, Ce, Pr, Nd, Sm, Eu, Tb; x = 8-12)
have been synthesized by metathesis reactionsugoag solution and characterized by single-crystal
and powder XRD, FTIR spectroscopy, thermal analysisgl photoluminescence studies. Powder XRD
patterns revealed isotypism of the La—Sm compouhias.structure of Lagbl/(NCN)3;-8H0O has been
solved and refined from single-crystal diffractidata and those of the remaining salts have been
refined from powder XRD data by Rietveld refinemdntthe crystal structures, the melonate entities
are arranged in corrugated layers, which alternéte layers of crystal water molecules. The
lanthanide ions are coordinated by two melonatesand/ater molecules. Ln@l;(NCN)z-xH,O (Ln =

Eu, Th;x = 9-12) have also been investigated by photolustieece studies. Neither hydrated nor
dehydrated europium melonate exhibits luminescameder UV excitation, whereas photolumi-
nescence studies of terbium melonate showed graesien with a maximum at 545 nm due to the
°D,—'Fs transition. Thermal analysis revealed rather Ibermal stability of the rare-earth melonates,
which is probably due to the tight binding of calsivater that results in hydrolytic decompositidn a

elevated temperatures.
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3.1 Introduction

Molecular and polymeric carbon nitride-type

compounds have been extensively studied in

recent years, primarily targeting the synthesis CRYNYR N/ T E/ R NH
\ a = 2

binary GN, but increasingly with respect to  N. |N hnd b R=OH
Nx N ¢ R=Cl

their properties and possible applicatighs.
High thermal and oxidation stability as well as
semiconducting and catalytic properties make

these compounds promising materials to b&cheme 1 s-Triazine derivatives melamineld),
cyanuric acid 1b), and cyanuric chloridel€) and

s-heptazines melenR§), cyameluric acid Zb), and
Therefore, numerous ternary and quaternargyameluric chlorideZc).

employed for various technical purpo&és.

molecular compounds have been synthesized,

thoroughly characterized, and employed as startiatgrials for the preparation of polymeric carbon
nitride-type compounds, e.g. substitutettiazines (GNs), such as melamine, cyanuric acid, or
cyanuric chloride, and-heptazines (fN;), such as melem, cyameluric acid, or cyameluriorae
(Scheme 1). Furthermore, various salts of aniorsd tontain only carbon and nitrogen in an
alternating arrangement have been investigatedhis tegard. Examples are cyanides (CN)
cyanamides or carbodiimides (NCN) dicyanamides (N(CN) ,*® tricyanomelaminates
(CaN3(NCN))* 5 and melonates ¢Sl;(NCN)s)> 2914 (Scheme 2).

In addition to the structural characterization afitanber of these salts, their physical propertie$ a
thermal behavior have been investigated. It has BBewn that dicyanamides undergo trimerization
to the respective tricyanomelaminates under matemditions"” and nonmetal dicyanamides and
tricyanomelaminates transform insheptazine-based polymeric structures on hedtfigMoreover,
photoluminescence studies of dicyanamides andainayelaminates with trivalent rare-earth cations
have revealed the red and green luminescence &f &d TH' salts, respectivel§” This
luminescence was assigned’ly— 'Fy.4 transitions with an emission maximum at 615 ABy-'F,)

for the EJ' compounds and tD,—'F transitions with an emission maximum at 545 A6 'Fs)

for the TH' salts. Furthermore, the potential development hbsphors based on rare-earth
dicyanamides and tricyanomelaminates with trivataitons for applications in light emitting diodes

has been discuss€d!
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Conversely, no fully structurally characte-

rized s-heptazine salts with trivalent cations

S © S %:l)
are known to date. Although several cyame ==\ N=C=N N/// \\\N
lurates and melonates with trivalent cations 3 4 5
have been mentioned in the literature N
especially as precursors for the synthesis ¢ H @N Z

- - e |
functional materials, such as flame retar N N N@ N)§N
dants or carbon-based nanoparti€i@sa N/// g PPN
detailed structural characterization was no Nﬁ/N N NI N™ >N
NS

reported for any of these compounds. Suc ~ N@ \\N@ N/ N/ N@
materials are usually prepared by metathes N 6 7 I
reactions in aqueous solution from the N

respective alkali salts. Due to the poor solugcheme 2 Molecular structures of anions comprising

bility of s-heptazine salts with multivalent carbon and nitrogen in an alternating arrangement:
. li il 1 cyanide 8), cyanamide 4), dicyanamide §), tricyano-

cations, crystalline materials are not easi ¥nelaminate §), and melonate7.

obtained during this procedure, which is

probably reason for the small number of

structurally characterizestheptazines with multivalent cations. To date, thgstal structures have

been elucidated only for a few examples with dintleations, namely, calcium, copper, and zinc

cyameluratd$” and calcium and copper melondf&s® In these compounds, sufficient solubility for

the growth of single-crystals from solution wasiaebd by protonation of theheptazine rings or the

addition of ammonia or ethylenediamine.

With respect to the successful preparation of eamh tricyanomelaminatés, we chose the
structurally related melonates for the attemptadisysis of crystalling-heptazine salts with trivalent
rare-earth cations. Melonates have been long krimwitheir detailed characterization has been starte
only recently. The first report of melonates dabesk to 1835, when potassium melonate was
obtained as byproduct during the synthesis of gatasthiocyanat&® The structure of the melonate
anion was correctly proposed in 1937 by Pauling @nddivant® and was eventually confirmed by
Horvath-Bordon et al. by elucidating the crystalsture of potassium melonate pentahydtaten
recent years, a number of alkali and alkaline-earélonates has been synthesized and structurally

&1,13,14

characterize I Moreover, an alternative approach to the origsaithesis of melonates from

melon and potassium thiocyanate has been estatilithbas been shown that melonates are also
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formed when melon is reacted in cyanate melts hatlthey eventually decompose in these melts on

further heating to yield the relatedriazine tricyanomelaminaté!

In this contribution, we report the synthesis, &inee elucidation, and thermal behavior of the +are
earth melonates Ln@l-(NCN);-8H,0 (Ln = La, Ce, Pr, Nd, Smihereby presenting new structurally
characterizeds-heptazine salts with trivalent cations. Additidpalinvestigations of the photo-
luminescent properties of LRR;(NCN);-xH,O (Lh = Eu, Th;x = 9-12) complement previous

photoluminescence studies of the respective dieyades and tricyanomelaminates.

3.2 Results and Discussion

Synthesis and Powder XRD Analysis

Lanthanide melonates L@i8;(NCN)s-xH,O (7a-g Lnh = La, Ce, Pr, Nd, Sm, Eu, Thk;= 8-12) were
synthesized by metathesis reactions between ammomaglonate and LngkH,O in aqueous
solution. In analogy to the preparation of lantkdaniricyanomelaminates, the respective ammonium
salt had to be used as starting material due tbdlk& reaction of alkali melonates, which caubes t
precipitation of lanthanide hydroxid€5XRD patterns of the crystalline powders obtainedealed
the appearance of three different structures, whigh dependent on the nature of the lanthanide.
Complexes7a and7b (Ln = La, Ce) crystallize isostructurally as do-7f (Ln = Pr, Nd, Sm, Eu),
whereas another structure and lower crystallimigntthat of the other complexes was observeddor
(Ln = Tb). However, after several days of agingr@m temperature/c and 7d (Ln = Pr, Nd)
transformed into a structure isotypic to thaZafand7b, and the example afd is shown in Figure 1.
Elemental analysis of the as-synthesized and agedples of 7c and 7d indicated that this
transformation was due to the partial release ydtaft water, which changed the composition of these
compounds from LngN7(NCN)s12H,0 to LnGN-(NCN)38H,O (Ln = Pr, Nd). The final products
LNC¢N7(NCN);-8H,0 (Ln = Pr, Nd) were also obtained directly by @mepg 7c and7d not at room
temperature but by heating the reaction mixturespigroximately 80 °C. Complex&sg and7f (Ln =

Sm, Eu) did not transform into structures isotypicthat of 7a and 7b during aging at room
temperature but became largely amorphous. Howegetypic SmGEN;(NCN)s-:8H,O (7€) was
obtained by further increasing the synthesis teatpeg to hydrothermal conditions and reacting an
as-synthesized sample @k for 4 h at 120 °C. We therefore assume that SNIINCN)z-8H,0
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represents the more stable modification but, duekitetic reasons, for Ln = Pr, Nd, Sm,

LnCsN-(NCN)3-12H,0 is formed first during syntheses at room tempeeat

Intensity / a.u.

10 20 30 40 50 60
20/°

Figure 1. Powder XRD patternst € 154.06 pm,T = 298 K) of a) as-synthesizettl, b) 7d, aged at room
temp., and cya calculated from single-crystal data.

All of the lanthanide melonates investigated weearty insoluble in water, which impeded single-
crystal growth by recrystallization of the immeeigt precipitating crystalline powders. Single-
crystals of7a were nevertheless obtained by slow diffusion usaggr gel and low-concentration
solutions of the starting compounds. The crystalestire analysis ofa (see below) confirmed the
composition as octahydrate. Single-crystals of INUUNCN)z-12H,0 (Ln = Pr, Nd, Sm, Eu) were not
obtained, and it might be assumed that the germerahgement of melonate entities and lanthanide
ions does not significantly differ in the octahydraand dodecahydrate forms due to their facile
transformation to LnEN7(NCN);-:8H,0 (Ln = Pr, Nd, Sm) at room temperature. The chiareation

of 7g by FTIR spectroscopy and elemental analysis (s¢@w) indicated a complete exchange of
ammonium by T during the metathesis reaction and an approximebenposition of
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Crystal Structure of 7a

The crystal structure dfa was solved from single-crystal XRD data. Compfaxcrystallizes in the
monoclinic space grou@2 with four formula units in the unit cell. Crydtagraphic data and details
of the structure refinement are summarized in Tabl@he structure is built up of melonate units
[CeNZ(NCN):]*, La®* ions, and crystal water molecules (Figure 2). @ogtto the synthesis of
lanthanum tricyanomelaminaf®, ammonium is completely exchanged by lanthanumnduthe
synthesis of7fa and not present in the structure. As in most aklwatl alkaline-earth melonates, the
NCN groups are orientated in such a way that themag¢e ions show only minor deviations from the
point symmetry G, The melonate units are nearly planar with bondytles and angles typically
observed for melonate entities. Although the cén@aN bonds of thes-heptazine core do not
contribute to the aromatic system and can therebmeregarded as single bonds (139 pm), the
remaining C—N bond lengths of tlseheptazine core correspond to conjugated doublel¢b31-
136 pm). The side chains can be described as adaridel groups, -N=C=N—, with a contribution of
the resonant cyanamide form, —N=NC (Cy/35~Ngjg/10 132—135 pm, Bloj10-Crigro 130-132 pm, &g
N11/12/13114-115 pm).

Figure 2. Labeling of atoms and representation of the doatibn mode of L¥ in the structure ofa.

Melonate units and crystal water molecules arengegd in alternating layers perpendicular to lthe

axis, and the L ions are located within or slightly above the melie layers. The melonate entities
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are not coplanar but tilted out of tlae plane, which results in the formation of a cortegalayer
structure (Figure 3). Within one layer, melonataturare arranged in strands along thexis
interconnected by *Aions, and the crystal water molecules are lochétdieen these strands (Figure
4). Although the hydrogen-atom positions could betunambiguously determined from the single-
crystal data, N---O (282-308 pm) and O---O (262pg@7distances indicate that the water molecules

are involved in a hydrogen bonding network thatreants the melonate strands.

ML

gﬁ‘ S

Figure 3. Corrugated layers of melonate units perpendicalaheb axis in the crystal structure @b La®"
coordination polyhedrons of adjacent layers arerea light and dark gray, respectively. Thermapebids
are drawn at the 50 % probability level.

Along theb axis, the melonate layers are staggered so thetead melonate strands do not overlap
(Figure 5). The interlayer distance between twoomade layers of 335 pm is similar to values found
in alkali and alkaline-earth melonat&s' The L&" ions are coordinated in irregular polyhedrons by
two melonate units and six water molecules to aehmoordination numbers of ten. Both the La—O
(249-261 pm) and La—N (271-279 pm) distances aaednrdance with the sums of the ionic r&dii
and in good agreement with the values for lanthaticyanomelaminat€! The example of Lal is
shown in Figure 6, whereby two melonate units tdoatrdinate one lanthanum ion are not coplanar but
tilted with respect to each other. Because oftthisg and the nonuniform distribution of coordtiray
water molecules above and below the melonate @nitsystallizes in the noncentrosymmetric space

groupC2.
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Figure 4. Representation of a single layer Ta, Figure 5. lllustration of the staggered arrangement
which illustrates the arrangement of melonate unitsf melonate layers along thle axis in 7a The
and L&" in strands along the axis and the loca- melonate units and Ecoordination polyhedrons of
lization of crystal water between these strandsidjacent layers are colored light and dark gray,
Thermal ellipsoids are drawn at the 50 % probahilitrespectively. Crystal water molecules are omittad f
level. clarity.

The crystal structures of isotypic LENG(NCN);-8HO (Ln = Ce, Pr, Nd, Sm7b-7€) were refined
from powder XRD patterns by the Rietveld methodingisthe lattice parameters and atomic
coordinates ofa as the starting values. Bond lengths and anglésnithe melonate entities were not
refined, but the rotation and translation of théanate units were. Crystallographic data and detHil
the refinements are given for all compounds in &dhlandhe Rietveld plot o’b is shown in Figure
7 as an example. Rietveld plots &fe are given in the Supporting Information (Figurds-S3). In
accordance with our expectations, the lattice patara and cell volume decreased with the
decreasing size of the lanthanide ion from La to, &ccompanied by a slight increase of the

monoclinic angle.
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FTIR Spectroscopy

The FTIR spectrum ofa shows the characteristic
absorption bands of the melonate units (Figure ¢ .
a). Bands at 1200-1700 Thare assigned to the

stretching vibrations of theheptazine core, and a

sharp band at 807 c¢hto the bending vibrations

of the ring. Furthermore, =N groups of the side 2 L < 0o

chains give rise to an absorption band a ‘ 2 7

2184 cn, and thev(OH) signals of the crystal L(tﬁ O

water molecules are observed at 3000-3600.cm 1\ Y

The FTIR spectra off and7g (Figure 8, b and c) @‘/L

resemble that offa and are therefore a clear

indication of the presence of melonate entities in

the samples. Additionally, the absencev@H) Figure 6. Coordination of Lal by two melonate

bands at around 2800—3000 rshows that the entities and six crystal watc_er molecules, vi_ewed
along theb (left) and a (right) axes, which

melonate units are not protonated and that jfustrates the absence of an inversion center in

complete exchange of ammonium by’Ewand the crystal structure dfa

Tb®, respectively, was achieved during the

metathesis reaction. This observation is in

accordance with the elemental analyses, which givatomic ratio Ln/C/N of 1:9:13. Hence, for both

7f and7g, the formula Ln@N-(NCN)s-xH,O (Ln = Eu, Thx = 9-12) can be derived.

Thermal Analysis

The thermal behavior ofa was investigated by thermogravimetric (TG) andedéntial thermal

analysis (DTA, Figure 9). At 20-230 °C, the crystalter is partially released. The observed mass los
of 19.6% in this temperature range is smaller #ngrected for eight water molecules per formula unit
(calcd. 25.1%), which indicates that part of thgstal water remains bound in the structure up to
elevated temperatures. This observation may bedlthe high oxygen affinity of rare-earth elements.
Subsequently, at 230-700 °C, a further mass lod2 ™ occurred slowly and steadily before the

sample eventually started to decompose above 700Hi€ high decomposition temperature is typical
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Table 1 Crystallographic data and details of the struetefinement foi7b-e

LNCgN,(NCN);-8H,0 7b (Ln =Ce) 7c(Ln=Pr) 7d (Ln = Nd) 7e(Ln =Sm)
Molar mass /g mél 574.43 575.22 578.55 584.67
Crystal system monoclinic monoclinic monoclinic roghinic
Space group C2 (no. 5) C2 (no. 5) C2 (no. 5) C2 (no. 5)
Radiation (Cu-K,), A /pm  154.06 154.06 154.06 154.06
al/pm 1664.81(5) 1660.12(9) 1657.7(2) 1650.5(2)
b /pm 667.68(2) 665.45(3) 664.89(4) 662.34(4)
c/pm 1749.38(5) 1744.57(7) 1741.99(10) 1736.5(2)
pl° 108.94(1) 109.03(1) 108.99(1) 109.21(1)
V /10 pm? 1839.3(1) 1822.0(2) 1815.5(2) 1792.6(3)
z 4 4 4 4
Calculated density /g cth ~ 2.02 2.04 2.06 2.11
Diffraction range 2.7580<35° 2.75%<9<35° 2.75<0<35° 2.75<0<35°
Independent parameters 57 52 54 52
Data points 462 459 459 456
GooF 1.588 1.155 1.025 1.221
Rp, wRp 0.0271, 0.0356 0.0175, 0.0232 0.0154, 0.0200 75,00.0229
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Figure 7. Observed (crosses) and calculated (line) powdeD Xatterns and the difference profile of the
Rietveld refinement ofb. Bragg peaks are indicated by vertical linéss (54.06 pmT = 298 K).
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Figure 8. FTIR spectra of aja, b) 7f, and c)7g.

100

80

Mass | %

60

Heat flow / uV

40

100 200 300 400 500 600 700 800
Temperature / °C

Figure 9. TG (solid) and DTA (dashed) curvesa# (17.6 mg), measured with a heating rate of 5 K’min
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10121421 wever, because the partial

for sheptazine derivatives such as melonates and cyaates
mass loss ofabegan at 230 °C, the thermal stability of this poomd has to be regarded as distinctly
lower than that of alkali melonatB5!*! We therefore assume that the observed incomplete
dehydration of7a causes the reaction of the melonate units withrémaining crystal water at
elevated temperatures, which leads to another deesition pathway. Lanthanum oxides or nitrides
are presumably obtained as the final products dftermal decomposition. However, their exact
composition was not determined. The TG and DTA esrof7b—7e resemble that ofa (Figures S4—
S7), which indicates the comparable thermal bemaasal stability of all of the rare-earth melonates

investigated.

Photoluminescence Studies

Photoluminescence studies were conducte@df@md7g. Unlike the respective L'hdicyanamides and
tricyanomelaminates, which exhibit luminescencepprties both for Eli and TH' derivatives,
luminescence under UV excitation was only obseffeed’g. Furthermore, quenching was observed
for the hydrated form ofg. It is well known that the luminescence of compaaimvith trivalent rare-
earth cations is strongly affected by crystal watedecules, which cause nonradiative loss through
O-H oscillation®® Because the luminescence of hydrafgwas less pronounced than that of
dehydrated’g, photoluminescence studies were only carried authfe dehydrated compound (Figure
10). The diffuse reflectance spectrum of dehydragshows a broad band at 250-450 nm, which can
be attributed to the melonate entities as it alscurs in the spectra of other l.rmelonates and
ammonium melonate. In the excitation and emissioectsa of7g, all peaks can be assigned in
accordance with the spectra of*THicyanamide and Tbtricyanomelaminat€&® The broad band at
250-450 nm in the excitation spectrum originatesnfithe TH' 4f—4f'5d" transition. Sharp peaks
that correspond to intra-4f transitions, which superimposed on this wide band in"Tdicyanamide
and TH' tricyanomelaminate, cannot be unambiguously aesign the spectrum ofg due to a
comparably high background in the excitation spgotrThe emission spectrum, recordedig =
340 nm, shows several distinctive bands charatiten$ Th" °D,—'F; (J = 3-6) transitions with a

maximum green emission at 545 nin=(5).
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Figure 10. Diffuse reflectance, excitation, and emission ctge of dehydrated7g at room temp.
(Aem = 545 NMAgyc = 340 nmM).

3.3 Conclusions

We have reported the synthesis, structure elucidaand thermal behavior of rare-earth melonates
LNCgN,(NCN);-8H,O (Lnh = La, Ce, Pr, Nd, Sm), which are new examptds structurally
characterized-heptazine salts with trivalent catioss-deptazines have gained considerable interest in
recent years as building units in functional carhdtride-type materials, but due to the low
crystallinity of mosts-heptazine salts with multivalent cations, theiustural characterization is often
impeded. However, by employing the long-known cqhcef gel crystallization ins-heptazine
chemistry, we have been able to grow single crystilmelonates with trivalent cations suitable for
analysis by XRD. In addition to a structural chagazation, the thermal properties of lanthanide
melonates have been investigated. TG and DTA suldéve revealed that their thermal behavior
deviates from that of alkali melonates. The highigen affinity of rare-earth metals impedes complete

dehydration on heating. Consequently, at elevagagpéeratures, a potential reaction of the lanthanide
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melonates with the remaining crystal water deciedle thermal stability in comparison to alkali
melonates. Moreover, photoluminescence studies wf &d TH' melonate have complemented
previous studies on the luminescent properties haf tespective dicyanamides and tricyano-
melaminates. These results contribute to the sydtelnvestigation of the structures and propenies

molecular Ln/C/N compounds and illustrate posdibsi for the synthesis of numerous new

s-heptazine salts by employing multivalent cations.

3.4 Experimental Section

Syntheses

The rare-earth melonates L{dG(NCN);-xH,O (Ln = La, Ce, Pr, Nd, Sm, Eu, Tk;= 8-12) were
synthesized by metathesis reactions in aqueoutigoliitom ammonium melonate and the respective
LnClyxH,O (all Alfa Aesar, 99.9 %). Ammonium melonate wagpgared by ion exchange from
potassium melonate pentahydrate, which can beyeasthined in large quantiti€s! Melon was
synthesized in preparative amounts according tgtbeedure described ISattler et al. by heating

melamine (Fluka, purum) in an open porcelain crecitt 490 °C for 4 dayé?

Potassium Melonate PentahydrateMelon (10.0 g, 49.7 mmol) was added in small jpodito a
melt of KSCN (20.0 g, 206 mmol, Acrog; 99 %). After heating for 1 h, the reaction wasrepieed,

the solid obtained was dissolved in boilingdH100 mL), and the mixture was filtered. On coglio
room temperature, a yellow solid crystallized frtme filtrate. The crude product was recrystallized
from water three times for purification. After dng at 75 °C, potassium melonate pentahydrate
(8.32 g, 16.7 mmol, 34 %) was obtained as colonesglles. KCjN,35H,0 (497.56) calcd. C 21.73,

H 2.03, N 36.60, K 23.57; found C 23.02, H 1.58%N24, K 25.96.

Ammonium Melonate: Ammonium melonate was prepared by ion exchangegireous solution at
room temperature. A solution of potassium melopatetahydrate (500 mg, 1.00 mmol, 02 was
poured on to a column containing a strongly acidicexchange resin (55 mL, Amberlyst 15, Fluka,
ion exchange capacity 1.8 mmol ML The eluate was dropped into an aqueous ammohitia (25
mL, 10 wt.-%). After removing the solvent by vacuwwaporation, ammonium melonate was

obtained as a colorless powder.
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LnCeN7(NCN);3-xH,0: A solution of LnC}-xH,O (100 mg) in water (30 mL) was added dropwise to a
solution of ammonium melonate (100 mg) in water 89 (molar ratio~ 1:1). The amount of crystal
water in the obtained samples depended on synthesigerature. For the preparation of
LNCgN7(NCN);:8H,0 (Ln = La, Ce), Ln@N/«(NCN);-:12HO (Ln = Pr, Nd, Sm, Eu), and
ThCsN;(NCN)3-9H,0, the ammonium melonate solution was kept at remperature. For the prepa-
ration of LnGN7(NCN);-8H,O (Ln = Pr, Nd), the ammonium melonate solution wasmed to ca.
80 °C. Crystalline SmgBl;(NCN)s-8HO was obtained under hydrothermal conditions at 2@&nd

an approximate pressure of 22Ha: a suspension of as-synthesized SAGICN)z-12H0 (30 mg)

in water (4 mL) was put in a 12 mL Teflon-linedatautoclave and heated to 120 °C over 30 min,
held at this temperature for 4 h, and cooled tawdemperature by turning off the furnace. Single
crystals offawere grown by gel crystallization in 1 wt.-% aggis in U-tubes using 0.0 solutions

of ammonium melonate and La&H,0. 7ac LaCN13-:8H0 (573.21): caled. C 18.86, H 2.81, N
31.77, La 24.23; found C 19.01, H 2.82, N 32.06,24290.7b: CeGN;3-8H,0 (574.43): calcd. C
18.82, H 2.81, N 31.70, Ce 24.39; found C 18.82.81, N 31.72 31.70, Ce 24.38c: PrGN;3-8H,0
(575.22): calcd. C 18.78, H 2.80, N 31.64, Pr 24dund C 18.66, H 3.25, N 31.47, Pr 26.99.
PrGNi3-12H0 (647.28): caled. C 16.70, H 3.74, N 28.13, Pi721found C 16.50, H 3.67, N 28.06,
Pr 21.56.7d: NdGN;3-8H,0 (578.55): calcd. C 18.68, H 2.79, N 31.47, Nd®34found C 18.75, H
2.81, N 31.49, Nd 24.32. NdS,3-12H,0 (650.61): calcd. C 16.61, H 3.72, N 27.99, NdLZ2found

C 16.37, H 3.66, N 27.75, Nd 22.0de SmGN;3-8H,0 (584.67): calcd. C 18.49, H 2.76, N 31.15,
Sm 25.72; found C 17.45, H 2.82, N 29.42, Sm 20SthGN;3-12H0 (656.73): calcd. C 16.46, H
3.68, N 27.73, Sm 22.90; found C 16.67, H 3.40,M62, Sm 20.977f: EuGN3-12H0 (658.33):
calcd. C 16.42, H 3.67, N 27.66, Eu 23.08; foundl&57, H 3.47, N 27.54, Eu 25.43¢:
TbGCyN13-9H,0 (611.25): calcd. C 17.68, H 2.97, N 29.79, TO@6found C 17.70, H 2.94, N 29.43,
Tb 24.33.

X-ray Structure Determination

Single-crystal XRD data fora were collected at 293 K with a Kappa CCD diffrantter (Mo-K,
radiation,2 = 71.073 pm, Table 2). Diffraction intensities wescaled using the SCALEPAEK
software package, and the SADABSprogram was used for absorption correction. Thestat
structure was solved by direct methods (SHELXS-&7J refined againgt? by applying the full-
matrix least-squares method (SHELXL-%7). Hydrogen atom positions of the crystal water
molecules could not be unequivocally determinednfrdifference Fourier syntheses and were

therefore omitted. All non-hydrogen atoms werendi anisotropically.
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Powder XRD measurements were carried out in trassan geometry with a Huber G670 Guinier

Imaging Plate diffractometer using Ge(111)-monoofated Cu-K; radiation § = 154.06 pm).

Rietveld refinements of the powder XRD data 7br7e were performed with the program TOPAS

using the lattice constants and atomic coordinat&s as starting values. During the refinements, the

melonate units were fixed as rigid bodies and dméytranslation and rotation of these fragmentsewer

refined, excluding the bond lengths and anglesiwitiese entities.

Table 2 Crystallographic data and details of the strierefinement ofa.

Molar mass /g mal
Crystal system

Space group

T/K

Diffractometer

Radiation (Mo-K), 2 /pm
a/pm

b/pm

c/pm

B

V /10 pm?

z

Calculated density /g cfn
Flack parameter

Crystal size /mrh
Absorption coefficient /mmh
Absorption correction
Min. / max. transmission
Diffraction range

Index range

Parameters / restraints
Total reflections
Independent reflections
Observed reflections
Min./max. resid. electron density /e d1pm?
GooF

FinalRindices [ > 25(1)]
FinalRindices (all data)

573.21
monoclinic
C2 (no. 5)
293
Nonius Kappa-CCD
71.073
1666.2(3)
669.04(13)
1751.0(4)
108.74(3)
1848.4(6)
4
2.002
0.05(2)
0.11 x 0.09 x 0.03
2.384
multi-scan
0.6194/0.8633
3.208 9 < 25.45°
-19<h<20, -7<k<8,-20<1<21
281/1
12495
3345
3095
-0.507 / +0.624
1.095
R1 = 0.0289wWR2 = 0.0694!
R1 = 0.0338wR2 = 0.0714

[a] w = [6%(Fo?) + (0.029P)? + 3.196%] %, with P = (Fo? + 2FH)/3
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Further details on the crystal structure investigest may be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshae@ermany (fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depositumbers CSD-423756 (fata), -423757 (for
7h), -423758 (for7c), -423759 (for7d), and -423760 (fore).

Thermal Analysis

Thermoanalytical measurements were performed witthnermoanalyzer TG-DTA92 (Setaram). The
samples were heated in alumina crucibles undenem atmosphere (He) from room temperature to
800 °C with a heating rate of 5 K min

Photoluminescence Studies

Diffuse reflectance spectra were measured with aa¥aCary 500 spectrometer between 240 and
780 nm. Excitation and emission spectra were regbmith a FL900 spectrofluorimeter (Edinburgh

Instruments) fitted with a Hamamatsu photomultiplising a Xe lamp as the light source.
General Techniques

FTIR spectra were recorded with a Spektrum BX lIFE$pectrometer (Perkin—Elmer) equipped with
a DuraSampler diamond ATR device. Measurements wa@nducted at ambient conditions between
600 and 4000 cth Elemental analyses for C, H, and N were performitl the elemental analyzer

systems Vario EL and Vario Micro (Elementar Analysgsteme GmbH) and for the rare-earth
elements by atomic emission spectroscopy with itidely coupled plasma using a Varian-Vista

simultaneous spectrometer.

Supporting Information (see footnote on the first page of this articRipts of Rietveld refinements
for 7c-e; TG and DTA curves ofb-e.
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4. Triazine Tricarboxylates

Melonates, which have been described in the previtaapter, can be assigned to a group of anions
which comprise only carbon and nitrogen in an adéng arrangement, namely cyanides (CN)
cyanamides (CN?, dicyanamides (N(CN)™ and tricyanomelaminates {&;(NCN);)*". In contrast to
such compounds several ligands are known in whittiazine ands-heptazine rings are combined
with further aromatic cycles, e. getriazine-tris(4-pyridyl), s-triazine tribenzoate os-heptazine
tribenzoate. The triazine tricarboxylate unitNg(CO.)s)*” can be regarded as intermediate between
these two groups, because it comprises carbon4gcabbads next to carbon-nitrogen bonds and
contains only thes-triazine core but not any additional hydrocarbgoles. Employment of triazine
tricarboxylate as a building block in moleculartsar coordination compounds has been performed
only very rarely prior to this work although thigdnd appears to be a promising linker for metal
organic frameworks (MOFs). Triazine tricarboxylatepresents thes-triazine analog to benzene
tricarboxylate (GHs(CO,)s)*, a compound that has already successfully beetiedpfor the
construction of such framewaorks. In this chaptentisesis and crystal structures of a number oflialka
and alkaline earth triazine tricarboxylates arecdbed, thereby providing an overview of structural
features in this class of compounds. Moreover sthbility of triazine tricarboxylate to be empéaly

as linker in MOFs is investigated by examining tit®rmal stability and its chemical stability in

solutions of transition metal salts.
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4.1  Alkali Triazine Tricarboxylates

4.1.1 Potassium Triazine Tricarboxylate Dihydrate

K 3[C3N3z(COO);)-2H,0 — Crystal Structure of a New Alkali Derivative of
the Multidentate Ligand Triazine Tricarboxylate

Sophia J. Makowski, Michael Hormannsdorfer, and Wolgang Schnick

published in: Z. Anorg. Allg. Chen201Q 636, 2584. DOI: 10.1002/zaac.201000245

Keywords: s-Triazine; Potassium; Carboxylate ligands; Struetalucidation; Metal-organic frame-

works

Abstract. Potassium-1,3,5-triazine-2,4,6-tricarboxylate  difate  K[C3N3(COOQO)]-2H,O0 was
obtained by saponification of the respective edster in aqueous solution under mild conditions and
subsequent crystallization at 4 °C. The crystaicstre of the molecular salt was elucidated bylsing
crystal X-ray diffraction P 1, a=696.63(14)b = 1748.5(3),c = 1756.0(3) pmga = 119.73(3),8 =
91.96(3),y = 93.84(3)°,V = 1847.6(6)-10pnT, Z = 6, T = 200 K]. Perpendicular to [100] the trizi
tricarboxylate and potassium ions are arrangedayerk alternating with layers of crystal water
molecules. Two thirds of the triazine tricarboxglatnits form hexagonal channels being filled with
the remaining triazine tricarboxylate moleculeg[GsNs(COO)]-2H,O was additionally investigated

by means of FTIR spectroscopy, TG and DTA measunésne
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411.1 Introduction

Research in the field of carbon nitrides is

mainly focused on the synthesis of two- R.N. N. R
‘s ‘s

and three-dimensional networks, whichRj//N\(R \( \l( a R=NH,

| Ns NN b R=OH
can serve as functional materials for & Nﬁ/N Y ]/ ¢ R=Cl

N N d R=N
wide field of applications such as catalysis R ﬁ/ e R= Cﬁ
or optoelectronic usé5? A common R f R=COCH
1 2

approach towards multidimensional net-

works is the pyrolysis of-triazine (GNs) Scheme 1 Molecular precursors for carbon nitride
networks comprising the-triazine () or s-heptazine %)

core.
induce condensation and thereby gener-

or sheptazine (gN;) based precursors to

ating covalently bound products. A variety of pnesaus with different functional groups has been
utilized in this regard (cf. Schemeia-d and2a-d)."*®

In general, molecules containing
N

COH |/\ residues that are bound to the

striazine ors-heptazine core via C—

NTSN
HO,C COzH O)l\ /)\O C bonds (cf. Scheme 1le-fand2e-
N N | X
3 NS, _N f) are adverse in this regard. This is
due to the strength of the C-C bonds

CO,H

COM impeding a successful condensation.
2

Furthermore, the synthesis of carbon

nitrides necessitates an alternating

N N
| —
N N~ N sequence of carbon and nitrogen
HO,C s COH )\NJ\N

N\ O | both in the precursor and in the
Q)\N NJ\@L resulting polymeric network. Even

HO.C COH
6 though such compounds are no

Scheme 2 Multidentate ligands, which are commonly employedsuitable precursors for the synthesis
as linkers in metal organic frameworks. of covalently bound true carbon
nitrides by condensation reactions
they can be regarded as promising linkers in coatin polymers. Metal organic frameworks

(MOFs) have been extensively studied in the lasrye@ue to their potential applications, e. g. as
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materials for ion exchange, separation, catalysigas storag€® Whereas numerous MOFs are
known in which a hydrocarbon cycle functionalizedhwseveral carboxylate groups, e. g. trimesic
acid 3 (cf. Scheme 2'™¥ serves as the linker between inorganic atoms wst@ls, the analog

striazine ors-heptazine compoundd and2f have not been employed for this purpose so far.

In known striazine ands-heptazine based linkers such siazine-2,4,6-tris(4-pyridyl)4,**!

striazine-2,4,6-triyl-tribenzoic acid5,*** or sheptazine-2,5,8-triyl-tribenzoic aci®?*?! (cf.
Scheme 2), the-triazine ors-heptazine cores, respectively, only provide thredfold symmetry but

do not contribute to metal coordination. In contras compoundslf and 2f both the carboxylate
groups and the nitrogen atoms of the ring can garded as coordination positions. Tdeeptazine
compoundf has not been mentioned in the literature so fagreas the synthesis bifby a multistep
reaction via the respective ethyl ester and paiassalt has already been described over 50 years
ago?? However, no structural characterization of thedpiai or any intermediate was performed and
since then only very little research regardingziria tricarbonic acid or its salts has been caroied
until 2002 whernDunbar et al. reported the crystal structure and magrnetperties of K{Fe(1,3,5-
triazine-2,4,6-tricarboxylate)(@),}- 2H,0 [

To the best of our knowledge no crystal structdrany other salt of triazine tricarbonic acid hagi
described so far. However, regarding the potengiaplication of triazine tricarboxylate as a
multidentate ligand, a deeper understanding afatsrdination behavior towards various metal ions is
of great interest. In this contribution we repamntsynthesis and crystal structure of potassiunzitrea
tricarboxylate dihydrate C3;N3(COO)]-2H,O as a further example of a structurally charaoéeri
triazine tricarboxylate and thereby providing fenthinsight into the coordination properties of this

linker.

41.1.2 Results and Discussion

Crystal Structure

Potassium triazine tricarboxylate crystallizes aditydrate in the triclinic space grolpl with six
formula units in the unit cell. Crystallographictadaand details of the structure refinement are

summarized in Table 1. The crystal structure cosesritriazine tricarboxylate §8;(COO)]* and
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Figure 1. Representation of one formula unit of[&;N3(COO)]-2H,0. The three triazine tricarboxylate
entities present in the crystal structure are kdb@l-C. Thermal ellipsoids (except for hydrogerg drawn at
the 50 % probability level.

potassium ions and crystal water molecules (cfurgidl). The triazine tricarboxylate ions are nearly
planar with only the carboxylate groups being glighotated out of plane so that the anions exhibit
molecular symmetrnyCs. The substituents cause an increase of the adjarghes (N1-C1-N3 =
124.5°), whereas the remaining angles of ¢tiéazine core are accordingly reduced (C1-N1-C2 =
115.5°). In accordance with expectation, the bemgjths of both the C—N bonds within the ring (133—
134 pm) and the C—-O bonds of the carboxylate gréL®4-125 pm) correspond to conjugated double
bonds, whereas the C—C bond lengths of 153-154egamtble those of single bonds (cf. Table 2).

The triazine tricarboxylate ions, the potassiummetoand water molecules are arranged in an AA'BB'
type stacking pattern perpendicular to [100] (¢fuFe 2) with the A and A' layers consisting of the
triazine tricarboxylate and potassium ions and ¢hgstal water molecules being located in the
intermediate B and B' layers. Within the A and Aydrs the triazine tricarboxylate ions are not
coplanar but are slightly tilted out of tihe-plane. Perpendicular to [100] the triazine tricaeydate
units form two different kinds of columns. One thof the columns consist solely of molecules B (cf.
Figure 1) with the molecules of two adjacent lay&rgnd A’ being rotated by 60° within the plane. In
the remaining columns molecules A and C alternai#® ae rotated by 30°. These columns form

hexagonal channels around the B columns (cf. Figure

49



Chapter 4. Triazine Tricarboxylates

Table 1. Crystallographic data and details of the structafmmement for K[C3N3(COO)]-2H,0.

molar mass / g-mol 363.41

crystal system triclinic

space group P1(no.2)

T/K 200

diffractometer Nonius Kappa-CCD
radiation,A / pm Mo-K,, 71.073

al/pm 696.63(14)

b/pm 1748.5(3)

c/pm 1756.0(3)

ol deg 119.73(3)

B/ deg 91.96(3)

y | deg 93.84(3)

V/1¢pm® 1847.6(8)

z 6

calculated density / g-¢fn 1.960

crystal size / mrh 0.70 x 0.07 x 0.05
absorption coefficient / mth 1.150

diffraction range 3.268 < 27.54°

index range -8<h<9,-22<k<22,-22<1<22
parameters / restraints 577116

total no. of reflections 14291

no. of independent reflections 8452

no. of observed reflections 5617

min./max. residual electron density / €3 -0.679/ +0.984

GooF 1.047

final R indices [ > 25(1)] R1 = 0.0513wR2 = 0.1068"
final R indices (all data) R1 = 0.0868wWR2 = 0.1228"

a)w = [6%(Fo?) + (0.038%)? + 1.6956] ", with P = (Fy> + 2F2)/3

The interlayer distance of 347 pm between two im@zricarboxylate layers is in the expected range
for moleculars-riazine derivative§:**%! Between the layers the triazine tricarboxylatetsurire
interconnected by a network of medium stf&hdnydrogen bonds (cf. Table 3) by the carboxylate
groups. All crystal water molecules are part of kiyelrogen bonding network although due to the
strong disorder of one oxygen atom (O24) no hydndgend can be clearly assigned to the linked
hydrogen atom H11. The potassium ions are coomdihiat the form of irregular polyhedrons by four
to six oxygen atoms of water molecules and cartaagybroups and by one nitrogen atom of the

triazine rings. The triazine tricarboxylate unigs\& as tridentate ligands and coordinate thatkims
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Figure 2. Crystal structure of JC3N3z(COO)]-2H,O representing the layered structure perpendidalar
[100]. Thermal ellipsoids (except for hydrogen) drawn at the 50 % probability level.

through the O-N-O entities (cf.
Figure 1) with the K atom being
slightly shifted towards one of the

oxygen atoms.

The coordination sphere is comple-
ted by the oxygen atoms of further
triazine tricarboxylate units and
water molecules. ThedO distances
(273-297 pm) are in accordance
with the sum of the ionic radf”
whereas the KN distances (278

282 pm) are relatively short com-

pared to the potassium salts of other

Figure 3. Crystal structure oKs[C3N3(COO)]-2H,0 representing S-triazine or sheptazine com-
the stacked arrangement of thg triazine trlf:artﬂineylent|t|es. pounds?29 In K{Fe(1,3,5-triazine-
Crystal water molecules are omitted for clarity.eTlabels A-C _

refer to Figure 1, indicating which triazine tribaxylate unit lies  2,4,6-tricarboxylate)(kD).}-2H;0,

on top of the respective column. Thermal ellipscige drawn at the iron atoms are coordinated by

the 50 % probability level. . o
an ON-O unit in a similar way as

in the title compound with a short
Fe-N distance of 212 pm, whereas the potassium ians@ordinated solely by oxygen atoms and the

K-O distances are comparable in both compounds. Hanbeth triazine tricarboxylate salts a strong
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Figure 4. FTIR spectrum of {C3N3(COO)]-2H,0.

Mass / %
)
Heat flow / uV

1 " 1 L 1 " 1
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Figure 5. TG (solid) and DTA (dotted) curves of;CsN3(COQ)]-2H,0, recorded with a heating rate of
5 °C-mint".
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Table 2. Selected bond lengths /pm and angles /° CN;(COQ)]-2H,0, standard deviations in
parentheses.

K1-04 292.6(3) K4 O17 286.5(3) K8 04 278.7(3) C2N1-Cl 115.4(3)
K1-05 281.7(3) K4 021 273.4(3) K8 08 284.0(3) C2N2-C3 115.4(3)
K1-014 279.1(3) K4 022 279.3(3) K8 09 2962(3) C3N3-Cl 115.7(3)
K1-014 284.6(3) K4-N8 281.8(33) K8 022 278.2(3) N3 C1-N1 124.3(3)
K1-019 280.3(3) K5-O1 280.5(3) K8 N5 279.7(3) N2 C2-N1 124.7(3)
K1-N2 278.6(3) K507 291.3(3) K9 O7 274.4(3) N3 C3-N2 124.5(3)
K2-04 286.3(3) K5011 277.1(3) K9 013 274.0(3) NI1-Cl-C4 117.9(3)
K2-012 281.2(3) K5-024 280.0(5) K9- 018 297.1(3) N3 Cl-C4 117.8(3)
K2-014 284.4(3) K5-N4 2782(3) K9 020 275.7(3) NI1-C2-C5 117.4(3)
K2-015 283.0(3) K6-02 278.6(3) K9 024 274.0(4) N2-C2-C5 117.9(3)
K2-019 275.7(3) K6-06 287.2(3) K9 N7 281.8(3) N2C3-C6 118.2(3)
K2-023 273.4(3) K6-018 280.0(3) NI-Cl 133.8(4) N3 C3-C6 117.3(3)
K2-N9 280.7(3) K6 018 293.0(3) NI-C2 133.4(4) O C4-02 127.5(3)
K3-01 287.6(3) K6 020 285.4(4) N2-C2 133.1(4) 04C5-03 127.8(3)
K3-03 281.1(3) K6 024 284.7(4) N2-C3 133.9(4) 06C6-05 1285(4)
K3-016 281.0(3) K6-N3 279.33) N3 Cl 1336(4) O C4-Cl 117.5(3)
K3-016 283.7(3) K7-06 277.8(3) N3 C3 1329(4) 02C4-Cl 115.0(3)
K3-021 282.2(3) K7-010 276.2(3) C4 01 123.9(4) O03C5-C2 115.2(3)
K3-N1 279.7(3) K7012 291.8(3) C4 02 1250(4) 04C5-C2 117.0(3)
K4-01 287.5@3) K019 2955@3) CIl-C4 153.04) O5C6-C3 115.3(3)
K4-09 276.9(3) K7023 2852(3) C2-C5 1542(5) 06C6-C3 116.1(3)
K4 - 016 290.3(3) K7-N6 279.1(3) C3C6 153.0(5)

contribution of thes-triazine core to metal coordination is observedhst the triazine tricarboxylate
unit can be regarded as an interesting linker fwyrdination networks potentially allowing other

linkage motifs than those observed in MOFs, whiohtain trimesic acid as the organic linker.

Vibrational Spectroscopy

Potassium triazine tricarboxylate dihydrate waslyereal by FTIR spectroscopy. All signals in the
spectrum can be attributed to vibrations of thazirie tricarboxylate entities and water molecules,

respectively (cf. Figure 4). The bending and shietg vibrations of thes-triazine ring lead to a
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characteristic absorption band at 740'camd a group of signals at 1300-1660"'cmespectively. In
the range between 1300 and 1660'cthe stretching vibrations of the carboxylate g®wan be
observed as well. The broad band at 3000-360baan be attributed to the OH stretching vibrations
of the crystal water molecules and in accordandh thie crystal structure the redshift of #M©H)

signals corresponds to medium strong hydrogen bgtds

Table 3. Donor-acceptor distances /pm and donor-hydrogeagior angles /° for the hydrogen bonding
network in Kg[C3N3(COO)]-2H,0.

D-H---A D---A <D-H--A D-H---A D---A <D-H---A
019-H1.--08 283.9 154.79 022-H7---015 266.5 173.09
019-H2---05 272.0 159.35 022-H8.--011 292.8 5076
020-H3---02 277.5 152.52 023-H9---013 269.0 2557
020-H4---010 279.6 166.63 023-H10---08 290.1 167.27
021-H5---03 270.6 160.13 024-H12.--017 266.6 155.49
021-H6---011 281.4 169.61

Thermal Behavior

TG and DTA curves of potassium triazine tricarbexgldinydrate are displayed in Figure 5. In the

temperature range between 65 and 150 °C, the trystger molecules are released (mass loss
observed: 10.9 %, calculated: 9.9 %) and the saimdd dehydrated compound is thermally stable up
to 325 °C. The decomposition of the sample staitis & mass loss of 17 % accompanied by a sharp
endothermic signal at 325-390 °C, probably due fmadial decarboxylation, and proceeds with a

slow and steady mass loss at higher temperatures.

4.1.1.3 Conclusions

We have reported on the crystal structure and thlebmhavior of potassium triazine tricarboxylate
dihydrate. Triazine tricarboxylate represents atihemtate ligand, which can be regarded as the
striazine analog of trimesic acid and hence asomjwing linker for metal organic frameworks but

only one triazine tricarboxylate salt has beencstmally characterized so far. This study has egpdn
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the investigations of this class of compounds tew salt and thereby provides further insight ithi®
coordination properties of triazine tricarboxylafEhe presented crystal structure shows that the
nitrogen atoms of the-triazine cycle exhibit a strong interaction witletpotassium ions and that the
coordination of metal ions via the O—N—-O units lo¢ triazine tricarboxylate entities is a recurring
binding motif for this ligand. Because of the diffey coordination properties compared to trimesic
acid, triazine tricarboxylate seems to be an istérg linker for coordination networks and with the
observed high thermal stability ofs}CsNz(COQO)] an important condition for syntheses of three-

dimensional networks at elevated temperaturedfiied.

41.1.4 Experimental Section

Syntheses

Potassium triazine tricarboxylate dihydrate wasttsgsized according to the procedure described in
the literatur&>*Y by saponification of the respective triethyl estBo prepare the triethyl ester, dry
HCI was conducted through ethyl cyanoformate (20.202 mmol, Aldrich, 99 %) under argon until
the trimerization product started to precipitatéteAwvards, the conversion was completed by cooling
the reaction mixture td °C overnight. The product was filtered, washethwbld water and dried at

75 °C to yield 7.15 g (24.1 mmol, 36 %) triettsdriazine-2,4,6-tricarboxylate as colorless needles
Elemental analysis: N 14.22 (calcd. 14.13), C 47c2(cd. 48.47), H 4.88 (calcd. 5.08) %.

Small amounts of the triethyl ester (100 mg, 0.3daf) were added to KOH (3.5 mL of amL
aqueous solution), while cooling with an ice ballme reaction was stirred until the ester was
completely dissolved. Afterwards, ethanol (25 mLaswpoured into the solution to precipitate the
potassium salt. The product was filtered, washet athanol and dried at 75 °C to obtain potassium-
1,3,5-triazine-2,4,6-tricarboxylate dihydrate (168, 0.28 mmol) as colorless needles. Yield 83 %.
Single crystals suitable for single-crystal X-raffrection were obtained by repeated recrystalicat

from aqueous solution at 4 °C.

Elemental analysis: N 11.60 (calcd. 11.56), C 2Qcéicd. 19.83), H 0.64 (calcd. 1.11) %.
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X-ray Structure Determination

Single-crystal X-ray diffraction data of3fC3N3(COOQO)]-2H,O were collected at 200 K on a Kappa
CCD diffractometer using monochromated Mg-Kadiation § = 71.073 pm). The diffraction
intensities were scaled using the SCALEPACK sofevpackad®” and no additional absorption
correction was applied. The crystal structure vadgesl by direct methods using the software package
SHELXS-97% and refined againg&? by applying the full-matrix least-squares meth&HELXL-
97)2 The hydrogen positions could be determined froffedince Fourier syntheses and were
refined isotropically using restraints for oxygeydhogen distances. All non-hydrogen atoms were

refined anisotropically.

CCDC-784049 contains the supplementary crystalfuiicadata for this paper. These data can be
obtained free of charge via http://www.ccdc.canukiclata_request/cif, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cadg&iCB2 1EZ, UK (Fax: +44-1223-336-033; or

E-Mail: deposit@ccdc.cam.ac.uk).
FT-Infrared Spectroscopy

A FTIR spectrum was recorded at ambient conditlmgtsveen 600 and 4500 ¢non a Spektrum BX

Il FTIR spectrometer (Perkin Elmer) equipped witb@waSampler diamond ATR device.
Thermal Analysis

Thermoanalytical measurements were performed withexmoanalyzer TG-DTA92 (Setaram) under
inert atmosphere (helium). The sample was heatethinlumina crucible from room temperature to
500 °Cwith a heating rate of 5 °@in™.
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4.1.2 Lithium, Rubidium and Cesium Triazine Tricarboxylat e

Novel Alkali Triazine Tricarboxylates Li 3]C3N3(CO,)s]-4H,0,
Rbg[CgNg(COz)g]ZHzo and CS\;,[CgNg(COz)g]ZHzO - SyntheSiS, Crystal

Structure and Thermal Behavior

Sophia J. Makowski, Evelyn Calta, and Wolfgang Schiok

published in: Z. Anorg. Allg. Chen011, 637, 2142. DOI: 10.1002/zaac.201100311

Keywords: Alkali salts; Carboxylate ligands; Crystal struetis-Triazine

Abstract. The alkali 1,3,5-triazine-2,4,6-tricarboxylates;[CsN3(CO,)s]-4H,0, RIB[C3N3(CO,)s-
-2H,0 and CgC;3N3(CO,);]-2H,0 were synthesized by saponification of the respedttiethyl ester in
aqueous solution. In the crystal structure, thazime tricarboxylate (TTC) units and metal ions are
arranged in layers alternating with layers of aystater molecules. Within the layers the triazine
tricarboxylate entities form either strands In[CkN3(CO,)3]-4H,O or a hexagonal arrangement in
RIB[C3N3(COy)5]-2H,0 and CgCsN3(COy)5]-2H,0. Perpendicular to the layers, the triazine cores
exhibit varying degrees afr stacking dependent on the metal ions resultingenformation of rods

in Rb;[C3N3(CO,)3)-2H,0 and CgC3N3(COy)5)-2H,0. Additionally, the thermal behavior of the alkali
triazine tricarboxylates was investigated by measfs FT-IR spectroscopy, TG and DTA
measurements. Differences and similarities reggrdimuctural features and thermal behavior are
discussed for the obtained novel alkali triazireanboxylates and potassium triazine tricarboxylate
dihydrate.
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4121 Introduction

Molecules containing the-triazine core (gN3) are widely applied as building units for functan
materials. Examples are covalent triazine framewo(&TFs) and polymeric carbon nitride
networks? which are employed for catalysis or optoelectrames, or metal organic frameworks
(MOFs) comprising triazine based linkers which atdized e. g. as materials for catalysis, ion
exchange, separation, and gas stofade. this
regard e. g.striazine-2,4,6-tris(4-pyridyl) 1a)

| S CO,H or striazine-2,4,6-triyl-tribenzoic acid1p) are

N™ N commonly used as linkers (see Schemé 1y

N N HOZC)l\ N/)\COZH contrast,s-triazine-2,4,6-tricarbonic acid®) has

2 not been utilized as linker so far. However, since

2 can be regarded thetriazine analog to

trimesic acid 8) (see Scheme 1), a compound
that has already been applied as linker in
numerous MOFS! it represents a potential
HO,C COyH multidentate ligand for coordination networks.
SN 3 In comparison to trimesic acid3)( triazine
N/ tricarbonic acid %) provides not only the

1b carbonyl groups but also the nitrogen atoms of

HO,C CO,H

thes-triazine core as potential coordination sites.

Scheme 1Threefold multidentate ligands as building T synthesis of triazine tricarbonic acl) ia
units for metal organic frameworks.
the respective ethyl ester and potassium 4alt
has already been described®sundmannet al.
in 1956 but a structural characterization has bperformed neither for the product nor any
intermediaté® The first crystal structure of a salt of triazimearbonic acid?, K{Fe(1,3,5-triazine-
2,4,6-tricarboxylate)(kD),}-2H,0 (5), was reported bfpunbar et al. together with an investigation of
the magnetic propertié3.Additionally, we were able to elucidate the stanetof the potassium salt
4crecently®™ In both4c and5 the tridentate coordination of metal ions via wasboxylate groups and
one nitrogen atom of the triazine ring can be oleras a recurring binding motif indicating a stgon
interaction between thetriazine core and the metal ions. So far neither drystal structure of any

other salts of triazine tricarbonic acdnor the synthesis of MOFs containing triazinearimxylate
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(TTC) as a linker has been described. During our attetogtsepare such MOFs we observed that the
stability of the triazine tricarboxylatnit in solution strongly depends on the naturéhefcounterions

as will be discussed in a forthcoming paPeFurthermore, the influence of the counterions on
structural features and thermal behavior of triaziicarboxylate salts has not been examined so far
due to the limited number of known triazine tricaplate salts. In order to gain a better under-

standing of the coordination and thermal propertiésriazine tricarboxylates it is desirable to

synthesize and characterize various novel salts.

In this contribution, we report on the synthestystal structure and thermal characterization oéeh
novel alkali salts of triazine tricarbonic acid,mely Lis[CsN3(CO,)5]-4H,O (LITTC-4H0) (44d),
Rb;[C3N3(CO,)3]-2H,0 (RBTTC-2HO) (4d) and CgC3N3(CO,)3]-2H,0 (CsTTC-2HO) (4€), thereby
providing further insight into the coordination pesties of this linker and emphasizing recurring

binding and stacking motifs in triazine tricarboatgs.

41272 Results and Discussion

Crystal Structure

Lithium triazine tricarboxylate tetrahydrate;lGsN3(CO,)s]-4H,O (4a) crystallizes in the triclinic
space groupP 1, rubidium triazine tricarboxylate dihydrate JRB:N3(CO,)s]-2H,O (4d) in the
monoclinic space group2;/n and cesium triazine tricarboxylate dihydrate[CgN3(CO,)s]-2H,0
(4e) in the orthorhombic space groupmcm Crystallographic data and details of the strugetur
refinements are summarized in Table 1. In ordeadoentuate common structural features in the
different alkali triazinetricarboxylates and gradual changes with increasatgn radius the crystal
structure of4c® will be briefly included in the following discussi. The analogous sodium salt of
triazine tricarboxylate can be synthesized in alamway as the remaining alkali salts but so far n
sample of sodium triazine tricarboxylate crystalenough for an elucidation of its structure ccadd
obtained. The crystal structures 4#, c, d, e comprise alkali ions, triazine tricarboxylate wgnit
(C3N5(CO,)5)* and crystal water molecules in layer like arrangets. In4a, c, d the carboxylate
groups of the anions are slightly tilted out ofr@aresulting in the molecular symmeiBy of the
triazine tricarboxylates, whereas4ethe triazine tricarboxylates are planar with malac symmetry

Csn. In all salts the €N bond lengths in the triazine rings (133-134 pnyg the GO bond lengths in
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Table 1 Crystallographic data and details of the strieeteefinement for LC3N3(CO,)s)-4H,0O (4a),
RI[CaN3(CO;)z]-2H0 (4d) and Cg{CaN3(COy)s]-2H0 (46).

da 4d de
molar mass /g-mdl 302.97 502.53 644.85
crystal system triclinic monoclinic orthorhombic
space group P 1 (no. 2) P2,/n (no. 14) Cmcm(no. 63)
T/K 293 293 293
diffractometer Nonius Kappa-CCD Nonius Kappa-CCD 0€e3PDS
radiation,A /pm Mo-K,, 71.073 Mo-K, 71.073 Ag-K, 56.087
a/pm 655.10(13) 1038.1(2) 2043.3(4)
b /pm 939.84(19) 687.44(14) 967.51(19)
c/pm 1025.2(2) 1807.9(4) 726.54(15)
al 102.81(3) 90 90
pI° 106.56(3) 92.47(3) 90
y [° 91.38(3) 90 90
V /10 pn? 587.4(2) 1289.0(5) 1436.3(5)
z 2 4 4
calculated density /g-cin 1.713 2.507 2.982
crystal size /mrh 0.14 x 0.09 x 0.05 0.35x0.07 x 0.07 0.08 x @05
absorption coefficient /mih 0.158 11.386 4.032
F(000) 308 944 1160
absorption correction none multi-scan numerical
min. / max. transmission 0.1334 /0.3160 0.6186609
diffraction range 3.268 0 < 29.98° 3.17%€ 9 < 27.56° 2.88% 0 < 30.45°
index range -¥h<9 -13<h<13 -36<h<36
-13<k<12 -8<k<8 -17<k< 16
-14<1<14 -23<1<23 -13<1<11
parameters / restraints 2231/8 193/4 68/1
total no. of reflections 6297 19647 15268
no. of independent reflections 3349 2963 2364
no. of observed reflections 2467 2203 1481

min./max. residual
electron density /e 10pm?

-0.278 / +0.300

-0.569 / +0.527

-2.654 / +2.054

GooF 1.049 1.049 1.071

final R indices [ > 25(1)] R1 = 0.0429 R1 = 0.0342 R1 = 0.0442
wR2 = 0.1067 wR2 = 0.0615" wR2 = 0.1065”

final R indices (all data) R1 =0.0632 R1 = 0.0595 R1 =0.0801
wR2 = 0.11707 wR2 = 0.0697" wR2 = 0.1293

a)w = [0°(F¢’) + (0.053%)” + 0.141®] 7, with P = (Fy* + 2F)/3
b) w = [6*(F¢?) + (0.0000)% + 1.5124] ™, with P = (Fo> + 2F /3
c) w = [64(F¢?) + (0.059%) + 3.138#] 7, with P = (Fy* + 2F7)/3
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the carboxylate groups (122-
128 pm) resemble those of conju-
gated double bonds and the@

bond lengths of 153-154 pm
correspond to single bonds. With-
in the triazine rings the -@N-C

angles range between 114-116°,
whereas the NC-N angles are

widened to 124-127° due to the
carboxylate substituents bound to

the carbon atoms of the ring.

The triazine tricarboxylate ions
are arranged in layers with
interlayer distances of 328 pm
(49), 347 pm 40), 345 pm 4d)

and 363 pm4e), respectively. In

4d the layers are slightly corru-
gated, whereas in the remaining
salts the layers exhibit a coplanar
arrangement (see Figure 1). The

metal ions and some of the crystal

water molecules are located in the

triazine tricarboxylate layers and

Figure 1. Layered arrangement of triazine tricarboxylatiésum (e remaining water molecules are

the crystal structure of LITTC-48 (4a) (top), RbTTC-2H0 (4d)  sjtuated between these layers. All
(middle) and CSTTC-240 (4€) (bottom). Dashed lines represent
hydrogen bonds. Thermal ellipsoids (except for bgeén) are

drawn at the 50 % probability level. a hydrogen bonding network in

crystal water molecules are part of

which oxygen atoms of the carbo-
xylate groups and of other water molecules as agliriazine nitrogen atoms act as acceptors. With
donor-acceptor distances of 267-295 pm and dondreggn-acceptor angles between 116 and 179°
the hydrogen bonds can be classified as mediunngstfd In 4a, 4c, and 4e hydrogen bonds are

formed both within and between the layers, whemeasbidium triazine tricarboxylate dihydratiel

63



Chapter 4. Triazine Tricarboxylates

Figure 2. Crystal structure of a) LITTC-40 (4a), b) RbTTC-2HO (4d) and c) CSTTC-24D (4e), repre-
senting the varying degrees of stacking betweentribgine cores and the strand likéaY or hexagonal
arrangement4d, & of triazine tricarboxylate columns, respectivelhermal ellipsoids (except for hydro-
gen) are drawn at the 50 % probability level.

no hydrogen bonds occur that connect adjacentdggee Figure 1). In this salt the cohesion between
the layers is mainly achieved by coordinative iatgions and dispersive stacking interactions batwee
the triazine cores. When the structures are viepargendicular to the layer planes (see Figure 2) it
becomes evident that these stacking interactiomsirateed strongest idd. Whereas inda no
overlapping between the triazine rings of adjadayérs occurs, the triazine cores overlap hahén

and completely ild. The rods of stacked triazine tricarboxylate uaits arranged in parallel strands
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in 4aand in a hexagonal pattern4d-e
(see Figure 2). A hexagonal arrange-
ment of triazine tricarboxylate columns
also occurs in the potassium séttand
merely the alignment of the anions
within the columns varies for each salt

4c-e.

The alkali ions are coordinated in the
form of irregular polyhedrons by nitro-
gen atoms of the triazine rings and by
oxygen atoms of the crystal water
molecules and the carboxylate groups
The coordination number of the alkali
lons amounts to 4-548), 5-7 @c), 7

(4d) or 10 de), respectively. In all salts
the triazine tricarboxylate units act as

tridentate ligands and coordinate the

metal ions via two adjacent carboxylate
groups and the intermediate nitroger ®

atom of the ring. In4c and 4d each )
triazine nitrogen atom is involved in o o ~

metal coordination so that the triazine

=]
@
=]

tricarboxylates are surrounded sym-?
metrically by three potassium and
rubidium atoms, respectively. In . o
contrast, inda and4e only one and two

thirds of triazine nitrogen atoms,

respectively, serve as coordination Sltesl'—'igure 3. Coordination of alkali metal ions by the triazine

leading to a strand-like arrangement ofricarboxylate units in LITTC-44D (4a) (top), RoTTC-2HO
(4d) (middle) and CsTTC 24D (4€) (bottom). Crystal water
molecules are omitted for clarity. Thermal ellim®iare
The M-O distances (Li: 190-251 pm, drawn at the 50 % probability level.

Rb: 291-355 pm, Cs: 304-378 pm) are

triazine tricarboxylates (see Figure 3).
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Transmission / a. u.

m

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

Figure 4. FT-IR spectra of LITTC-4D (4a) (top), RbTTC-2HO (4d) (middle) and CSTTC-24® (4e
(bottom).

100

80

Mass / %

60

Heat flow / pyV
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1 L 1 A 1 L 1 A 1 . -3
100 200 300 400 500 600

Temperature / °C

Figure 5. TG (black) and DTA (gray) curves of LiTTC-4®I (4a), recorded with a heating rate of 5 K-fhin
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in accordance with the ionic radii sufii, whereas theM—N distances (Li: 204-252 pm, Rb:
295-299 pm, Cs: 320-326 pm) are partially rathertshwhich indicates a strong contribution of the

s-triazine cores to metal coordination.

Vibrational Spectroscopy and Thermal Behavior

The alkali triazine tricarboxylateta, 4d, and4e were analyzed by FT-IR spectroscopy. All observed
signals can be attributed to vibration modes ofttlaine tricarboxylate units and water molecules
(see Figure 4). The bending and stretching vibmatiof thes-triazine core lead to a characteristic
signal around 740 cmand a group of absorption bands at 1300-160¢ craspectively. The
stretching vibrations of the carboxylate groupslleafurther signals between 1400 and 160 and
the OH stretching vibrations of the crystal wateslesules to a broad band at 2900-3660". The
red-shift of these signals to values below 3650 dm in accordance with the crystal structure

indicating the presence of medium strong hydrogerdb.

Mass / a. u.
Heat flow / a. u.

100 200 300 400 500 600
Temperature / °C

Figure 6. TG (black) and DTA (gray) curves of RoTTC£H(4d) (top) and CsTTC-2}D (4€) (bottom),
recorded with a heating rate of 5 K-fhin
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To investigate dehydration and decomposition pseesn the alkali triazine tricarboxylates TG and
DTA measurements were performed. The obtained TdSDAM curves are displayed in Figure 5 and
Figure 6. In all salts the crystal water is releadmtween 70 and 150 °C and the dehydrated
compounds are thermally stable up to 300 2@) @and 320 °C 4c-€, respectively. Above these
temperatures LITTC-4® (4a) decomposes continuously whereas for RbTT@@2H4d) and
CsTTC-2HO (4 first a partial mass loss accompanied by a skagothermic signal occurs and
during further heating the mass loss proceeds glawt continuously. A similar curve progression
was observed for KTTC-28 (40)® indicating a comparable thermal behavior and Etglfor the
salts4c-e To examine if the endothermic mass loss in tlvesepounds around 350 °C is caused by a
decomposition of the samples or rather indicatesomdensation reaction as in othetriazine
compounds such as melamine, sampleglase were heated to 350 °C in closed ampoules. The

obtained brownish, X-ray amorphous products wesdyazed by FTIR spectroscopy (see Figure 7).

In comparison to the starting materials far-e an additional absorption band around 2170 dém
observed that can be attributéadl C=N stretching vibrations. Furthermore, the intensify tioe
characteristic bending vibration of thériazine ring at around 740 ¢helearly decreases. Therefore it

can be assumed that heating of the alkali triaiicarboxylates does not lead to any cross-linking

Transmission / a. u.

" l X 1 " 1 " 1 X 1 " 1 "
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 7. FT-IR spectra of samples obtained by heating GH0 (4a), KTTC-2H0 (4¢), RbTTC-2HO
(4d) and CsTTC-2kD (4€) to 350 °C.

68



Chapter 4. Triazine Tricarboxylates

or condensation reactions but that around 350 ¥ ddsccomposition of the samples commences,
probably via a partial decarboxylation, which is@mpanied by a cleavage of the ring. In comparison,
in the FT-IR spectrum of a sample of LITTC-AH@4a) heated to 350 °C (see Figure 7) no absorption
bands of nitrile stretching vibrations that indecat cleavage of the ring can be observed. Wheheas t
thermal decomposition is similar fakc-e lithium triazine tricarboxylate tetrahydrata not only
differs from its higher homologues regarding stusat motifs but also with respect to its thermal

behavior. This observation may be due to the movalent interaction of the Lions.

41.2.3 Conclusions

We have reported on the synthesis, crystal streciod thermal behavior of three novel alkali triazi
tricarboxylates. The multidentate symmetric liganidzine tricarboxylate represents an interesting
linker for coordination networks but only very feaxamples of its salts have been synthesized and
characterized so far. With this contribution we yide the first overview of a series of triazine
tricarboxylates and depict similarities as wellgaadual changes in the alkali triazine tricarbotgda
regarding structural features and thermal behavibe formation of symmetric structures reflecting
the threefold symmetry of the ligand demonstrates potential of triazine tricarboxylate to be

employed as a linker for further symmetric coortimmanetworks.

4.1.2.4 Experimental Section

Syntheses

The alkali triazine tricarboxylateda, 4d, and 4e were synthesized in analogy to the procedure
described for the potassium €4t from the respective triethyl ester. The triethgtez was prepared
by the trimerization of ethyl cyanoformate. Dry HGas was piped through ethyl cyanoformate
(20.0 g, 202 mmol, Aldrich, 99 %) under argon utité product started to precipitate. Afterwards, th
conversion was completed by cooling the reactiod t€ for 12. The product was filtered, washed
with cold water and dried at 75 °C yielding 7.1524 mmol, 36 %) triethyk-triazine-2,4,6-
tricarboxylate as colorless needles. Small amoohtthe triethyl ester (250 mg, 0.85 mmol) were
treated with a M aqueous solution (ABCR, 99 %) BIOH (M = Li, Rb, Cs, 10 mL) and the reaction
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mixture was stirred at room temperature until theeewas completely dissolved. Afterwards, ethanol
(200 mL) was poured into the solution to precigitélhe alkali salts. The products were filtered,
washed with ethanol and dried at 75 °C to obtait 1§ (0.54 mmol, 64 %) lithium-1,3,5-triazine-
2,4,6-tricarboxylate tetrahydratedd), 322 mg (0.64 mmol, 75 %) rubidium-1,3,5-triazihd,6-
tricarboxylate dihydraté4d) or 396 mg (0.62 mmol, 73 %) cesium-1,3,5-triaZ2y 6-tricarboxylate
dihydrate #€) as colorless powders. Single crystals suitable Xeay diffraction analyses were

obtained by repeated recrystallization of the ramdpcts from aqueous solution at 4 °C.

Elemental analysis (wt. %):385(COEt)s: N 14.22 (calcd. 14.13), C 47.20 (calcd. 48.47)4.88
(calcd. 5.08)4a: Li 7.47 (calcd. 6.87), N 10.26 (calcd. 13.87)2@03 (calcd. 23.79), H 2.32 (calcd.
2.66);4d: Rb 47.24 (calcd. 51.02), N 6.50 (calcd. 8.36Y,2C14(calcd. 14.34), H 0.74 (calcd. 0.80);
4e N 6.40 (calcd. 6.52), C 10.94 (calcd. 11.18),.6B((calcd. 0.62).

For the thermal treatment of alkali triazine trlwaxylates 30 mg of the respective sample was placed
in a dried duran glass tubegfg= 10 mm, g, = 8 mm). The tube was filled with argon, sealed at
length of 12 cm and placed in an inclined tube dom The samples were heated at 2 K'mn
350 °C, held at this temperature for 12 h and abtdaoom temperature at 2 K-riin

X-ray Structure Determination

Single-crystal X-ray diffraction data ofa and 4d were collected at 293 K with a Kappa CCD
diffractometer (Mo-K radiation,A. = 71.073 pm). The diffraction intensities werelsdausing the
SCALEPACK software package. Fdi no additional absorption correction was applied 4t an
absorption correction was performed using the @mogBADABS™ Single-crystal X-ray diffraction
data of4e were collected at 293 K with a Stoe IPDS diffractder (Ag-K, radiation, A = 56.087 pm).
For an absorption correction the program XSHAPEbased on the program HABITY%) was used.
All crystal structures were solved by direct methaging the software package SHELXS-97 and
refined againse? by applying the full-matrix least-squares meth&HELXL-97)" The hydrogen
positions could be determined from difference Farusiyntheses and were refined isotropically using

restraints for oxygen-hydrogen distances. All ngdrbgen atoms were refined anisotropically.

CCDC 827795-827797 contain the supplementary dilggtaphic data for this paper. These data can
be obtained free of charge from The Cambridge @Hggjfraphic Data Centre via www.ccdc.cam.ac.

uk/data_request/cif.
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General Techniques

FT-IR spectra were recorded at ambient conditiate/®en 400 and 4000 ¢non a Bruker IFS 66v/S
spectrometer. The samples were measured as KBetpéitl an evacuated cell. Thermoanalytical
measurements were performed under inert atmosptal with a Thermoanalyzer TG-DTA92
(Setaram). The samples were heated in an alumircbte from room temperature to 600 °C with a
heating rate of 5 nin™. Elemental analyses for C, H and N were performétthi the elemental
analyzer systems Vario EL and Vario Micro (ElemerAaalysensysteme GmbH). The amounts of
alkali metals were ascertained by atomic emissipectsoscopy with inductively coupled plasma

(ICP-AES) using a Varian-Vista simultaneous speungter.
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4.2  Triazine Tricarboxylates with Divalent Cations

Investigation of the Hydrolysis Stability of Triazine Tricarboxylate
in the Presence of Transition Metal(ll) lons and Sythesis and Crystal
Structure of the Alkaline Earth Triazine Tricarboxy lates
M3[C3N3(CO,)5)2:12H,0 (M = Sr, Ba)

Sophia J. Makowski, Evelyn Calta, Michael Hérmannsdrfer, and Wolfgang Schnick

published in: Z. Anorg. Allg. Chen012 638 345. DOI: 10.1002/zaac.201100377

Keywords: Alkaline earth metals; Crystal structure; Hydradyskeaction mechanisra:Triazine

Abstract. The stability against hydrolysis of triazine tricaxylate (TTC) in the presence of divalent
transition metal and alkaline earth ions was ingastd by means of X-ray diffraction and FTIR
spectroscopy. Depending on the size of the -catitimere formation of the respective triazine
tricarboxylate salts or hydrolysis of TTC yieldirgxalate was observed. The hydrolysis of TTC
induced by transition metal ions could be explaiireénalogy to the hydrolysis of triazine tris(2-
pyrimidyl) as a result of ring tension caused bg toordination of these ions. By the reaction of
potassium triazine tricarboxylate with alkaline thasalts in aqueous solution the alkaline earth
triazine tricarboxylate$l;[C3N3(CO,)5)2:12H0 (M = Sr, Ba) were obtained and analyzed by single-
crystal X-ray diffraction. The isotypic salts repeat the first examples of alkaline earth triazine

tricarboxylates and the first TTC salts comprissioely divalent cations.
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4.2.1 Introduction

The s-triazine core (gNs) is widely employed as building unit in variougléls, such as polymer,
organic, solid-state or coordination chemistrycdordination compoundsstriazine based ligands are
of interest because next to functional groups bdarttles-triazine core also the nitrogen atoms of the
ring can act as coordination sites. Ligands whighc@mmonly used for the synthesis of coordination
networks and metal organic frameworks (MOFs) mostisnprise aromatic hydrocarbon rings bound

to thes-triazine core, for instancetriazine-

N N\\\ ° 2,4,6-tris(4-pyridyl) (a), striazine-2,4,6-

| _ )N\ tris(3-pyridyl) (1b) or striazine-2,4,6-triyl-

N N™ =N N tribenzoic acid 1c) (see Scheme H.

S A 2

| N™ "N™ °'N Contrary, further striazine derivatives

NONTNTY © © o . .
N' P . | N capable of metal coordination which mainly
a Z OH . . .
Je consist of carbon and nitrogen (e.g. tri-

COZH N N . 2 .
PPN cyanomelaminate®)” are rather considered
HO™ "N” ~OH o

co, as solid-state precursors for covalent carbon
N)%N nitride networks and not as ligands for
N"=N o Il _J_ o I o
IN/ 0,c~ "N >co, coordination networks. The onlg-triazine
4 compound that is frequently employed as
HO,C 1c CO.H . ) . :
ligand in coordination networks which does

Scheme 1 sTriazine compounds:striazine-2,4,6- NOt comprise any hydrocarbon cycles is
tris(4-pyridyl) (La), s-triazine-2,4,6-triyl-tribenzoic acid cyanuric aciaB.?
(10, tricyanomelaminate 2, cyanuric acid ) and

triazine tricarboxylaté4). . L
ylat) However, further extension of coordination

chemistry to suchstriazine compounds

might facilitate the access to several new coot@tinanetworks possibly featuring interesting
properties. In this regard we are especially irst®iek in striazine containing ligands that can be
regarded as intermediates between orgaiti@zine ligands such aka-c and pure carbon nitrides
such a2. A ligand we have started to study in detail iis #ontext is triazine tricarboxylatd,(TTC)

(see Scheme 1). The first synthesis of a triazinarboxylate salt was already published in 8%t

a detailed characterization of structures and ptigseof triazine tricarboxylates was conductedyonl
recently®®® Interestingly, although TTC appears to be a slétafulti-dentate ligand for MOFs due to

its structural similarity to benzene tricarboxyld®, a compound that has already been applied as
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Scheme 2 Hydrolysis of triazine tris(2-pyrimidyl)
(6) to bis(2-pyrimidylcarbonyl)amine6(1) and of
triazine tricarboxylate4) to oxalate 4-2).

MOF4!

dimensional coordination networks of TTC have

linker in numerous no three-

been reported so f&t.In fact, only one TTC

compound with multivalent cations is known,
namely K{Fe(1,3,5-triazine-2,4,6-tricarbox-
ylate)(H0),}-2H,0  (KFeTTC-4HO)  (4d)

comprising one-dimensional chains of’Fand

TTC. A potential analogous reaction with other
divalent transition metals is mentioned in the
same publication but difficulties in obtaining
crystalline products sufficient for a structural
characterization have been reporffédDuring

our attempts to prepare novel triazine tri-
carboxylates of various transition metals, we
had to focus similar problems. Efforts to
increase the crystallinity of products by slow
diffusion reactions or hydrothermal treatment
in the formation of

eventually resulted

crystalline products which, however, appeared torflg decomposition products of TTC. Due to this

observation we started to study the reaction of Bh@ divalent metal ions in more detail.

In this contribution we present a systematic inigesion of the stability of triazine tricarboxylate

towards hydrolysis in the presence of divalent inetas. The dependence of stability on the size of

the counterion and with it attributed sterical masis discussed and compared with othiiazine

based linkers. Furthermore, synthesis and crystaictsres of the first alkaline earth triazine
tricarboxylatesMs[CsN3(CO,)3]-12H0O (M = Sr, Ba) are presented. Thereby, this study l¢ads

better understanding of the coordination propedfase linker triazine tricarboxylate and emphasiz

possibilities and limitations for the synthesisolvel divalent triazine tricarboxylates.
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4.2.2 Results and Discussion

The Reaction of Triazine Tricarboxylate with Transition Metal(11) Salts

For the attempted synthesis of TTC salts of divaieamsition metals via metathesis reactions agsieou
solutions of potassium triazine tricarboxylate difgte KJC3N3(CO,)3]-2H,O (4b, K-TTC-2H0)
were combined with aqueous solutions of differeansition metal chloride®ICl, (M = Mn, Co, Ni,

Cu, Zn). The poorly soluble products that prectpitiimmediately were filtered, washed and dried.

To increase the crystallinity of products the reant were additionally conducted under hydrothermal
conditions or by slow diffusion reactions using ragals. In most cases, crystalline products were
identified by single-crystal and powder X-ray dition as the respective transition metal oxalates.
The formation of oxalates can be explained by hytimdecomposition of triazine tricarboxylate as

shown in Scheme 2. To rule out that this decomioosiiccurs only due to the elevated temperatures
during hydrothermal reactions or as a result ofubage of agar gels we additionally examined the

poorly crystalline materials obtained by metathesgactions in solution at room temperature.

Transmission / a. u.

2000 1500 \ 1000
Wavenumber/cm’

Figure 1. FTIR spectra of a) K-TTC-2i (4b), b) sodium oxalatend c)-f) of the products obtained by the
reaction of K-TTC-2HO (4b) with c) CoC}, d) NiCh, e) CuC} and f) ZnC}. Gray areas highlight the
characteristic absorption bands of triazine trioastate.
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Scheme 3 Coordination of metal ions by triazine
tricarboxylate 4), benzene tricarboxylate5) and
triazine tris(2-pyrimidyl) 6).

These samples were analyzed by FTIR
spectroscopy, a method that allows for a
reliable distinction between triazine tricarboxy-
late and oxalate units. The obtained IR spectra
in comparison to the IR spectra of the triazine
tricarboxylate saltgla and4b and of sodium
oxalate are shown in Figures 1 and 2. Between
1200 and 1700 cithe TTC unit leads to four
characteristic absorption bands which can be
attributed to the stretching vibrations of the
carbonyl groups and thetriazine ring. Based

on the presence or absence of these signals it
can be analyzed if the samples contain TTC

units. It was observed that the TTC units are

decomposed to oxalates in the presence &f, 4>, CU/* and Zri* (see Figure 1) but not in the

presence of F&andMn®* (see Figure 2§! To elucidate the reason for the differing stapitit TTC

Transmission/ a. u.

2000 1500

1000

-1
Wavenumber/cm

Figure 2. FTIR spectra of a) K-TTC-2i@ (4b), b) KFe-TTC-4HO (4a) and c) product obtained by the
reaction of K-TTC-2KO (4b) and MnC} in aqueous solution. Gray areas highlight the atteristic

absorption bands of triazine tricarboxylate.
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dependent on the transition metal
we beheld the coordination motifs
in different structurally character-
ized triazine tricarboxylates more
closely. Both in KFe-TTC-44D
(49) and in all known alkali tria-
zine tricarboxylates metal ions are
coordinated by the TTC units via
two adjacent carboxylate groups
and the intermediate nitrogen atom
of the ring®® In contrast, the
analogous hydrocarbon compound
benzene tricarboxylateb) coordi-
nates merely via the carboxylate
groups so that metal ions are bounc
less tight to5 than to TTC. The
coordination motif observed for
TTC resembles rather that &f
triazine-2,4,6-tris(2-pyrimidyl) &,
TPymT) (see Scheme 3). Whereas

benzene tricarboxylate 5 is

indeed stable against aqueous
solutions of transition metal ions

even under hydrothermal condi- o
Figure 3. Metal coordination in the crystal structure of

- 7 -
tions'™ for TPymT €) hydrolysis s,TTC.6HO (83) and Ba-TTC-6bD (8b). Thermal ellipsoids
in agueous solutions of &usalts (except for hydrogen) are drawn at the 50 % prditatevel.

is a commonly observed reac-

tion.®*® The hydrolysis of TPymT leads to the formatiorbisf(2-pyrimidyl-carbonyl)aminé-1. The
hydrolytic decomposition of TTCH| to oxalated-2 can be explained by an analogous mechanism (see
Scheme 2). However, whereas the intermediatecannot be isolated the respective compoé+id
represents the final reaction product allowing itk investigation of bond lengths and anglethe
crystal.Lerner et al. explained the decomposition@és a result of destabilization of thériazine

ring upon coordination: Binding of copper ions cighe involved pyrimidyl rings to move
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Table 1 Crystallographic data and details of the striet@finement for SfC3N3(CO,)4],-12H0 (8a) and

Bag[C3N3(COy)s]2-12H,0 (8b).

Sr[C3N3(CO,)32- 12HO

Bag[C5N3(CO,)s]2- 12H0

molar mass /g-mdl

899.23

1048.36

crystal system monoclinic monoclinic

space group P2:/n (no. 14) P2:/n (no. 14)

T/K 173 173

diffractometer Nonius Kappa-CCD Nonius Kappa-CCD
radiation A /pm Mo-K,, 71.073 Mo-K, 71.073
al/pm 1005.4(2) 1020.9(2)

b/pm 1302.7(3) 1337.4(3)

c/pm 2107.2(4) 2139.5(4)

BI° 97.36(3) 95.71(3)

V /1P pm? 2737.1(10) 2906.6(10)

z 4 4

calculated density /g-chn 2.182 2.396

crystal size /mrh 0.14x0.11 x 0.10 0.09 x 0.07 x 0.04
absorption coefficient /mth 5.941 4.129

F(000) 1776 1992

absorption correction multi-scan multi-scan

min. / max. transmission 0.4270/0.5433 0.63278106

diffraction range

3.282 0 < 27.58°

3.19€0<27.49°

index range -13h<13,-16sk<16 -13<h<13, -16<k< 17
27127 -27<1<27

parameters / restraints 478 1 24 4781 24

total no. of reflections 44575 52024

no. of independent reflections 6286 6665

no. of observed reflections 4809 5596

min./max. res. electron dens. /e®j@m*® -0.656 / +1.148 -0.980/ +0.942

GooF 1.017 1.107

final R indices [ > 25(1)]
final R indices (all data)

R1 = 0.0303wR2 = 0.0611%
R1 = 0.0502WR2 = 0.0682

R1 = 0.0227wR2 = 0.046%
R1 = 0.0321wR2 = 0.049%

a)w = [0%(F¢?) + (0.025P)* + 3.591#] 7, with P = (Fy* + 2F7)/3
b) w = [6*(F¢?) + (0.015#)% + 3.765®] ™, with P = (Fo> + 2F)/3

closer to each other and hence decreases the Na@3€s at the carbon atoms of giiazine ring
from ideal 120° close to 110°. This angular stiaithe s-triazine ring facilitates hydrolysis leading to
the formation of6-1."% These mechanistic considerations can be trandféoréhe decomposition of
TTC (4) matching very well the observed differences absity against hydrolysis dependent on the
metal ions when the ionic radii are compared. Far' MF€' and C4 the values for high-spin

complexes were taking into account because magmetsurements of KFe-TT4H,O (4a) revealed
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TTC
double
layer

TTC
double
layer

Figure 4. Exemplary illustration of the superstructure aldnp the crystal structure of Sr-TTC-8B1 (8a)
and Ba-TTC:-6LD (8b) caused by differences in the hydrogen bondingvoi (dashed lines). Further
hydrogen bonds and metal ions are omitted fortglafihermal ellipsoids (except for hydrogen) aravdn at
the 50 % probability level.

a high-spin state of Fdéons!™ The ionic radii (CN = 6, in A) of" ions are as follow$* 0.97 (Mn),
0.92 (Fe), 0.89 (Co), 0.83 (Ni), 0.87 (Cu), 0.88)ZHence the ionic radii of metal ions and
consequently th#1-O andVi-N bond lengths in the crystal are largest fof'Mnd F&. According to
the above considerations for 'CiNi" and Cl a decrease iM—O andM-N bond lengths between

metal ions and TTC increases the angular strain

Table 2 N—-C-C angles (in °) of the triazine tricar-

boxylate units in Sr-TTC-6}0 (8a), Ba-TTC-6HO

hydrolytic cleavage of TTC. (8b) and KFe-TTC-4kD (4a).”! The assignment of
angles is given in Figure 5.

These results indicate that as for TPymT the

in the striazine ring and therefore facilitates a

Sr-TTC6H,0 Ba-TTC6H,0 KFe-TTC4H,0

number of accessible TTC coordination com- (8a) (8b) (43)
pounds is probably limited and allow for an im-¢1  115.1 115.1 114.5
proved planning of syntheses. We assume that4¢ 117.0 117.2 114.5
might be possible to prepare coordination nelﬁ1 1195 1195 121.0
'9 possibie 1o prepare coordinalion Nefz, 1183 118.4 121.0
works comprising triazine tricarboxylate unitsyl 118.8 118.3 117.1
avoiding the hydrolysis by one of the methodg2 116.7 116.8 117.1

that have already successfully been employed
for the synthesis of TPymT compleX&3(l) the use of large metal ions like Plhat form long and
weak bonds to the triazine ring, (ll) the additioha second strongly coordinating ligand which

prevents a tight binding of metal ions to TTC, )(Byntheses under anhydrous conditions. Although
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the starting material potassium triazine tricardatey dihydrate 4b) is insoluble in common organic

solvents the use of polar ionic liquids might eeadmhydrous syntheses.

The Reaction of Triazine Tricarboxylate with Alkaline Earth Salts

In analogy to the reaction with transition
metal salts potassium triazine tricarboxy-
late dihydrate 4b) was also reacted with
MClyxH,O (M =Mg, Ca, Sr, Ba) in

aqueous solution. Analysis of the ob-

Sr/Ba3
S

tained insoluble poorly crystalline pow-
ders by FTIR spectroscopy and elemente
analysis indicated the presence of alkalin
earth TTC salts as could be expected du
to the rather large size of the alkaline
earth ions. Metathesis reactions in aga
gels yielded single crystals of strontium
triazine tricarboxylate hexahydrate ;Sr
[C3sN3(COy)42: 12H0 (Sr-TTC-6HO)
(8a) and barium triazine tricarboxylate
hexahydrate B#HC3N3(CO)3)2-12H,0
(Ba-TTC-6HO) (8b). Both salts are iso-

typic and crystallize in the monoclinic

space grougP2,/n. Crystallographic data Figure 5. Representation of the coordination of metal ions
by triazine tricarboxylate in Sr-TTC.-68 (8a) and

%a-TTC-6I—LO (8b), respectively (top) and in
are summarized in Table 1. In the crystakFe-TTC-4H0 (4a) (bottom) and labeling of N-C-C
angles referring to Table 2. The bottom picture d&vn

using the electronic cif-file provided as suppletaen data
arranged in layers perpendicular to [010for 45

and details of the structure refinement
the triazine tricarboxylate ions are
with interlayer distances of 328 pr@d)

and 337 pm&b), respectively. Within the layers the TTC unite aot coplanar but are slightly tilted

out of theca-plane forming corrugated layers. Crystal watereunoles are located both within and

between these layers and connect the TTC unitsneidium strong hydrogen bond®.The triazine
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cores of TTC entities of adjacent layers do not
Table 3 M-O and M-N distances (in pm) in overlap but are shifted against each other and

Sr-TTC-6H0 (84) and Ba-TTC-6kD (8b), standard alternately rotated by 180°. The so formed
deviations in parentheses.

double columns of TTC units are arranged in
Srl - 013 260.6(2) Bal -O5 278.2(2) strands (see Figure 3 top). Alkaline earth ions
Srl - 014 262.6(2) Bal -013 280.0(2)
Srl-05 265.2(2) Bal -014 280.2(2)
Srl - 012 272.5(2) Bal -O12 282.3(2) nhated by the TTC units and crystal water
Sr1-022 272.7(2) Bal -O7 286.1(2)
Sr1-07 273.4(2) Bal -024 288.5(2)
Srl-024 276.4(2) Bal -022 289.3(2) ion is coordinated by two adjoining TTC

Srl1-04 286.1(2) Bal -O4 293.3(2) entities (CN = 10) and between the strands four
Srl-N4 271.9(2) Bal -N4 287.2(2)

Sr1-N2 275.8(2) Bal -N2  290.6(2) TTC units of two adjacent layers together
Sr2-08 255.1(2) Ba2z -O11 271.7(2) coordinate two metal ions (CN = 8) (see Figure
Srl - 011 257.0(2) Ba2 -08 274.1(2)
Sr2 - 019 260.0(2) Ba2 -016 278.3(3)
Sr2 - 020 261.2(2) Ba2 -03 278.7(2) metal ions are located (see Figure 3 bottom).
Sr2 - 016 262.6(2) Ba2 -019 278.9(2)

Sr2-02 271.8(2) Ba2 -020 279.7(2)
Sr2-03 278.02) Ba2 -02 289.3(2) respect to the orientation of crystal water

Sr2-N1 268.0(2) Baz -N1  286.3(2) mpolecules and slight variations in torsion of the
Sr3-018 256.8(2) Ba3 -06 273.2(2) ,
Sr3-03 256.9(2) Ba3 -03 274.4(2) carboxyl groups. This superstructure can be

Sr3 - 015 258.7(2) Ba3 -018 276.7(2) explained by small differences regarding the
Sr2-06 259.2(2) Ba3 -015 277.1(3)

Sr2 - 017 263.3(2) Ba3 -017 281.3(2)
Sr3-09 268.92) Ba3 -08 284.7(2) Because the water molecules are part of an
Sr3-08 292.6(2) Ba3 -09 289.0(2)
Sr3-N5 273.7(2) Ba3 -N5 289.7(2)

are located between these strands and coordi-

molecules. Within the TTC strands each metal

3 top). Between these TTC double layers no

Along b adjacent double layers differ only with

formation of preferred hydrogen bonds.

extended hydrogen bonding network there is a

relation between the orientation of all water
molecules and carboxyl groups. As is exem-
plary shown in Figure 4 rotation of one water malecrequires also the reorientation of adjacent
water molecules and carboxyl groups so that thaseserve most suitable as donors and acceptors,

respectively, for hydrogen bonds.

Each triazine tricarboxylate coordinates two métak closely via two carboxylate groups and the
intermediate nitrogen atom of tkdriazine ring, whereas further metal ions are dowted solely via
the carboxylate groups but without shiiN contacts. The coordination motifs in Sr-TTC,6H8a)
and Ba-TTC-6LD (8b), respectively, and KFe-TTC-48 (4a)® are shown in Figure 5. A
comparison of the labeled N-C—C angles (see Tallerdonstrates that coordination of*3md B3
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causes less distortion of TTC than coordinatiofrest. Consistently, each TTC unit Ba and8b can
coordinate closely two alkaline earth atoms withioeing hydrolyzed. BotiM—O distances (Sr: 255-
293 pm, Ba: 272-293 pm) amd-N distances (Sr: 268-276 pm, Ba: 286-291 pm) {sd#e 3) are in
accordance with the ionic radii sufi$.The C—N bond lengths of thetriazine rings (133-135 pm)
and the C-O bond lengths of the carboxylate grdd@8-126 pm) resemble those of conjugated
double bonds, whereas the C—C bond lengths (153455 orrespond to single bonds.

4.2.3 Conclusions

Due to the structural similarity with benzene trimaxylate the multidentate ligand triazine
tricarboxylate TTC appears to be a promising linta@r coordination frameworks. However, to be
employed as linker in the synthesis of such framks@ sufficient thermal and chemical stability
under the respective reaction conditions is a reqgyprerequisite. In this contribution we have m&dd
the stability of TTC against hydrolysis in the mese of divalent alkaline earth and transition ineta
ions. We have reported on the crystal structurestadntium and barium triazine tricarboxylate
hexahydrate thereby presenting the first strudiuratharacterized alkaline earth triazine
tricarboxylates. Furthermore, we have demonstrdtatithe coordination motifs of TTC amdazine
tris(2-pyrimidyl) are alike and that the tendenowards hydrolysis in the presence of transitionainet
ions due to tension in the triazine ring which isllvknown for triazine tris(2-pyrimidyl) also ocaur
for TTC. We have discussed a correlation betweea sf the metal ion and stability of TTC in
aqueous solution and have drawn conclusions ragartimitations in the synthesis of TTC

frameworks with respect to possible solvents antahiens.

4.2.4 Experimental Section

Syntheses

Potassium triazine tricarboxylate dihydradé)(was synthesized from the respective triethylréstd
To prepare the triethyl ester dry HCI gas was pighgdugh ethyl cyanoformate (20.0 g, 202 mmol,
Aldrich, 99 %) under argon until the trimerizatiproduct started to precipitat€he conversion was

completed by cooling the reaction to 4 °C overnightl then the product was filtered, washed with
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cold water and dried at 75 °C yielding 7.15 g (2#&ah 36 %) triethyls-triazine-2,4,6-tricarboxylate
as colorless needles. The triethyl ester (250 n®f @hmol) was stirred in an aqueous solution of
KOH (10 mL, 1M, Acros, p. a.) at room temperature until the estas completely dissolved. The
product was precipitated by the addition of ethg260 mL), filtered, washed with ethanol and dried
at 75 °C to obtain 258 mg (0.71 mmol, 83 %) potassi,3,5-triazine-2,4,6-tricarboxylate dihydrate

(4b) as colorless powder.

Metathesis reactions for the attempted syntheseaobition metal triazine tricarboxylates were
performed in concentrated aqueous solutions at r@onperatur€’ The potassium saléb) and the
transition metal salts Mng#iH,O (Merck, p. a.), Fe(NP(SOy)26H,0 (Grussing, p. a.), Co&bH,O
(Merck, p. a.), NiG6H,O (Fluka, p. a.), CugGkH,O (Merck, p. a.) and ZnghH,O (Alfa Aesar,
p. a.), respectively, were reacted in a molar rafid2:3. The precipitated products were filtered,

washed with water and dried at 75 °C.

To prepare the alkaline earth triazine tricarboted®8a and8b a solution of the potassium sdlb
(80.0 mg, 0.22 mmol) in # (3 mL) was added to a solution of Sf6H,0 (39.0 mg, 0.15 mmol,
Merck, p. a.) or BaGi2H,O (36.0 mg, 0.15 mmol, Merck, p. a.) in® (12 mL), respectively. The
precipitated products were filtered, washed withervand dried at 75 °C. Single crystalsBafand8b
were grown by gel crystallization in 1 % agar gelsU-tubes using 0.4 solutions of4b and
SrChb-6H,0 or BaC}-2H,0, respectively.

Elemental analysis (wt. %):383(COEt);: N 14.22 (calcd. 14.13), C 47.20 (calcd. 48.47)4.88
(calcd. 5.08); KC3N3(CO,)32H,0 4b: N 11.60 (calcd. 11.56), C 20.45 (calcd. 19.84)).64 (calcd.
1.10); SEC3N3z(CO)3)212H,0 8a: Sr 29.99 (calcd. 29.23), N 8.70 (calcd. 9.35)1%70 (calcd.
16.03), H 2.49 (calcd. 2.69); BaJg;(C0O,)3]»12H,0 8b: Ba 40.86 (calcd. 39.30), N 7.47 (calcd.
8.02), C 13.38 (calcd. 13.75), H 2.13 (calcd. 2.31)

X-ray Structure Determination

Single-crystal X-ray diffraction data da and 8b were collected at 173 K with a Kappa CCD
diffractometer (Mo-K radiation, A = 71.073 pm). Diffraction intensities were scalaeging the

SCALEPACK" software package and an absorption correction peaformed using the program
SADABS ™ The crystal structures were solved by direct mash@GSHELXS-97) and refined against

[17

F? by applying the full-matrix least-squares meth&HELXL-97)™" Hydrogen positions could be

determined from difference Fourier syntheses andewefined isotropically using restraints for

85



Chapter 4. Triazine Tricarboxylates

oxygen-hydrogen distances. All non-hydrogen atoresewefined anisotropically. CCDC 834692-
834693 contain the supplementary crystallographta tbr this paper. These data can be obtained free
of charge from The Cambridge Crystallographic D@¢stre via www.ccdc.cam.ac.uk/data_ request/

cif.
General Techniques

FTIR spectra were recorded at ambient conditionadrn 600 and 4000 ¢hon a Spektrum BX I

FTIR spectrometer (Perkin Elmer) equipped with ad3ampler diamond ATR device. Elemental
analyses for C, H and N were performed with theneletal analyzer systems Vario EL and Vario
Micro (Elementar Analysensysteme GmbH). The amoahtgkaline earth metals were ascertained by
atomic emission spectroscopy with inductively cedplplasma (ICP-AES) using a Varian-Vista

simultaneous spectrometer.
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5. Cocrystals of Alkali Triazine Tricarboxylates and Cyanuric
Acid

Crystal structure analysis of several triazineattioxylate salts in the previous chapter has shbamn

in these compounds numerous interactions are preSlext to Coulomb forces between triazine
tricarboxylate and metal ions also hydrogen boretsvéen crystal water and triazine tricarboxylate,
and dispersive interactions between triazine thicaylate units determine the observed assemblies of
building units in the structures. Understanding theerplay between these different types of
interactions is an inevitable prerequisite for arendirected synthesis of such compounds. Whereas
severalstriazine based salts and coordination compoundsvels as metal free supramolecular
structures ofs-triazine derivatives have been studied in thisardgso far no example is known in
which both differents-triazine compounds and metal ions are preserdrder to obtain materials in
which noncovalent interactions between differetriazine derivatives, Coulomb interactions between
those s-triazine units and metal ions, and their mutudluence can be studied, alkali triazine
tricarboxylates have been reacted with cyanurid &Ns;OsHs. Synthesis, crystal structures and

thermal characterization of obtained cocrystalseperted in this chapter.
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Formation of Cocrystals between Alkali Triazine
Tricarboxylates and Cyanuric Acid — Reactivity Consderations
and Structural Characterization of the Adduct Phases
M3[C3N3(CO,)3][C3NsO3H3]-H.O (M = K, Rb)

Sophia J. Makowski, Evelyn Calta, Monika Lacher, anl Wolfgang Schnick

published in: Z. Anorg. Allg. Chen012 638, 88. DOI: 10.1002/zaac.201100316

Keywords: Alkali salts; Carbon nitrides; Cocrystals; Crystalictures-Triazine

Abstract. The reactivity of cyanuric acid towards alkalatzine tricarboxylates was investigated and
the first triazine—triazine adduct phases compgisimkali metal ions were synthesized and
characterized by single-crystal X-ray diffractiomdathermal analysis. An investigation of the reacti
between the alkali triazine tricarboxylatdg[CsN3(CO,)5]-xH.O (M = Li, Na, K, Rb, Cs) and cyanuric
acid showed that the degree of ion transfer fraaritie tricarboxylate to cyanuric acid increases
gradually from the lithium to the cesium salt reflag an increasing basicity of the triazine tri-
carboxylates. The reaction of potassium and rubiditazine tricarboxylate dihydrate with cyanuric
acid yielded the novel co-crystals;[K3N3(CO,)s][CsN3OsHz-H,O (3a) and RB[C3N3z(COy)s)-
[C3N3O3H3]-H,O (3b). In comparison to metal free triazine—triazinelaat phases in these compounds
the assembly of molecules in the crystal is madt@iermined by Coulomb interactions and only to a
certain degree by hydrogen bonds and dispersieesictions. In the crystal tregtriazine units exhibit

a layered structure with triazine tricarboxylatel asocyanuric acid being arranged in zigzag strands
within the layers and stacked in columns perperdicto the layers. Thermal analysis revealed a

rather weak cohesion between triazine tricarborydatd cyanuric acid upon heating.
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51 Introduction

In the last decades the concept of crystal engimgédor the rational design of new solid materials
with desired physical and chemical properties hsaied considerable interéStFor the directed
preparation of solids with specific architecturel gmoperties a detailed understanding of the factor
that affect the arrangement of molecular buildidgcks in the solid state is an indispensable
prerequisite. The assembly of molecules and iontkercrystal is determined by several types of non
covalent interactions such as hydrogen bonding,rdioation interactions oran-n stacking
interactions™? In this regard we are especially interested irhsumn covalent interactions between
molecular carbon nitride compounds. Even though

recent research in the field of carbon nitrides&nly

focused on synthesis, characterization and apicat j)\H

of covalently bound frameworRsalso several adduct o NI >N
phases, in which the cohesion between molecul CO, HO)\ N/ OH
carbon nitrides is solely achieved by various types N)*N 2a

non covalent interactions, were investigdfét . The 8 C)l\ N/)\ S

co, )OL

most prominent example is probably the adduc

1 HN NH
between thestriazine compounds melamine and ¢]\ /g
cyanuric acid, in which the self-assembly of twc O H O
molecules with a threefold symmetry leads to th 2b

formation of a highly symmetric rosette-like
Scheme 1 Triazine tricarboxylate TTC1j,

the enol form of cyanuric acilg) and its
(C3N3g) and sheptazine (gN;) compounds were keto form isocyanuric acicp).

arrangemeni:® Further adduct phases sftriazine

obtained from solutions comprising both building

blockd® or under solvent free conditions as intermediadesng the thermal condensation of
striazine precursord. However, to the best of our knowledge no strudiyizharacterized compound
Is known so far, in which two differesttriazine molecules are present together with metas. In
contrast to the above mentioned adduct phases dh systems not only hydrogen bonds and
dispersive interactions but also Coulomb and coatthn interactions will determine the assembly of

molecules in the crystal.

In order to obtain a system in which the effectvafious types of non covalent interactions on the

arrangement ofs-triazine molecules as well as the mutual influerdethese diverse types of
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interactions can be studied we tried to comisitiazine based salts with furthetriazine compounds
capable of metal coordination. For this purposeused alkali triazine tricarboxylatés;[CsN3(CO,)s]

(M = Li, Na, K, Rb, Cs), an interesting class of comnpds that has been studied in detail only
recently’®® as moleculas-triazine based salts and cyanuric acid as fuftband (see Scheme 1). In
this contribution the reactivity of different alkatiazine tricarboxylates (TTC) towards cyanuridca

is investigated and the synthesis and crystal tstreic of the co-crystals KC3N3z(COy)s)-
[C3N3O3H3]-H,O (8a) and RB[C3N3(CO,)3][C3N3OsH5-H,O (3b) is presented. The influence of
hydrogen bonding ana-n stacking interactions in comparison to Coulomkberattions on the
arrangement of thetriazine building blocks in these adduct phasedissussed and the strength of
the cohesion by non covalent interactions

is further examined by thermal analysis.

5.2 Results and Discussion

Reactivity

The alkali triazine tricarboxylates
M3[C3sN3(CO,)s]-xHO (M = Li, Na, K,

Rb, Cs) (a-@ were combined with 20, /S
cyanuric acid gN3OsH; (2) in an attempt !

to prepare metal comprisingtriazine

adduct phases. Both starting materials re-

Figure 1. Layered structures of K-TTC-CA,B (3a) (top)
and Rb-TTC-CA-HO (3b) (bottom). Dashed lines repre-
with threefold symmetry and sufficient sent hydrogen bonds. Thermal ellipsoids (excephjairo-
% probability level.

present-triazine based tridentate ligands

solubility in water. Aqueous solutions of 9€n) are drawn at the 50
the respective alkali triazine tricarboxy-

late and cyanuric acid were mixed and hold at rdemperature until the evaporation of solvent
caused the precipitation of the product. A charaagon of the products by X-ray diffraction rev-

ealed a dependency of the reactivity on the alkai$. For the combination of lithium and sodium
triazine tricarboxylate with cyanuric acid no cestiallization occurred but the starting materials
crystallized separately. In the case of potassinthrabidium triazine tricarboxylate co-crystals wit

cyanuric acid were obtained but only the combimataf potassium triazine tricarboxylate and
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cyanuric acid yielded a phase pure sample of thieicd<s[C3N3(CO;)3][C3N3OsH3]-H,O (K-TTC-
CA-H,0O) (3a). The reaction of rubidium triazine tricarboxylatgth cyanuric acid resulted in a
reaction mixture comprising single-crystals of gueluct R C3N3(CO,)5][C3NsOsH3]-H,O (Rb-TTC-
CA-H,O) (3b), single-crystals of rubidium cyanuratnd further unidentified phases. From the
reactionproduct of cesium triazine tricarboxylate and cyamacid only cesium cyanurate could be
isolated. Hence frorhia to 1e the tendency of a transfer of the alkali ions friviazine tricarboxylate

to cyanuric acid increases gradually.

Y
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Figure 2. Hydrogen bonding interactions in K-TTC-CA®I(3a) (top) and Rb-TTC-CA-kD (3b) (bottom).
Thermal ellipsoids (except for hydrogen) are dratthe 50 % probability level.
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Figure 3. Crystal structures of the adduct phases K-TTGHGA
(3a) (top) and Rb-TTC-CAH,0 (3b) (bottom), representing the
arrangement of triazine tricarboxylate and cyanacid rods in
zigzag strands and the formation of voids between double
strands in3b. Triazine tricarboxylate units are displayed ighti
gray and isocyanuric acid units in dark gray.

The lithium and sodium ions re-
main bound to triazine tricarboxy-
late, the potassium ions are coordi-
nated by triazine tricarboxylate and
cyanuric acid simultaneously, the
rubidium ions are partially shared
between both ligands and apar-
tially transferred to cyanuric acid,
and the cesium ions are eventually
completely  transferred from
triazine tricarboxylate to cyanuric
acid. Aqueous solutions dfd and
le are basic enough to deprotonate
cyanuric acid resulting in the for-
mation of the alkali cyanurates
M3[C3N305]-xH,O (M = Rb, Cs).
This observation is also in accord-
ance with expectation due to the
HSAB concept. Metal ions are co-
ordinated by triazine tricarboxylate
via two carboxylate groups and the
intermediate nitrogen atom of the
striazine ring. In contrast to these
hard coordination sites the keto
oxygen atoms of isocyanuric acid
can be regarded as rather soft. The
binding strength between the hard
triazine tricarboxylate units and
alkali metal ions decreases from
hard Li" to soft C3$, whereas the

trend is just vice versa for isocyanuric acid. Toxenation of co-crystals between triazine tricanpox

late and cyanuric acid can only be achieved foaggtim and rubidium, where the coordination

strength of both ligands for the respective medtiba is comparable.
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Table 1 Crystallographic data and details of the striettafinement for K[C3N3(CO,)3][C3N3OzH3]-H,0O
(3@ and RB[C3N3(CO,)3][C3NzO03Hs]-HO (3b).

3a 3b
Molar mass /g-mdi 474.49 613.58
Crystal system triclinic monoclinic
Space group P 1 (no. 2) P2,/c (no. 14)
TIK 293 293
Diffractometer Nonius Kappa-CCD Nonius Kappa-CCD
RadiationA /pm Mo-K,, 71.073 Mo-K, 71.073
a/pm 709.66(14) 720.01(14)
b /pm 964.97(19) 3756.4(8)
c/pm 1279.1(3) 1256.9(3)
al® 75.83(3) 90
BI° 75.38(3) 101.81(3)
y [° 70.88(3) 90
V /10 pm? 788.1(3) 3327.5(11)
z 2 4
Calculated density /g-cin 1.911 2.450
Crystal size /mrh 0.33x0.23x0.20 0.27x0.13x0.11
Absorption coefficient /mm 0.930 8.859
F(000) 450 2336
Absorption correction none multi-scan

Min. / max. transmission
Diffraction range

3.238 0<34.41°

0.1889/0.3084
3.18%0<26.42°

Index range -1¥h<11, -15<k<15 -7<h<8, -46<k<45
-20<1<20 -15<1<15

Parameters / restraints 271/5 517 /4

Total no. of reflections 11999 44111

No. of independent reflections 6608 6796

No. of observed reflections 5053 5128

Min./max. residual electron density

/e 10° pm?®

GooF

Final R indices|[> 20(1)]
Final R indices (all data)

-0.472 / +0.563

0.935
R1 = 0.0407wR2 = 0.1008"
R1 = 0.0570wR2 = 0.1123

-2.026 / +0.849

1.055
R1 = 0.0473wR2 = 0.119%
R1 = 0.0712wR2 = 0.131&

a)w = [6°(Fo°) + (0.048F)° + 0.548®] ™, with P = (Fo” + 2F)/3
b) w = [6*(F¢’) + (0.0606)* + 14.101@] ", with P = (Fo* + 2F2)/3
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Crystal Structure

Potassium triazine tricarboxylate isocyanuric acid
hydrate  K[C3N3(CO,)3][C3N3O3Hs-H,O  (39)
crystallizes in the triclinic space group 1 and

rubidium triazine tricarboxylate isocyanuric acid

TTC
hydrate REC3N3(CO,)3][C3NzOsH3]-H,O (3b) in CA
the monoclinic space grolg®,/c. Crystallographic TTC
data and details of the structure refinements a cA
summarized in Table 1. In both compounds th
alkali ions are coordinated by triazine tricarboxy-
late and cyanuric acid simultaneously. Cyanurit
acid is present in its keto form isocyanuric acid CA
thereby providing three carbonyl groups as coord CA

nation sites, whereas the nitrogen atoms of tfr
triazine ring are protonated and hence do nc

participate in metal coordination. Each triazirie tr

carboxylate unit coordinates threé & Rb atoms, . . o
Figure 4. Stacking of the ligands triazine

respectively, via two carboxylate groups and theicarboxylate (TTC) and cyanuric acid (CA) in

intermediate s-triazine nitrogen atom as in the the adduct phases K-TTC-CA/®I(3a) (top) and
Rb-TTC-CA-HO (3b) (bottom). Triazine
tricarboxylate units are displayed in light gray
nation sphere is completed by the carboxyl groupsd isocyanuric acid units in dark gray.

respective triazine tricarboxylate salts. The cbord

of other triazine tricarboxylates and the oxygen

atoms of isocyanuric acid and water molecules

amounting to coordination numbers of 5-8 3arand 7-9 for3b. TheM-O distances (K: 258-295 pm,
Rb: 276-364 pm) are comparable with the distantsgmved in the respective triazine tricarboxylate
salt$” and are in accordance with the ionic radii stfh©On contrast, th&/-N distances (K: 281-
290 pm, Rb: 301-303 pm) are on average 5 pm lotigaT in the triazine tricarboxylate salts, indi-
cating a less tighter binding of the alkali ionstke triazine core as can be expected due to the
additional coordination by isocyanuric acid. Bottdact phases form layered structures typically for
s-triazine systems (cf. Figure 1). The interlayetatises amount to 355 pm &a and 360 pm ir8b

and hence are slightly larger than in the respediinazine tricarboxylate salts. Hydrogen bonds are

mainly present within the layers and especiallglinonly to a small amount also between the layers.
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As is illustrated in Figure 2, each two isocyanuamd (CA) units are interconnected by a double
N-H---O hydrogen bridge. Additionally, each CA gntorms a strong hydrogen bond to a carboxylate
group of triazine tricarboxylate (TTC). Further hgden bonding interactions connect crystal water
molecules with both CA and TTC units, with all hgden atoms of KD being involved in the
hydrogen bonding network. Hydrogen bonds3amand 3b can be classified as medium strong with
donor-acceptor distances of 267-299 pBa) (and 264-301 pm3p) and donor-hydrogen-acceptor
angles of 121-166%36) and 113-173°3b) (see Table 2}

The ligands triazine tricarboxylate and iso- ,
Table 2. Donor-acceptor distances and donor-

cyanuric acid are stacked in columnshydrogen-acceptor angles /pm, ° for the hydrogen
perpendicular to [100] (cfFigure 3). In3b Ponding network in K-TTC-CA-bO (33) and Rb-

_ _ TTC-CA-H,0 (3b).
these columns form single zigzag strands along

¢, whereas the crystal structure3if comprises D-H-A DA <D-H-A
double strands along which surround hex- K-TTC-CA-H,0 3a
. ' . N1-H1:--O3 264.6 165.11
angular voids that are filled with crystal watery 5 11551 266.9 165.61
molecules and rubidium ions. The remainingN3-H3--010 294.3 151.06
rubidium ions in3b and all potassium ions in Yoo 09 298.5 120.55
010-H4--06 276.7 151.79
3a are located between the zigzag strands @10-H5--03 288.9 153.75
ligands forming corrugated bands. The compo- Rb-TTC-CA-HO 3b
sition of the columns is different for both N/-H7~08 264.1 167.17
N8-H8--012 266.2 161.79
adduct phases. IBa only one type of columns Ng.Hg--014 279.2 172.98
is present, in which triazine tricarboxylate TTCN10-H10-O1 265.5 164.76
. ) . . N11-H11--0O5 266.4 170.48
and isocyanuric acid CA units are alternately ;5 112..017 282.0 172.96
stacked with a partial overlap of tisdriazine 019-H19A-018 286.1 124.91
cores. In contrast, i8b the columns comprise Lo H19A~020 3002 120.89
) ' P 019-H19B--018 286.1 118.41
either TTC or CA and show a complete overlap20-H20A--07 268.7 140.79
020-H20B--020 300.6 112.73

of the s-triazine cores (cf. Figure 4). Hence in

3b the two ligands TTC and CA are merely
connected via shared metal coordination and hydrdgends, whereas iBa additionally weak

dispersive interactions between thgiazine cores of both ligands are present.

Interestingly, in the metal free adduct melaminancyic acid M-CA an alternative assembly M—CA—
M—CA is the most stable stacking arrangenf&nthereas irBa and3b a homogeneous CA-CA and
TTC-TTC stacking is preferred to an alternating FOB—TTC—CA stacking as the varying degrees

97



Chapter 5. Cocrystals of Alkali Triazine Tricarbtedgs and Cyanuric Acid

of overlap show. The observation that homogenedusGa stacks are favored over CA-TTC stacks
in 3a and3b but not over CA—M stacks in M-CA might be explair®y the influence of the rather
strong Coulomb interactions Ba and3b impeding a complete overlap of TTC and CA. In casitto
metal free triazine—triazine adduct phases, whetestacking interactions — next to strong hydrogen
bonds — are essentially determining the arrangememolecules in the crystal, these interactions

become less important in the presence of strondo@duinteractions.

2 (DTA)

Mass / a. u.

Heat flow / a. u.

3a (DTA)

T T T T T T T
100 200 300 400
Temperature / °C

Figure 5. DTA curves (black) of K-TTC-2D (1¢), cyanuric acidZ) and K-TTC-CA-HO (3a) and TG
curve (gray) of K-TTC-CA-KO (3a), recorded with a heating rate of 5 K-fhin

Thermal Behavior

The thermal behavior of the adduct phase K-TTC-G®-K8a) was compared with that of the starting
materials K-TTC-2ED (1¢) and cyanuric acid?j (see Figure 5). The potassium shdtis dehydrated
below 200 °C and starts to decompose around 35@$@nuric acid2 completely transforms into
gaseous isocyanic acid HNCO around 400'3CG and DTA curves of the adduct ph&seshow a
release of crystal water at low temperatures abdesyuent a slow decomposition of the dehydrated
compound starting around 200 °C. Hence the addua$g8a exhibits a lower thermal stability than

its components. The main mass loss occurs stepheisecen 320 and 420 °C accompanied by three
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exothermic signals in the DTA curve. Two of thesgnals closely match the decomposition
temperatures of K-TTC-2 (1c) and cyanuric acid?]. This indicates that the cohesion between the
ligands TTC and CA seems to be broken up whileilgaso that the thermal decomposition of the

two individual compounds TTC and CA can be observed

5.3 Conclusions

We have reported on the synthesis, crystal strecamd thermal behavior of two co-crystals of alkal
triazine tricarboxylates and isocyanuric adith[CsNs(CO,)s][CsNsOsH3]-H,O (M = K, Rb) represent
the first examples of metal containing adduct phdmtween two differergtriazine molecules. This
demonstrates a further possibility to constructetayd s-triazine materials by combining diverse
striazine ligands in a single compound. It was désed how the formation of such co-crystals
depends on the relative coordination strength dh bigands for the respective metal cation.
Furthermore, the role of different types of nonalewt interactions on the assembly of molecules and
ions in the crystal was investigated and compaveudtal free triazine—triazine adduct phases. These
findings add to a deeper understanding of the factbat determine the assembly of different
s-triazine molecules in the solid state and mightticbate to a rational preparation of specific carbo

nitride materials by crystal engineering in theufet

5.4  Experimental Section

Syntheses

The alkali triazine tricarboxylateka-e were synthesized according to the procedure dmstifior the
potassium salt by saponification of the respectiigthyl estef’® To prepare the ester dry HCI was
piped through ethyl cyanoformate (20.0 g, 202 mmddrich, 99 %) in argon until the trimerization
product started to precipitate. After cooling tleaction to 4 °C overnight the product was filtered,
washed with cold water, and dried at 75 °C. Smalbants of the triethyl ester (250 mg, 0.85 mmol)
were treated with 10 mL of aM aqueous solution diOH (ABCR, 99 %M = Li, Na, K, Rb, Cs).

The reaction was stirred at room temperature tinéilester was completely dissolved. Afterwards,
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200 mL ethanol was poured into the solution to ipitate the alkali salts. The products were filtgre

washed with ethanol, and dried at 75 °C.

To prepare the adduct phasssand3b equimolar amounts (0.15 mmol) of cyanuric a2i¢20.0 mg,
Aldrich, > 98 %) and potassium or rubidium triazine tricaydate dihydratelc (56.3 mg) andlLd
(77.9 mg), respectively, were dissolved in waté€ ifl.) and mixed for 48 h at room temperature. By
slow evaporation of the solvent at room temperatiueeproducBa in the form of colorless block-like

crystals or a mixture of several phases contaisingle-crystals 08b were obtained.
Elemental analysis f@a: N 15.16 (calcd. 17.71), C 20.83 (calcd. 22.78),.#1 (calcd. 1.06) %.
X-ray Structure Determination

Single-crystal X-ray diffraction data &a and 3b were collected with a Kappa CCD diffractometer
(293 K, Mo-K, radiation, A = 71.073 pm). The diffraction intensities were ledausing the
SCALEPACK software packad¥! For3ano additional absorption correction was applied fm 3b

an absorption correction was performed using tlgram SADABS!® The crystal structures were
solved by direct methods using the software pacl84ELXS-97 and refined against by applying
the full-matrix least-squares method (SHELXL-8% The hydrogen positions could be determined
from difference Fourier syntheses and were refieettopically using restraints for oxygen-hydrogen

distances. All non-hydrogen atoms were refinedatropically.

Crystallographic data (excluding structure factdos)the structures in this paper have been degubsit
with the Cambridge Crystallographic Data CentreDCC12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of changguoting the depository numbers CCDC-834102
and CCDC-834103 (Fax: +44-1223-336-033; E-Mail:asy@ccdc.cam.ac.uk, http://www.ccdc.cam.

ac.uk).
General Techniques

Powder X-ray diffraction data were collected inngmission geometry with a Huber G670 Guinier
Imaging Plate diffractometer (CuzKradiation,A = 154.06 pm) and analyzed with the software
WinXPOW™ Thermoanalytical measurements were performed iimar atmosphere (He) with a

Thermoanalyzer TG-DTA92 (Setaram). The samples \wweeded in an alumina crucible from room

temperature to 450 °C with a heating rate of BiK". Elemental analyses for C, H, and N were

100



Chapter 5. Cocrystals of Alkali Triazine Tricarbd¢ades and Cyanuric Acid

performed with the elemental analyzer systems Vaib and Vario Micro (Elementar

Analysensysteme GmbH).
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6. Melem Hydrate

In the previous chapter, the impact of differenpey of interactions on the assembly of building
blocks in cocrystals between alkali triazine trimatylates and cyanuric acid has been investigated.
Comparing the arrangement eftriazine units in these materials has revealed #waording to
expectation Coulomb forces and hydrogen bridgeg laastrong influence on the structure, whereas
dispersive interactions betwesitriazine units are only weak. The importance adrogen bonds for
self-assembly of molecules into a specific struetlbbecomes even more evident in metal free
materials. For supramolecular structures which ctseaps-triazine units this influence has been
studied in detail by several groups, wherehgptazine derivatives have been employed onhyyrare
supramolecular compounds so far. The reason ferishprobably the poor solubility of uncharged
s-heptazine derivatives in common solvents. Howef@r,severals-heptazine compounds such as
melem GN-(NH.); or cyameluric acid §N;OsHs, formation of hydrates has been reported, indigati
that interactions betweesrheptazine units and solvent molecules occur, ¢veangh these forces are
not strong enough to actually dissolve the materilhereas the crystal structure of cyameluric acid
hydrate has been studied in detail prior to thiskwthe structure of melem hydrate has not been
known yet. In this chapter, elucidation of the taystructure of melem hydrate is reported, inatgdi

a comprehensive investigation of the influenceyafrbgen bonds on the self-assembly of melem units

and on the stability of the structure.
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Formation of a Hydrogen-Bonded Heptazine Framework

by Self-Assembly of Melem into a Hexagonal Channdtructure

Sophia J. Makowski, Pia Kostler, and Wolfgang Schiak

published in: Chem. Eur. J2012 18, 3248. DOI: 10.1002/chem.201103527

Keywords: Crystal structure; Hydrogen bonds; Self-assenfbbfid-state structures; Stacking inter-

actions

Abstract: Self-assembly of melemgR7(NH,); in hot aqueous solution leads to the formation of
hydrogen-bonded, hexagonal rosettes of melem sait®unding infinite channels with a diameter of
8.9 A. The channels are filled with strongly disenetl water molecules, which are bound to the
melem network through hydrogen bonds. Single-clystmelem hydrate §8l;(NH,)3-xH,O (x = 2.3)
were obtained by hydrothermal treatment of melen2Qft °C and the crystal structur@ 8c, a =
2879.0(4) ¢ = 664.01(13) pmy = 4766.4(13)-10pn?, Z = 18) was elucidated by single-crystal X-ray
diffraction. With respect to the structural simitgrto the well-known adduct between melamine and
cyanuric acid, the composition of the obtained pobdwvas further analyzed by solid-state NMR
spectroscopy. Hydrolysis of melem to cyameluricatiring syntheses at elevated temperatures could
thus be ruled out. DTA/TG studies revealed thatinduheating of melem hydrate, water molecules
can be removed from the channels of the structura large extent. The solvent-free framework is
stable up to 430 °C without transforming into thenser structure of anhydrous melem. Dehydrated
melem hydrate was further characterized by sobtesNMR spectroscopy, powder X-ray diffraction
and sorption measurements to investigate structheatges induced by the removal of water from the
channels. During dehydration, the hexagonal, layeagangement of melem units is maintained
whereas the formation of additional hydrogen bobdsveen melem entities requires the stacking
mode of hexagonal layers to be altered. It is assuthat layers are shifted perpendicular to the

direction of the channels, thereby making themdeasible for guest molecules.
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6.1 Introduction

Self-assembly, that is, the spontaneous arrangeofemlecules into ordered structures by weak,
reversible interactions, plays not only an impartate in biological systems, for example, for iat
folding or pairing of nucleotides, but has alsoaatted considerable interest in synthetic and nadser
chemistry>? In supramolecular chemistry or crystal engineeramnplex chemical structures deter-
mined by several types of noncovalent interactsunsh as hydrogen bonds, ionic, hydrophobic, van

der Waals, or dispersive forces are formed.

Next to the ambition to understand the principles

of molecular self-assembly in the solid state, th OYEYO
synthesis of solids that exhibit desired structure " wo oo ®
_"" \\\N

HN
. \H/

)~
)~

N

motifs such as ordered channels or cavities rem )N|\
_z

S

engineering” An outstanding example for the |
noncovalent assembly of molecules resulting in th o H N
formation of a channel structure is the 1:1 adduc \I/ \]/

between thes-triazine (GN3) compounds cyanuric h NH\"\.\N)\ ”'HNT

acid and melamine (CA-M) (see Schemé&4j®! o )|\ )\ O

In this adduct, cyanuric acid and melamine form " " "
hydrogen-bonded rosette-like hexamers that afcheme 1 Hydrogen-bonded rosettes formed

. L . between thes-triazine compounds isocyanuric
arranged in planar sheets. Similar rosette-likg..y 2nd melamine

,O»
niscent of zeolites, is a relevant goal in cryste ,. N e
NH

a e

: HZN)\N NH,
: " :
. OYN o
? NH
N

motifs have been found in adducts between

trithiocyanuric acid and melamifie or trithio-

cyanuric acid and 4,4'-bipyridyfl. Furthermore, self-assembly of molecules into hgdrsbonded
rosettes has also been reported for single-compayestems, for example, derivatives of trimesic
acid, trimesic amide, isophthalic acid, or orthabacid®® However, particular stacking of these

hexamers resulting in the formation of channeldadbe observed only in a few cases.

Among these examples of hydrogen-bonded rosettésndte CA-M adduct is certainly the best-
studied. Whitesides and co-workers have not onlgstigated in detail the self-assembly of cyanuric
acid and melamine into the respective rosette tstres but have also developed concepts for the
directed construction of such rosettes. By emplgyirtriazine molecules with sterically bulky

substituents or allowing preorganization of buigdiumits by interconnecting them with a hub linker,
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the formation of rosettes can be favored over tmation of tape§:5] However, whereas numerous

compounds based on the CA-M lattice have been sixtdn studied by many groups, any comparable

structures comprising the analogous but largbeptazine (gN;) compounds cyameluric acid or

melem (see Scheme 2) are not known so far.

NH, o)
N*\N HNJ\NH
H2N/“\N//kNH2 o)\H/&o
A B
NH, o)
ST
oy,
HNTNTINTONH, - 07 TNTINTTO
C D

Scheme 2 The striazine compounds melamink
and isocyanuric acidB, and the respective
s-heptazine compounds meldthand isocyameluric
acidD.

The molecular structure of theheptazine or

cyameluric ring system, respectively, has
already been postulated by Pauling and
Sturdivant in 193%% However, it has not been
proven before almost fifty years later when the
crystal structure of moleculars-heptazine
C¢N;H; could be solveft” Due to the low
solubility of s-heptazines in common solvents,
this building unit is considerably less frequently
employed in chemical syntheses ttstniazine
compounds. However, in the last two decades
carbon nitride type compounds have attracted
considerable interest as materials for numerous
technical applications due to the high thermal

and oxidation stability of this class of com-

pounds as well as their semiconducting and catalgtoperties:? This revival in research of

molecular and polymeric carbon nitride type compisuhas also initiated substantial progress in the

field of ssheptazine chemistry. Furthermore, the identifaratdf s-heptazine as building block in the

polymers melon and poly(heptazine imffelf! and in extended CNbolymers™® as well as quantum

chemical calculations that suggeseptazine as likely building block of graphitighNG*®*” have

contributed to increased interest stheptazines. Numerous substitutetieptazines, for example,

cyameluric chloride gN,Cls,*%*® cyameluric azide @7(N3)s,*® melonates (EN-(NCN)g)*~ 2> and

several organic derivativéé?® have been synthesized and investigated in datad. structures of

melen?**! and cyameluric acitf®” as well as of numerous s&t$®?** have also been solved

recently. The employment of melemium and cyamedusailts has opened access to the chemistry of

s-heptazines in solution. In addition, the thernahdensation process of melamine leading to melem

has been elucidated. Contrary to former assumptilbat the condensation might proceed via the

intermediate melam @Bl3(NH,),).NH it could be shown that during thermal treatmehinelamine,

108



Chapter 6. Melem Hydrate

crystalline melem is formed via
several intermediate melamine-
melem adduct phas€5®? In the

eventually  obtained  product,

melem molecules are arranged in

corrugated layers and are inter-

@(‘q.

DA e . 153
SIS
Bt

connected by a dense net of hydro-
gen bonds both within and between
the layerd®*?! The importance of

intermolecular hydrogen bonds for
the arrangement of melem units
has been demonstrated not only fol
the assembly of melem molecules
in the crystal but also for mono-
layers of melem on Ag(111), as has
been investigated by scanning

tunneling  microscopy  studies

recently™®!
/
In this contribution, we report on ==
————— e

the self-assembly of melem in

e

aqueous solution, thus providing w—ri_:’—:-:_
the first example of a structure with l_' _—

a hydrogen-bonded rosette-like

Figure 1. Crystal structure of melem hydrat@. (Top)

Representation of the porous structure with hexalgehannels

adduct, that comprisesheptazine alongc, filled with water molecules; (Bottom, left) Arrgament

units. The importance of solvent of melem molecules in helices alorg (Bottom, right) Rosette
) formed of six melem molecules with a diameter & &.(van der

molecules for the formation of \yaas radii subtracted), filled with water; dasHigs represent

such rosettes and of hexagonahydrogen bonds.

pattern, comparable to the @A

channels in this compound in com-
parison to structures obtained under anhydrousitonsl is exposed. Furthermore, we demonstrate
the strength of intermolecular hydrogen bonds iis tmaterial, which stabilize the hexagonal

arrangement of melem units even in the dehydrateeénal.
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6.2 Results and Discussion

Synthesis and Crystal Structure

The s-heptazine compound melelris commonly synthesized by thermal treatment 6 leondensed
C/N/H compounds such as melamingN&NH,); or dicyandiamide (NE,CN(CN), leading to the
elimination of ammonia and subsequent condensafinrstalline melem of high purity is prepared by
heating small amounts of starting materials in esbampoule&” An alternative approach for the
synthesis of larger quantities of melem by heatmglamine in open systems has been reported
recently®**! |n this procedure, a reaction mixture of melem andeacted melamine is obtained.
Final purification by boiling the product in water remove unreacted melamine yields melem as a
hydrate 2, which has not been structurally characterizedfasd®*! By reacting melem under
hydrothermal conditions in an autoclave at 200 W@, were able to obtain single-crystals of this
compound and determine its crystal structure. @hggfraphic data for melem hydr&2eand details of

the structure refinement are summarized in Table 1.

Treatment of melem in boiling water breaks up thierimolecular hydrogen bonds and leads to a
rearrangement of molecules into a hydrogen-bondseitte-like network (see Figure 1, bottom right).

During the self-assembly of melem in solution, watelecules act as template, resulting in the

Figure 2. Layered structure of melem hydr&teArrows indicate the positions of hexagonal chésne
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formation of a porous structure in contrast to deaser packed structure of anhydrous melem. The
rosettes surround hexagonal channels with a diaré®.9 A (van der Waals radii subtracted) that
are filled with water molecules (see Figure 1, tophe self-assembly of molecules in rosettes
resulting in the formation of channels resembles structure of a famous case of noncovalent
synthesis, namely the adduct between cyanuric aotd melamine (CA-M). This-triazine (GNs)
based compound exhibits cavity diameters of apprately 4A® the use of the largerheptazine
(CeN5) compound melem therefore leads to a remarkalslease in channel diameter by factor 2.2.
The melem units are not coplanar but tilted ouhefab plane and are arranged in a helix motif along
the crystallographic axis (see Figure 1, bottom left) resulting in argegated layered structure
perpendicular to the channels (see Figure 2). mtezlayer distance is 337 pm and, hence, is slightl

larger than in anhydrous meleh{327 pm).

For the observed assembly of melem units in theettre of melem hydrate, the formation of a dense
network of hydrogen bonds appears to be the detergiactor (see Table 2). In agreement with the
less dense packing of melem molecules in melematg@ compared to anhydrous melem in
anhydrous melemeach molecule is connected to five other melem oubds each through two
hydrogen bond%*?!in melem hydrate, hydrogen bonds are formed omlfotir further molecules
(see Figure 3 and Figure 4). For hydrogen bondss ia common approach to estimate their

approximate strength based on distances and apef@®en donors and acceptors. All intermolecular

o1 02
H5 01
/% \.;-\\\ /”_—:l\xm
] s S~ 1
N/‘\"” N4 _\

Figure 3. Hydrogen bonds in melem hydré&detween melem units (left) and between the meletwark
and water molecules (right).
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Table 1 Crystallographic data and details of the strietefinement for gN,(NH,)3-1.98 HO.

molar mass [g md]| 252.85

crystal system trigonal

space group R 3c (no. 167)

TIK] 173

diffractometer Nonius Kappa-CCD
radiation,A [pm] Mo-K,, 71.073

a[pm] 2879.0(4)

c [pm] 664.01(13)

V [10° pm] 4766.4(13)

Z 18

calculated density [g ci 1.585

crystal size [mrij 0.24 x 0.04 x 0.02
absorption coefficient [mitj 0.126

diffraction range 3.7229<27.38°

index range -37<h<37,-31<k<31,-8<1<8
parameters / restraints 109/2

total no. of reflections 4690

no. of independent refl. 1218

no. of observed refl. 769

min./max. residual electron density [e *Jim7] -0.282/+0.619

GoF 1.047

final Rindices [ > 25(1)]* R1 = 0.0624wR2 = 0.1633
final R indices (all data} R1 = 0.1083wR2 = 0.1892

[a] w = [64(Fo?) + (0.101#)? + 6.651P] ", with P = (Fo> + 2FA)/3

N-H---N interactions between melem units can tbeedbe classified as medium to strong (see Table

2) As can be expected due to the presence of chaimétig structure, the water molecules are

strongly disordered and are localized on partiatigupied sites. Refinement of oxygen occupancies in
the single-crystal data o vyielded the

Table 2 Donor-acceptor distances and donorformula melem-1.9840. The amount of
hydrogen-acceptor angles (pm/°) for the hydrogen- | turth q ined b
bonding network in gN-(NH,)s1.98HO. crystal water was further determine y

means of elemental analysis (melem-

D-H--A DA <D-H--A :

NE-H1-Na 304.0 176.10 -2.50H0) and thermal analysis (melem-
N6-H2--N3 294.8 173.70 -2.33H0), resulting in an average formula
N6-H3--O1 291.6 130.92 CsN7(NH,)3:2.3HO for melem hydrate2.
0O1-H4--01 348.3 139.43

O1-H5-02 277.9 134.37 Due to the strong disorder of water mole-

cules in the channels, not all hydrogen
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positions could be determined unambiguously from $ingle-crystal data and were defined by
considering reasonable O-H distances and meanim@fid---O and O-H---N hydrogen-bonding

interactions (see Figure 3).

Interestingly, the above described assembly of
melem molecules in hydrogen-bonded rosettes
appears to be a preferred arrangement for
melem. Scanning tunneling microscopy studies
of melem on Ag(111) revealed, among several
other polymorphs of melem monolayers, also
hydrogen-bonded hexamers of melét:and

in the adduct phase 3melem-melamine
3(CeN7(NH2)3:(GN3(NHy)3), the arrangement
of melem molecules resembles that of melem
hydrate 2. Whereas the melem rosettes are
filled with water in melem hydrat@, in the
adduct phase (3melemelamine), a melamine
molecule is located in the middle of these

voidsF?

Solid-State NMR Spectroscopy

Because the self-assembly motif of melem

Figure 4. Crystal structure of anhydrous meldm hydrate 2 resembles that of the well-known

lllustration of the layered structure (top); hydeo8 5t hetween cyanuric acid and melamine
bonding interactions between melem units (bottom).

Structural data for anhydrous meleinwere taken (CA-M), we suspected that, actually, not melem
: 5
from the literaturd but an analogous adduct between sHeepta-

zine compounds cyameluric acid ¢{GOsH5)
and melem (gN-(NH,)3) might have been formed due to partial hydrolp$imelem. Because the OH
and NH groups cannot be unequivocally differentiated bya}( diffraction, we examined the

obtained product by means of solid-state NMR spsctpy. The observed signals could be assigned
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CN,(NH,)

180 175 170 165 160 155 150 145 140

8/ ppm
NH,
N(o)
N(c)
L " | ' 1 " 1 L | L | " |
-180 -200 -220 -240 -260 -280 -300
5/ ppm

Figure 5. **C (top) and"N (bottom) CP-MAS solid-state NMR spectra of asthgsized melem hydrag
dried at room temperature.
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CN,(NH,)

180 175 170 165 160 155 150 145 140

5/ ppm
N(o)
NH,
N(c)
L I | L 1 L 1 1 | ! | L |
-180 -200 -220 -240 -260 -280 -300
5/ ppm

Figure 6. **C (top) and™N (bottom) CP-MAS solid-state NMR spectra of melbydrate2, dehydrated at
150 °C under vacuum.
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in accordance with solid-state NMR studies of ambyd meleni® (compare Scheme 3). ThiC
NMR signals of CMNH;) and CN groups were observed &t= 163.5 and 153.2 ppm, respectively
(see Figure 5, top). For both the £&hd CN(NH,) carbon atoms there are each two crystallographic
positions but because the chemical surroundingbase atoms basically only differ with respect to
hydrogen-bonding interactions of adjacent nitrogayms, the respective resonances are not distinctly
split. In the'N spectrum (see Figure 5, bottom) signals can tibated to the amino groups &
-272.7 ppm), the central nitrogen atom of tHeeptazine cored(= -236.2 ppm), and the remaining
nitrogen atoms of the ring € -206.9 to -201.3 ppm). Moreover, the multiplciif signals in thé’N
NMR spectrum is in accordance with the number gétadlographic nitrogen positions. Considering
the number of signals in the NMR spectra, the preseof an adduct phase between melem and
cyameluric acid can be ruled out. Such an adduasehvould lead to splitting of signals both for the
outer nitrogen atoms of the ring N(o) and the carbtwms. Especially for thHéC NMR signal a® =
163.5 ppm, which corresponds to carbon atoms tteabaund either to NfHor OH substituents, a
splitting would be expected. Elemental analysis analss spectrometry further confirmed that
detectable amounts of cyameluric acid are not fdroh@ing the treatment of melem in boiling water.
Elemental analysis revealed an atomic ratio C/N22Q, matching the formulas-(NH,);, whereas

an adduct between melem and cyame-

luric acid would correspond to a ratio of

B3¢,
163.5 ppm I5N: 12:17. Consistently, an intense peak at
NH, -206.9 ppm _ .

\j\ /_203.8 opm m/z = 218.2 (GN1gHg) occurs in the mass
bc: NN -201.3 ppm spectrum, but none atm/z=221.1
153.2

ppm \9\ (CeN;O3H3) (see the Supporting Informa-

)\ %K /k / 2727 tion, Figures S1-S2).
-272.7 ppm

Furthermore, a dehydrated sample of
melem hydrate has been analyzed by
-236.2 ppm .
solid-state NMR spectroscopy. Accor-

ding to TG/DTA data (see below), crystal
Scheme 3C and™N NMR chemical shifts observed for

water can be largely removed by heating
melem hydrate.

the compound to 150 °C under vacuum
overnight. In comparison to as-synthesized meledrdtg, both*C and™N spectra of the dehydrated
sample (see Figure 6) show a broadening of sigaalexpected due to the lower crystallinity of this
material. Additionally, splitting of the CXNH,) signal in theC NMR spectrum and the NHignal
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in the ®™N NMR spectrum are observed, whereas the multipliof the remaining signals do not
change. Hence, the chemical surroundings ofstheptazine cores remain basically unaltered during
the removal of crystal water but those of the angnoups, and, consequently, also of the carbon
atoms they are bound to, are different for as-®sied and dehydrated melem hydrate. Removal of
water from the channels corresponds to a withdrafvalydrogen-bonding donors and acceptors from
the structure. Consequently, dehydration causesmeiits to form additional hydrogen bonds to
other melem entities. The amino groups are affectambt by dehydration because N-H---O
interactions between the melem framework and drysiter molecules are primarily formed by them
(see Figure 3). Therefore, changes in the NMR spearie mainly observed for the amino groups.
Considering the geometric prerequisites for a setaiydrogen bonding network, formation of
additional N—H---N interactions is likely to requi shifting of melem units as is discussed inideta
below.

100 105
h ) B e AN B
VN avaue? T CA . '_
80 [\ T
AV )
. 60 N =
R | 130°C =
- 3
(2]} 75°C -4 o
S 40 -
= ©
[
I
20 | 5
0+
1 " 1 " 1 " 1 " 1 " 1 " 1 _8

100 200 300 400 500 600 700
Temperature / °C

Figure 7. TG (solid) and DTA (dashed) curves of melem htgla(22.4 mg), measured with a heating rate
of 5 K-min™.
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Thermal Behavior

The strength of interactions between melem and mwatdecules as well as the thermal stability of
melem hydrat@ was investigated by TG and DTA measurements. bi&red curves (see Figure 7)
show that dehydration o2 takes place in two steps at 20-150 °C (mass |lbsereed: 16.1 %,
calculated for melem-2.338: 16.1 %). Subsequently, the dehydrated samphlestitermal stability

up to 430 °C. Above this temperature the thermbabbior of2 is as typically observed for molecular
s-heptazine compounds in this temperature r&iG&?®? The slow mass loss of 11.4 % at 430-
585 °C can presumably be assigned to the releammibnia and subsequent condensation to a melon
like product! Above 585 °C the rapid mass loss of 70.1 % accaiepaby a strong endothermic
signal in the DTA curve indicates a complete decasitppn of the sample into gaseous products. The
incipient release of crystal water already at 2GsConsistent with the above results from single-
crystal data, indicating that partly, only weak fogkn bonds exist between the melem framework and
water molecules. During temperature-dependent powdeay diffraction (see the Supporting
Information, Figure S3) between room temperaturéd 800 °C, no emergence of any reflections
corresponding to crystalline anhydrous melerould be observed. Hence, melem hydgagtarts to

decompose above 430 °C without previous phaseitianso crystalline melen.

In agreement with TG/DTA measurements, melem hgdecan be largely dehydrated by heating to
150 °C under vacuum. However, elemental analysas @éhydrated sample yielded a total amount of
nitrogen, carbon and hydrogen of only 97.8 wt. %signment of the remaining 2.2 wt. % to oxygen
results in the formula N oOosHso This composition can be attributed either to mptete
dehydration of melem hydrate [caNG(NH,)s::0.3HO] or to partial hydrolysis |[ca.
(CsN7(NH>),.A(OH), 4 due to reaction of melem with crystal water a&veted temperaturedowever,
because such a small degree of hydrolysis cannatldsely detected by solid-state NMR or IR
spectroscopic analyses, hone of these possibittiesbe ruled out unambiguously. A comparison of
the powder X-ray diffraction patterns of as-synibhed and dehydrated melem hydrate shows that,
according to expectation, removal of crystal watgnificantly decreases the crystallinity of the
product (see Figure 8, top). However, the sampks dmt become completely amorphous; the main
reflections in the X-ray diffraction pattern ardaieed even after dehydration of melem hydrate.
Especially, the 110 and 220 reflections, correspantb a hexagonal pattern, are clearly visibles (se
Figure 8, bottom). Furthermore, a broad reflecab® = 26-28° is observed that can be attributed to

a layered arrangement of melem molecules with &rlayer distance of 320-340 ppm. However,
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220
d =320 - 340 ppm

110

c)

7.20A

(220) 14.41 A
7.20A {119)
(220)

14.41 A
(110)

Figure 8. Top: Powder X-ray diffraction patterns (293 K= 154.06 pm) of melem hydrate (top) ; a)
calculated pattern based on single-crystal datan&dsured pattern of an as-synthesized sample dtie
room temperature, and ¢) measured pattern of alsagepydrated at 150 °C under vacuum. Representatio
of distances in the structure of melem hydrateespronding to 110 and 220 reflections (bottom).
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there is no evidence that the stacking pattern edfaponal layers of melem units also remains
unaltered. Sorption measurements (see below) iediteat during dehydration of melem hydrate,
channels in the structure are blocked. This mighexplained by a shifting of layers perpendicutar t
the c-axis. As is discussed above, removal of water esaube amino groups of melem to form
additional hydrogen bonds to other melem units. Buperpetuation of the hexagonal arrangement
within the layers, these newly formed hydrogen lsoade most likely formed between the layers.
Shifting of the layers might be required so thatdmino groups can serve most suitable as dondrs an

acceptors, respectively, for hydrogen bonds.

In summary, the hexagonal structure of melem hgdidaes not collapse when water is removed from
the channels but the stacking mode of melem laignsrobably altered. Because the hydrogen-
bonding network interconnecting the melem molecalpgears to be strong enough to preserve the
main structural features during dehydration, watetecules can essentially be regarded as a template
that is required during self-assembly of melem mlies to obtain the porous structure2cénd not

the denser structure @f Melem hydrate, therefore, not only represents gresting example for the
development of a highly symmetric channel structoyeself-assembly but also a thermally stable
s-heptazine-based framework which is predominani®pitzed by strong intermolecular hydrogen

bonds between the melem units.

Sorption Measurements

To investigate whether the removal of crystal watextkes the channels accessible for other guest
molecules, N gas adsorption measurements were performed. Aékydrating a sample of melem
hydrate2 for 12 h at 20 °C and subsequently 6 h at 15Gf0sotherm was recorded betwdd®, =

0.02 andP/P, = 0.5. Applying the Brunauer-Emmett-Teller (BETddel to the isotherm resulted in a
surface areagsr = 29 nf-g. In comparison to 2D covalent organic framewo®EFs) with similar
pore diameters that exhibit surface areas of 744 n(COF-1) or 980 g™’ (COF-6), respectivel§®

it becomes evident that, for dehydrate melem hgdzaperceptible filling of channels with nitrogen
does not occur. As is discussed above, this mightuz to a shifting of melem layers perpendicudar t
the direction of the channels, thereby locking thannels and making them inaccessible for guest

molecules.
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FTIR Spectroscopy

Melem hydrate2 was further analyzed by FTIR spectroscopy (searEi§). In the spectra of both an
as-synthesized sample dried at room temperatur@faadample dehydrated at 150 °C, all signals of
bending and stretching vibrations of théeptazine core are in accordance with data of @nolug
melem1.”4 In the region of NH and OH stretching vibration2@00-3550 cm, sharpy(NH) bands,
which have been observed for anhydrous melenare covered by a broaqOH) signal in the
spectrum of as-synthesized melem hydrate but aseraeble in the spectrum of dehydrated melem

hydrate.

Transmission / a. u.

X N 1 "
4000 3000 2000 1000
Wavenumber / cm™

Figure 9. FTIR spectra of a) as-synthesized melem hyd2atdried at room temperature and b) melem
hydrate?, dehydrated at 150 °C under vacuum.
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6.3 Conclusion

In this contribution we describe the self-assembly melem in aqueous solution, thereby
complementing preceding studies on the arrangeraémnhelem units in the solid state and in
monolayers on Ag(111). Both in anhydrous melem iangielem hydrate, the formation of numerous
intermolecular hydrogen bonds appears to be then rfaitor determining the development of a
specific structure. Although melem is insolubleaiqueous solution, treatment of melem in boiling
water induces rearrangement of melem units fronersse to a porous structure. In the presence of
solvent molecules, hydrogen bonds in melem aredmralp and, during self-assembly into a porous
structure, N-H---O interactions between melem ahast molecules are formed whereas the number
of N-H---N bonds between melem units is decreasezbmparison to anhydrous melem. Thermal
analysis revealed varying degrees of binding stfenfpr hydrogen bonds present in melem hydrate.
Whereas the main part of water can be removed ffmnmaterial quite easily, small amounts of
crystal water remain in the material even at eleydaemperatures. Dehydration affects the stacking
pattern of melem units but not the hexagonal askemithin the layers. The observation that the
hexagonal structure is maintained even when solvehé¢cules are largely removed demonstrates the
potential of a dense network of intermolecular logdm bonds between melem units to stabilize a

specific arrangement.

The characterization of melem hydrate not onlyvedidfor a better understanding of the role of
hydrogen-bonding in C/N/H compounds but also esthbs a further relationship between the main
building blocks in carbon nitride chemistry, namelyriazines ands-heptazines. The hydrogen-
bonded, rosette-like pattern mheptazine melem hydrate resembles that of the danadduct
between the-triazine compounds cyanuric acid and melamine. éi@s, because until now a rosette-
like assembly could be realized for melem but wotnhielamine, and for an adduct between cyanuric
acid and melamine but not for an analogous addeivtden cyameluric acid and melem, it becomes
evident that the formation of such structures ddpesn diverse factors. We have demonstrated that
the construction of a symmetric framework by se$embly is not limited to the well-known CA-M
adduct but that it is also possible for sheptazine compound. The presented results withirdy
initiate further synthetic efforts to develop noveydrogen-bonded networks of various C/N/H

compounds or mixtures thereof.
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6.4 Experimental Section

Synthesis

Melem hydrate? was prepared in preparative amounts accordinigeigpitocedure described by Sattler
et al® starting either from raw or pure crystalline meléRaw melem was obtained by heating
melamine (Fluka, p. a.) in a porcelain crucible er@d with a lid in a muffel furnace at 425 °C

{130

overnight™ To synthesized pure meléffl, melamine (200 mg, 1.58 mmol, Fluka, p. a.) waseda
in a dried Duran glass tubé/{, = 16 mm,/ 7, = 12 mm). The tube was filled with argon, sealed a
length of 16 cm and placed in an inclined tube &om The sample was heated at 1 Kntin450 °C,
held at this temperature for 5 h and cooled to RZ &-mir’. From the bottom part of the ampoule,
crystalline melem (104 mg, 0.47 mmol, 60 %) couéd ibolated.Elemental analysis calcd (%) for

CsN7(NHy)s: C 33.03, H 2.78, N 64.21; found: C 33.17, H 2N&3.81.

Single crystals of melem hydrate suitable for X-rdijffraction analysis were obtained under
hydrothermal conditions. A suspension of raw melgB0.0 mg, 0.69 mmol) in 4 (20 mL)
acidified with a few drops ofM HCI was filled in a Teflon-lined 40 mL steel auee, heated at
0.07 K-mir" to 200 °C and cooled back to RT at 0.25 K:hin

For the preparation of larger quantities of meleydrhte, crystalline melem was used as starting
material because, in bulk samples of melem hydswgt¢hesized from raw melem, small amounts of
amorphous side phases could be identified by sttt NMR spectroscopy. Melem was boiled in
water at reflux for 30 min, filtered, washed witlater and dried at RT, yielding melem hydratas a
colorless powder. MS (DEI+m/z (%): 218 (100) [@N/(NH,)s']; elemental analysis calcd (%) for
CsN7(NHy)3-2.5H0: C 27.38, H 4.21, N 53.21; found: C 27.52, H 41053.00.

Dehydration of melem hydrate was performed by hgathe compound to 150 °C under vacuum
(110° mbar) overnightElemental analysis calcd (%) forsh(NH,)s:0.3H0: C 32.23, H 2.98, N
62.64; found: C 32.48, H 2.83, N 62.45.

X-ray Structure Determination

Single-crystal X-ray diffraction data & were collected at 173 K with a Kappa CCD diffraneder
(Mo-K, radiation,A = 71.073 pm). The diffraction intensities were sdalising the SCALEPACK’

software package and no additional absorption ctiore was applied. The crystal structure was
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solved by direct methods (SHELXS-97) and refinedimgt F by applying the full-matrix least-
squares method (SHELXL-9%§! Hydrogen positions were determined from differereurier
syntheses considering reasonable oxygen—hydrogtemdes and were refined isotropically. All non-

hydrogen atoms were refined anisotropically.

Further details of the crystal structure investm#ls) can be obtained from the

Fachinformationszentrum Karlsruhe, 76344 Eggendteopoldshafen, Germany (fax: (+49) 7247-
808-666; e-mail: crysdata@fizkarlsruhe.de, httpmiwnfiz-karlsruhe.de/request_for_deposited_data.
html) on quoting the depository number CSD-423755.

Powder X-ray diffraction data under ambient comdisi were collected in transmission geometry with
a Huber Guinier G670 Imaging Plate diffractometsing Ge(111)-monochromated Cy;Kadiation
(A =154.06 pm).

High-temperature in situ X-ray diffraction measussns were performed on a STOE Stadi P powder
diffractometer with an integrated furnace, using(X3é)-monochromated Mo+ radiation g =
70.093 pm). The sample was heated in an unsealegh@apillary (7 = 0.3 mm) from RT to 500 °C

with a ramp of 2 K-min and scans were collected in steps of 25 K up @°T5and in steps of 50 K
at 150-500 °C.

Solid-State NMR Spectroscopy

'H, *C and"N MAS NMR spectra were recorded at RT with a Brukeance 111-500 spectrometer in
an external magnetic field of 11.7 T. The measurgmeere performed with a rotation frequency of
10 kHz using 4 mm standard double-resonance MASgwrdBruker), which were operated with
zirconia rotors. For all experiments, broadbandtgradecoupling was applied. BotfC and N
nuclei were excited via the proton bath by emplgyenramped cross-polarization sequence in which
the 'H pulse amplitude was decreased linearly by 50 %méthylsilane (TMS) C, 'H) and

nitromethane’N) were used as references, respectively.
Thermal Analysis

Thermoanalytical measurements were performed willhermoanalyzer TG-DTA92 (Setaram). The
sample was heated under inert atmosphere (He) ialuanina crucible from RT to 750 °C with a

heating rate of 5 K-mih
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Sorption Measurements

An N, adsorption isotherm was recorded at 77 K with arosorb iQ Instrument (Quantachrome

Instruments). Before measuring the isotherm, tmepgawas dehydrated under dynamic vacuum for
12 h at 25 °C and subsequently for 6 h at 150 4@ Brunauer-Emmett-Teller (BET) model was

applied to the isotherm betweBiP, = 0.02 andP/P, = 0.5.

General Techniques

FTIR spectra were recorded under ambient conditigtis a Bruker IFS 66v/S spectrometer between
400 and 4000 cth The samples were measured as KBr pellets in aouated cell. Direct Electron

lonization (DEI+) (70 eV) mass spectra were measorea JEOL JMS-700 spectrometer. Elemental
analyses for C, H and N were conducted with thenetdal analyzer systems Vario EL and Vario

Micro (Elementar Analysensysteme GmbH).
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7. Cocrystals of Melamine andN-Heterocycles

Both the formation of a channel structure in melgydrate and the stability of this structure during
thermal treatment, as has been described in théopsechapter, have demonstrated the relevance of
hydrogen bridges for self-assembly of tikeptazine derivative melem&(NH,)s. The same holds
true for thestriazine derivative melaminesN3(NH,)s, which comprises multiple amino groups and
nitrogen atoms of the ring as suitable donors accepors, respectively, for hydrogen bonds.
Formation of cocrystals between melamine and diffecomponents has been reported prior to this
work. However, adducts of melamine aNeheterocycles have been investigated only rarelghis
regard. Such compounds are of particular interestallse they establish a relation between
structurally related carbon nitride type materialsd hydrocarbons. In order to investigate the
accessibility of such adducts in solution and unselvent-free conditions as well as to study
noncovalent interactions in such materials in detaelamine has been reacted with several
N-heterocycles. Crystal structures of obtained ciafg and a discussion of the role of differenety/p

of noncovalent interactions in these compoundpsesented in this chapter.
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Supramolecular hydrogen-bonded structures

between melamine andN-heterocycles
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Abstract. Melamine (M) forms hydrogen bonded adducts with Kibeterocycles tris(2-pyridyl)-
triazine (TPTZ) and tetrakis(M-methylpyridinumyl)porphyrin tetratosylate (TMPyR4). The 4:3
adduct 4M-3TPTZ was obtained under solvent-freeditioms and the 3:1 adduct 3M-TMPyP-
Tos-9HO in agueous solution. In both adduct phasddeeterocycles are arrangedafr stacks and
melamine molecules are arranged perpendicular ésethstacks. Whereas cohesion between the
extendedn-systems ofN-heterocycles is mainly achieved by dispersive rattions no stacking
interactions between melamine molecules occur. Migla units are orientated in such a way to be
located most suitable as donors and acceptorgatdggly, for a dense hydrogen bonding network. In
4M-3TPTZ all molecules are involved in hydrogen diog, whereas in 3M-TMPyP-Tos-8Bi
hydrogen bridges are primarily formed between malamtosylate and water units and the

macrocycle TMPyP is mainly bound by electrostatieiiactions.
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7.1 Introduction

The s-triazine core (gNj3) is widely applied

as building unit in various fields, such as
AN

polymer, supramolecular, solid-state or N~ SN | ~N N™X
coordination chemistry. Whereas in solid-/,.“\N/)\ s l s
state chemistry covalently bound C/N/H

a b c

networks are obtained by thermal treatmen.
of sitable - molecular precursdf@, in Scheme 1.Six-membered aromatic rings: (s}riazine
supramolecular chemistry frameworks argp) 2-pyridyl and (c) 4-pyridyl.

constructed by self-assembly of molecular

building blocks. In these systems cohesion betweetecules is achieved by various types of
noncovalent interactions such as hydrogen bonasg,itnydrophobic, van der Waals or dispersive
forces®™ As starting materials for instance melamingN{NH.); and its derivatives have been
widely employed forming various

/
1;169 adduct phases and showing recurring

self-assembly motifs such as cyclic

rosettes or linear and crinkled tapes.

a Next to numerous structures based on
N the famous adduct between cyanuric
| _N acid (CA) and melamine (CA-M§?°!
®ON for instance the formation of adducts
NN 4 .
N | Y SO@ between melamine and meld,
| S N 2 C imides?™?  poric acid® trithio-
N . . . .
= b = c cyanuric acid®® uracil*? or 4,4"-bi-

pyridyl®®¥ has been reported. Further-

Scheme 2.Molecular structures of: (a) melamine, (b) TPTZmgre, various molecular salts compri-
and (c) TMPyP-Tos. . - .
sing protonated melaminium ions have
been investigate@ % Such adducts are
usually prepared by reaction of starting mateiiralappropriate solvents but for several materitde a

syntheses under solvent-free conditions have begorted?®*!
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In most of these compounds cohesion between differ®lecules is mainly achieved by hydrogen
bonds and in the case of melaminium salts alsoohic iinteractions. Contrary, we are especially
interested in adducts between melamine and largenaic cycles in which self-assembly is
additionally driven by dispersive interactions. Mover, we try to employ nitrogen-rich heterocycles
in such adducts in order to obtain co-crystals Wwitian be regarded as model systems between carbon
nitride type materials and hydrocarbons. These tlesses of compounds often show structural
similarities but differ with respect to their chamai and physical properties. For employment of
functional materials in technical applications ofteining of specific properties is desired, which
might for instance be achieved by combining carhiiride type materials and hydrocarbons in a
single compound. However, for the directed synthesii applicable new materials a detailed
knowledge of the factors that affect the arranggrmé&molecular building blocks in the solid stase i
an inevitable prerequisite. So far only very fevamples of such co-crystals are known, for instance

.2] Therefore we have investigated the possible

an adduct between melamine and bis(thympagyly
formation of adducts between melamine (M) and weriaitrogen-rich hydrocarbon cycles both in
solution and under solvent-free conditions. Fos fhirpose compounds were employed that comprise
the pyridyl core, which represents an aromatic;nsembered ring structurally related to triazine
(Scheme 1). In this contribution a structural ahdrmal characterization of co-crystals between
melamine and the N-heterocycles tris(2-pyridyl)-triazine (TPTZ) andetrakis(4N-methyl-
pyridinumyl)porphyrin tetratosylate (TMPyP-Tos) (fetne 2), namely 4M-3TPTZ1) and

3M-TMPyP-Tos-9ED (2), is reported.

7.2 Experimental

Materials

Melamine (Flukaz 99 %), 2,4,6-tris(2-pyridyls-triazine(TPTZ, Alfa Aesar, 98 %), pyrrole (Aldrich,

98 %), 4-pyridine-carboxaldehyde (Aldrich, 98 %)pmonic acid (Grussing, > 99 %) and methyl
tosylate (Fluka, >97 %) were commercially avadabdnd used as received without further
purification. TMPyP-Tos was prepared according iterature procedure by reacting pyrrol and

4-pyridine-carboxaldehyde in propionic acid andsaguent treatment with methyl tosyl&té.

134



Chapter 7. Cocrystals of Melamine and N-Heterocycle

Physical measurements

Thermoanalytical measurements were performed under atmosphere (He) with a Thermoanalyzer
TG-DTA92 (Setaram). Samples were heated in aluroinaibles from room temperature to 650 °C
with a heating rate of 5 K miih FTIR spectra were recorded at ambient conditiets/een 650 and
4000 cnt on a Spektrum BX Il FTIR spectrometer (Perkin Bmequipped with a DuraSampler
diamond ATR device. Elemental analyses for C, Hamdl S were performed with the elemental

analyzer systems Vario EL and Vario Micro (Elemertaalysensysteme GmbH).
Preparation of 1

Melamine (200.0 mg, 0.64 mmol) and TPTZ (108 m§50mmol) were thoroughly ground and filled
in a dried duran glass tube.fz= 10 mm, g, = 7 mm). The tube was evacuated, sealed at a lefigth
12 cm and placed in an inclined tube furnace. Empée was heated at 5 K riito 270 °C, held at
this temperature for 24 h and cooled to room teatpee at 0.05 K mih Anal. calculated for
CeeHsoNaz: C, 54.99; H, 4.20; N, 40.82 wt.%. Found: C, 53.PR 4.21; N, 41.84 wt.%. IR (ch):
3450-3050(br), 1625(m), 1545(m), 1523(vs), 1448(4R9(s), 1366(s), 1246(w), 1150(w), 1092(w),
1043(w), 994(m), 851(w), 815(m), 765(vs), 737(IRG'S).

Preparation of 2

Melamine (55.5 mg, 0.44 mmol) was dissolved in 40HBO and meso-5,10,15,20-tetrakid{4-
methylpyridinumyl)porphyrin tetratosylate (TMPyP-4)o(200.0 mg, 0.15 mmol) was dissolved in
10 ml HO. The solutions were combined, stirred at roompenature for 12 h and subsequently the
product was obtained by slow evaporation of solvainroom temperature. Anal. calculated for
CgiH102N26021Ss: C, 51.09; H, 5.40; N, 19.13; S 6.74 wt.%. Fou@d:50.59; H, 5.43; N, 19.41; S,
6.60 wt.%. IR (cri): 3420-3100(br), 1639(m), 1539(m), 1448(m), 1401(4279(w), 1181(s),
1120(s), 1032(s), 1009(s), 969(m), 887(w), 85984K (M), 794(s), 708(m), 682(vs).

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data of and 2 were collected at 293 K1 and 173 K 2),
respectively, on a Kappa CCD diffractometer (Mg+@adiation,2 = 71.073 pm). The diffraction
intensities were scaled using the SCALEPABKsoftware package and no additional absorption
correction was applied. The crystal structures waokved by direct methods (SHELXS-97) and

refined against ¥by applying the full-matrix least-squares meth&HELXL-97)***® Hydrogen
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positions were calculated according to geometadédria and refined isotropically. All non-hydrage

atoms were refined anisotropically.

7.3 Results and discussion

Synthesis

The reaction between melamine (M) and tris(2-pyjitlyazine (TPTZ) was performed under solvent-
free conditions at 270 °C above the melting poinTBTZ and the reaction between melamine and
tetrakis(4N-methyl-pyridinumyl)porphyrin tetratosylate (TMPyR®S) in aqueous solution at room
temperature. Reason for the choice of TMPyP-Tosnasrocycle was the high solubility of this
compound in water which represents the only applicacommon solvent for melamine. Single
crystals of the adduct phases 4M-3TPTY gnd 3M-TMPyP-Tos-9 (2) were obtained by slow

cooling of the reaction mixture or evaporationtod solvent at room temperature, respectively.

C85 Hes

Figure 1. Formula unit ofl with labeling of atoms. Thermal ellipsoids (excéqt hydrogen) are drawn at
the 50 % probability level.
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Crystal structures

4AM-3TPTZ @) crystallizes in the monoclinic space grodp/c and 3MTMPyP-Tos9H,O (2) in the
triclinic space grouf 1. Crystallographic data and details of the stmectefinement fod and2 are
summarized in Table 1 and labeling of atoms fohtamtduct phases is shown in Figs. 1 and 2. In the
crystal structure o a relatively large degree of disorder occurs. Nexdisordered oxygen atoms of
crystal water and tosylate units also part of tieéamine molecules show disorder. As is illustrated
Fig. 2, the respective melamine units (N11-N16, -28p occupy two discrete positions with the
second position being twisted relatively to thstfone by 180° so that atoms C26 and N14 of tisé fir
position overlap with atoms N14 and C26 of the sdcposition. Thus all atoms of these melamine
molecules as well as neighboring crystal water erygtoms (O7, O8, O9) are localized on partially

occupied sites. In further figures for clarity omlgich one of both possible positions is shown.

N& Vs @ oz

H10B N10 " H10n

Figure 2. Formula unit of2 with labeling of atoms and representation of disorfor part of the melamine
units. Disorder of crystal water and tosylate oxyggoms is not shown. Thermal ellipsoids (except fo
hydrogen) are drawn at the 50 % probability level.

Melamine molecules id and2 are nearly planar and — except for disordered miakain2 — exhibit
bond lengths and angles as typically observed flamine”’*® All C-N bonds within the triazine
cores and between ring and amino groups are iratige of conjugated bonds (132-135 pm). Angles
within the rings are 114-115° (<CNC) and 125-128RICN) and angles between triazine cores and
amino groups 116-118°. Bond lengths and anglesenttiazine rings of TPTZ resemble those of
melamine and also in the pyridyl rings of TPTZ andPyP comparable C—N bond lengths (133-
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134 pm) are observed. Within the aromatic systefhs/odyl, porphin and phenyl C—C bonds range
between 135 and 146 pm while bonds between differematic rings or between aromatic rings and
methyl groups are slightly larger (148-151 pm).1itriazine and pyridyl rings of TPTZ are nearly
coplanar with only part of the pyridyl units (C26/BI29 and NC62-66/N41) being rotated 12-19°
relatively to the plane of triazine
core and remaining pyridyl rings.
Contrary, in 2 pyridyl rings of

TMPyP are rotated 61-70° to the

porphin plane.

In both1 and2 melamine units are
arranged perpendicular to the aro-
matic systems ofN-heterocycles
(Figs. 3 and 4). Between the mela-
mine units stacking interactions are
neither present irl nor in 2 but
melamine molecules are intercon-
nected by hydrogen bonds as is
described below. Contrary, the
aromatic systems df-heterocycles
exhibit varying degrees offemt
stacking. In1 these dispersive in-
teractions are present between the
TPTZ units and iR both between

tosylate and porphin rings and Figure 3. Arrangement of TPTZ (green) and melamine (blue) i
between tosylate and pyridyl rings. 4M-3TPTZ (). (a) Viewed parallel to the direction of TPTZ
stacks, dashed lines represent hydrogen bondsViéwed per-
pendicular to the direction of TPTZ stacks, hydmgdoms are
TE-systems are largest between ring®mitted for clarity.

In general, interactions between

with low Ttrelectron density avoi-
ding trelectron repulsion. Factors
which further favorreTt stacking are large-systems and the presence of heteroatoms whichtéead
polarization® Hence for melaminermt stacking is less favorable due to electron-dogatin

substituents, the rather small size of the triazwre and the symmetric arrangement of nitrogemsito
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within the ring which decreases polarization. A¢ game time a large number of amino groups and
triazine nitrogen atoms are available as donors asu#ptors, respectively, for hydrogen bridges.
Therefore formation of a stable network of hydrogeonds has a stronger influence on the

arrangement of melamine than dispersive interastion

In comparison, TPTZ and TMPyP
comprise  several polarized
pyridyl rings, a large number of
aromatic rings and in the case of
TMPyP furthermore Tr-electron
deficiency as a result of multiple
positive charge, making these
systems more suitable for disper-
sive stacking interactions than
melamine. However, it has to be
noted that stacking of melamine
units is not a rare event but has
been observed in different ad-
ducts®2384% Though, in the
presence of stacks of large arom-
atic systems arrangement of mela-
mine units perpendicular to these
stacks as il and2 appears to be

a preferred assembfyf:**!

For a rational comparison oftt
stacking interactions numerical

values that describe the geometrid-igure 4. Arrangement of TMPyP (black), tosylate (red),
melamine (blue) and crystal water (black) in 3M-Ty@P

Tos-9HO (2), hydrogen atoms are omitted for clarity. (a) Véslv
rings are a useful tool. Such parallel to the direction of TMPyP stacks, (b) Vesvperpendi-
cular to the direction of TMPyP stacks.

assembly of involved aromatic

geometric analysis determining
centroid-centroid distances,
plane-plane distances, plane-plane angles andadespent angles (angle between centroid-centroid

vector and normal to one of the rings) has foranse been performed for a large number of nitrogen-
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containing ligands by Janidk! When these values are ascertainedifand?2 it becomes clear that
stacking interactions between TPTZ unitdliare stronger than those between tosylate and ooph
tosylate and pyridyl ir2. Angles between the aromatic planes are closesto in 1 (= 3°) and

distinctly larger in2 (=15° between tosylate and pyridyl anti7® between tosylate and porphin).

Table 1 Crystallographic data and details of the strietefinement fod and2.

4M-3TPTZ () 3M-TMPyP-Tos-9ED (2)
Molar mass (g maj) 1440.60 1904.10
Crystal system Monoclinic Triclinic
Space group C2/c (no. 15) P1(no.2)
T (K) 293 173
Diffractometer Nonius Kappa-CCD Nonius Kappa-CCD
Radiation A (pm) Mo-K,, 71.073 Mo-K, 71.073
a(pm) 4927.6(10) 1045.2(2)
b (pm) 1212.3(2) 1462.8(3)
¢ (pm) 2301.6(5) 1573.6(3)
a (°) 90 83.26(3)
B(°) 100.85(3) 80.34(3)
7 (°) 90 76.03(3)
V (10 pm) 13503(5) 2294.2(8)
Z 8 1
Calculated density (g ci 1.418 1.364
Crystal size (mr) 0.34x0.17 x 0.14 0.27 x0.21 x 0.10
Absorption coefficient (m) 0.096 0.188
F(000) 6000 982
Absorption correction None None

Diffraction range
Index range

3.13% < 25.35°
-5 h<h9, -14<k<14
-27<1<27

3.13%0<27.49°
-12<h<12,-17< k<17
-18<1<18

Parameters / restraints 973/0 695/0
Total No. of reflections 45655 15445
No. of independent reflections 12348 8325
No. of observed reflections 8235 6281

Min./max. residual electron density
(e 10° pm?®)

GooF

FinalRindices [ > 2o(1)]

Final Rindices (all data)

-0.213/+0.199

1.021

R1 = 0.0502wR2 = 0.1296'
R1 =0.0829wWR2 = 0.1479

-0.880/ +0.724

1.072
R1 = 0.0569WR2 = 0.1467
R1 = 0.0802wWR2 = 0.1589

2w = [6%(Fo?) + (0.070®)? + 7.550%] 7, with P = (Fy* + 2F7)/3

®w = [6’(F¢?) + (0.063®)% + 2.143P] ", with P = (Fo? + 2F2)/3
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Figure 5. Hydrogen bridge motifs in 4M-3TPTZ. (a)
Between melamine units in single melamine strandsga

Also plane-plane distances of average
336 pm inl are smaller than tosylate-
pyridyl and tosylate-porphin distances in
2 which amount to average values of
398 pm and 363 pm, respectively. In all
cases the aromatic rings are parallel
displaced resulting in centroid-centroid
distances that are larger than the
respective plane-plane distances, namely
430 pm between TPTZ units, 427 pm
between tosylate and pyridyl rings and
421 pm between tosylate and porphin.
Consistently, displacement angles of 34°
between TPTZ, 19° between tosylate and
pyridyl and 29° between tosylate and
porphin have been determined. All these
values are in the range of frequently
observed distances and angles between
nitrogen-containing aromatic systems
with the exception of rather large plane-

plane angles ig."®

b. (b) Between melamine units in corrugated melamine

sheets parallel tbc. (c) Between TPTZ and melamine.

In both adduct phases and2 a dense

network of hydrogen bridges is formed

(Figs. 5 and 6). Due to comprehensive disordemrysdtal water oxygen atoms in this compound

hydrogen positions of water molecules were notrdgteed. Thus, in the following the description of

hydrogen bonding interactions threfers only to hydrogen bridges between M and TRWPps but

not to hydrogen bonds involving crystal water males. However, O---N distances between crystal

water and melamine (271-320 pm) as well as O--dfardies between the water molecules (273-

298 pm) and between crystal water and sulfonat2-8JB pm) indicate that all water molecules are

involved in the hydrogen bonding network. Interncoll@r hydrogen bridges between melamine units

are alike in1 and2. In both compounds melamine entities are arrangestrands alond and a,

respectively, with a double N-H---N bridge betweach two melamine units (Figs. 5a and 6).
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Table 2. Hydrogen bond distances and angles (in pm °) fand2.

D-H---A H---A D---A <D-H---A
4AM-3TPTZ ()

N12-H12A--N1 2115 297.4 177.82
N23-H23A-N19 212.4 294.3 159.13
N5-H5BN7' 212.9 297.2 166.34
N4-H4A N8 213.2 298.4 171.32
N10-H10B--N3' 214.8 300.8 179.59
N18-H18B--N13 217.2 303.2 177.72
N24-H24B--N20 220.5 306.3 175.46
N17-H17A-N14 226.0 307.4 158.14
N22-H22B--N16' 265.8 326.3 128.48
N22-H22A-N17" 270.6 343.8 143.67
N24-H24A-N18' 292.0 357.9 134.78
N23-H23B--N15' 294.0 358.0 132.82
N23-H23B--N17' 294.1 358.3 132.95
N17-H17B-N35" 221.3 307.2 175.98
N18-H18A-N29" 228.2 311.7 163.95
N16-H16A--N41" 237.0 297.2 127.43
N6-HBA--N42" 238.6 319.1 156.17
N6-H6B--N30" 243.1 320.6 150.24
N5-H5A-N36" 246.1 309.4 130.94
N11-H11A-N34" 250.7 306.9 123.80
N11-H11B--N28" 254.9 326.1 140.77
N12-H12B--N42" 263.3 332.2 138.06
N16-H16B--N40" 266.6 315.7 117.55
N11-H11B--N25" 268.2 325.9 125.66
3M-TMPyP-Tos-9kD (2)

N16-H16E-O1 210.6 292.6 159.05
N8-H8B--02 217.4 302.0 168.19
N9-H9B--02 218.3 287.9 137.88
N10-H10B--0O3 219.2 300.7 158.25
N15-H15A--04 236.0 316.1 155.07
N9-H9A N6 210.9 296.6 174.42
N10-H10A~N7' 216.3 301.3 169.95
N1-H1--N2V 233.9 288.9 122.04
N1-H1--N2V 241.1 294.7 120.91
N15-H15A--S2 284.3 343.4 127.40

O Intermolecular interactions within the melaminestis.
@ Jntermolecular interactions between two melaminansis.
@ |ntermolecular interactions between melamine aRd@iZ.

™ |ntramolecular interactions in TMPyP.
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In 1

half of these strands are further

E interconnected by hydrogen bonds
. resulting in corrugated sheets of melamine

g ,b*(% g § entities (Fig. 5b). However, these

additional interactions are only weak as

;}?‘Zﬁr becomes evident by comparing geometric

‘?&»’-‘r& parameters of different N-H---N bridges
in 1 (Table 2)1*

Figure 6. Hydrogen bridge motifs in 3M-TMPyP-

Tos-9HO 2 between melamine units in melamine strandyydrOgen bonds between the strands
alonga and between tosylate and melamine. exhibit significantly larger hydrogen-

donor and donor-acceptor distances than

Figure 7. Exemplary illustration of nonconventional hydrage
bridges in1 and2. (a) C—H---N bonds between TPTZ and M.in
(b) C—H---N bonds between TMPyP and N.ific) C—H---O bonds
between TMPyP and Tos th

those hydrogen bridges within the
strands. The connection between
melamine and TPTZ or melamine
and Tos, respectively, is achieved
by N-H---N, N-H---O and N-H---S
interactions with the amino groups
of melamine acting as donors and
the pyridyl nitrogen atoms of TPTZ

and the sulfonate groups of tosylate
acting as acceptors. In contrast,
TMPyP is not involved in any

common hydrogen bonds neither to
melamine nor to tosylate and also
hydrogen bridges to crystal water
molecules are only weak as is
indicated by relatively large N---O
distances of 324-340 pm. Whereas
in adduct1 hydrogen bridges are

required for cohesion between the

uncharged components M and

TPTZ, in2 the positively charged macrocycle TMPyP is mabidynd by electrostatic interactions.
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Figure 8. TG (solid) and DTA (dashed) curves of {a)19.5 mg) and (b2 (25.9 mg).

However, taking also weak hydrogen bridges with @blups as donors into account, numerous C—
H---N and C-HO bonds between TMPyP and melamine and tosylaipeotively, can be observed

in the crystal structure & Similarly, also inl honconventional C—HN bridges are formed between
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TPTZ and melamine (Fig. 7). Though, compared tactiramon hydrogen bridges Inand2 (Table 2)
which can be classified as medium strong, the -€xlhteractions are distinctly weaker ¢t = 245-
298 pm () / 241-299 pm 2), DA = 329-378 pm 1) / 301-385 pmZ), <D-H-A = 129-157° () /
121-160° p)).1*!

Thermal behavior

For adduct phaselsand2 TG and DTA measurements were performed (Fig.r8)hé DTA curve of

1 a sharp endothermic signal at 279 °C can be at&ribto melting of the sample which is followed by
nearly complete decomposition between 300 and @502 crystal water is released at 20-140 °C
(mass los®observed 7.79 %,calculated 8.50 %) during which the compound becomes amarpho
Decreasing crystallinity o as a result of the partial loss of crystal wat@n elready be observed
when the sample is stored at room temperatureefegral days. Decomposition @fstarts at 245 °C
accompanied by an endothermic DTA signal and sulesgty continues steadily during further
heating. In comparison, the single components malmIPTZ and TMPyP-Tos either exhibit
sublimation at 345 °C (M), melting at 250 °C (TPTa)decomposition at 390 °C (TMPyP-Tos) (see
Supporting information, Figs. S1-S3). Because tla¢revents of adduct phasgésand2 and not of
individual components occur it can be concluded theeractions between M and TPTZ or M and
TMPyP-Tos are present even at elevated temperatidelict 1 shows higher thermal stability than
its components which is in accordance with expestatonsidering that was formed at a synthesis
temperature of 270 °C. Wherehslecomposes almost completely below 450 °C, decsitipo of 2
occurs distinctly slower so that almost 50 wt.% stitt present at 650 °C. This resembles the therma
behavior of TMPYP-Tos in this temperature rangabpbly indicating the formation of thermally

stable polymeric compounds.

7.4 Conclusion

In this contribution the formation of two novel coystals between melamine aNeheterocycles by
self-recognition has been reported. The combinatibmelamine and large, nitrogen-rich aromatic
systems allows for a detailed analysis of differgmies of noncovalent interactions in these adduct

phases. Whereas for melamine the dominating fdotoa specific self-assembly is the formation of
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hydrogen bridges, the arrangement of larbeneterocycles in the crystal is also influenced by
dispersive interactions. Consistently, in both ogstals stacking of heterocycles with melamine
molecules orientated perpendicular to these staghmars as recurring motif. The formation of

hydrogen-bonded melamine strands, which represetsmmonly observed motif in melamine co-

crystals, further illustrates the strong influemééntermolecular hydrogen bridges on the arrangegme

of melamine units in the solid state. The obserssemblies reflect electron-donating and electron-
withdrawing factors in the molecular componentsvadl as the available amount of suitable donor
and acceptor sites for hydrogen bridges. The appearof recurring self-assembly motifs in these
adduct phases adds to a deeper understanding dhdtars which influence the arrangement of
molecular building blocks in such systems. Thusphesented results might contribute to a rational

preparation of specific melamine containing matenéa crystal engineering in the future.
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Appendix A. Supplementary material

CCDC 852974 and 852975 contain the supplementgstatiographic data for this paper. These data
can be obtained free of charge via http://www.azalm.ac.uk/conts/retrieving.html (or from the

Cambridge Crystallographic Data Centre, 12, Uni@ad® Cambridge CB2 1EZ, UK; fax: +44 1223

336033). TG and DTA measurements of melamine, TRAZTMPYP-Tos are provided as supporting
information (Figs. S1-S3). Supporting informatios available free of charge via the Internet.
Supplementary data associated with this article tfiound, in the online version, at doi:10.1016/
j-molstruc.2012.01.010.
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8. DFT-D3 investigations of noncovalent interactionsn triazine

derivatives

All calculations in this chapter were carried owt Blelge Krieg (University of Munster, advisor: Prof
Dr. S. Grimme), who also wrote major parts of ttlimpter. | provided the idea for these calculations
and the crystallographic data of 4M-3TPTZ and Ztpind was involved in scientific discussion. The

results presented in this chapter will also be mii#d as part of the doctoral thesis of Helge Krieg

In the previous chapter, synthesis and structuratacterization of adduct phases between melamine
andN-heterocycles have been presented. Detailed asalf/structural data has revealed that different
types of noncovalent interactions contribute withrying extent to the observed assembly of
molecules in these cocrystals. Whereas the arraggieaf melamine units is mainly determined by
hydrogen bonds, for the assembly of lariydneterocycles dispersive interactions also plaglevant
role. Especially the 4:3 adduct between melamirg tan(2-pyridyl)-triazine (2-TPTZ) represents a
suitable system to study the influence of differBirteterocycles on the arrangement of molecular
building blocks in such cocrystals in detail. Tliempound is built up exclusively of the six-
membered aromatic rings-triazine and 2-pyridyl. In this chapter, the sg#n of dispersive
interactions betweestriazine and 2-pyridyl rings in the adduct phas#3TPTZ is investigated in
detail by employing density functional theory ingilig dispersion corrections (DFT-D3). Interaction
energies are computed for adduct 4M-3TPTZ, its aymapts melamine and 2-TPTZ, and additionally
for tris(3-pyridyl)-triazine (3-TPTZ). Taking advege of a complementary approach to analyze
noncovalent interactions in such phases by empdoginth single-crystal data and theoretical studies
allows for an enhanced understanding with whichtied impact different types of noncovalent forces

contribute to a specific self-assembly of arom@&tid/H cycles in the solid state.
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Investigation of non-covalently bound triazine dervatives with density

functional theory including dispersion corrections(DFT-D3)

Helge Krieg, Jonas Moellmann, Stefan Grimme, Sophid. Makowski,

and Wolfgang Schnick

unpublished results

Keywords: DFT-D; Density functional theory; Dispersion; Mallar crystal; Solid state; Triazine

Abstract. We investigate the non-covalent interactions irfedént molecular crystals of triazine
derivatives (melaming)2,4,6-tris(2'-pyridinyl)-1,3,5-triazing) (432tptz), 2,4,6-tris(2'-pyridinyl)-
1,3,5-triazine (2tptz), 2,4,6-tris(3-pyridinyl)3l5-triazine (3tptz) and melamine. Twenty-six sexall
complexes are chosen (mainly from crystallograplai@) as model systems to study the non-covalent
interactions with density functional theory incladi dispersion corrections (DFT-D3). The applied
density functionals are two GGAs (BLYP-D3, PBE-D8he meta GGA (TPSS-D3) and the recently
proposed double-hybrid density functional PWPB95-BBorder to investigate the interaction with
neighboring molecules we studied the crystals @ft2tand 3tptz using PBE-D3 with periodic
boundary conditions. The results clearly show that structures are mainly bound by dispersion
forces and the application of the dispersion coimacto DFT is crucial. The computed binding
energies of melamine are -5.0 and -10.3 kcal*niol its n-stacked and hydrogen bonded model
systems, respectively. The interaction energy pf22in a model dimer with two stacked pyridinyle
moieties is -10.5 kcal-mblbased on the fixed geometry taken from crystadlpbic data and nearly
twice as strong for the relaxed gas phase strucfiure complexation energy of a trimer of 2tptz
molecules is computed to be -27.2 kcal‘malhile for the 3tptz dimer complex we obtain an

interaction energy of -15.8 kcal-rifol
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8.1 Introduction

Carbon nitride type materials are valuable compeumecause of their interesting physicochemical
and structural properties. Two dimensional layereterials offer interesting electric properties for
the field of semiconductor technology and are psomgi candidates for catalysts without the presence
of any metal. For a recent review see the papeknodnietti et al™ In contrast to these covalently
bound frameworks the carbon nitrogen cycles trmand heptazine can also form supramolecular
networks, in which molecules are interconnecteddy-covalent interactions. A prominent example
is the hydrogen-bonded, rosette-like structurerofdduct between melamine and cyanuric %¢ld.
Recently, a related structure has been reportethéotarger heptazine compound melem hydfhte,
demonstrating the importance of hydrogen bondsaihdr non-covalent forces for the assembly of
building units in such molecular crystals. Besidgigzines can also form cocrystals with other
heterocyclic compounds. These molecular framewodtsbe considered as the intersection between
inorganic carbon nitrides and organic moleculestia solid phase connected via non-covalent

interactions.

This work investigates the interaction betweenedédht model systems of triazine derivatives that ar
promising precursors for the synthesis of such mér crystals. The focus is on the structures of
2,4,6-tris(2"-pyridinyl)-1,3,5-triazine 2(ptz) and 2,4,6-tris(3"-pyridinyl)-1,3,5-triazine 3tptz)">®
whose crystallographic data can be

compared to the recently reported crys

structure of (melaming)?2,4,6-tris(2'- ) ~ \ \
pyridinyl)-1,3,5-triazine) (432tptz, ' \ 1 . \
\ Tow \
i [yl ( W
structure_1 see Figure 1! We selected I\ A \ = \ }T)ﬁ_)_ 11 \
five different binding motifs from the 1 \} \ == |\
l == =
crystal structure as model systems f |\ _Q‘{, hy (\ \
432tptz (see Figure 1): three dimer inte \ | \ \

actions of 2tptz molecules (compounc

lato 19, the trimer_ldand one complex Figure 1. Model systems of 432tptz taken from crystallo-

of 2tptz with melamine (compound )le graphic dat&” dimer la(green), dimer 1lfred plus lower
green), dimer_lqupper green plus red), trimer Xboth

The n-complex (compound Jfis chosen green and red) and dimer (lewer green plus orange).

to investigate the interaction of 2tptz wit

melamine for a stacked conformatic..
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Figure 2. Model systems of 2tptz taken from Figure 3. Model system of 3tptz taken from crystal-
crystallographic datd dimer 2a(left), dimer 2b lographic datd” dimer 3a(green).
(right).

(see Figure 14 in the supporting information). &0 fwo crystal structures of 2tptz at different
temperatures have been repoffél.Because both land 3 have been prepared at elevated
temperatures also for the modification which is formed at higher temperas’ (structure_2 is
chosen for comparison in this work. There are tiffeidnt motifs of interaction between the 2tptz
molecules that both have been taken as model sydtmnerystal structure &ompounds 2and_2h
see Figure 2). The model system for the descriffdiptz is the fully stacked dimer structure show
in Figure 3 (structure 3aln order to quantify the different contributioon$ pyridinyle and triazine
rings to the interaction energy of 3tptz three Hartmodel systems are investigated that contain a
decreasing number of pyridinyle moieties (structuB3d). The interaction between melamine
molecules is modeled using four systems:sdacked melamine dimer and a planar hydrogen libnde
one (structures 4and_4b see Figures 4a and 4b), as well as the corregmpodmplexes taken from

crystallographic data reported by Coussbal*? (structures 4and 4d see Figure 4c).

The method applied in this work is density funcéibiieory including a dispersion correction (DFT-
D3)." Depending on the underlying density functional BIF3 scales only all ** (with system size

N) while covering a large fraction of electron ctatmn effects. Especially in combination with
double hybrid density functionals, the method hasnbshown to give very accurate results over a
wide variety of systems in spite of employing mddeiple<, basis set8? For a recent benchmark
which demonstrates the high accuracy of DFT-D3afavide range of systems see R&f.Based on

results of DFT-D3 computations we will answer theesfions of how strong the non-covalent
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interactions of the model systems are, hc

strong the influence of stacked pyridinyl é
moieties is and how conformational diffe :é q
rences in the fragments regarding rotati é

around the pyridinyle moieties change tl

interaction energy. (a) w-stacked (b) hydrogen bonded
//L
L
/L ~
//L
. L,
8.2 Computational methods - RS
~
The computations are based on ful e . rdl
optimized and fixed crystallographi 7//

geometries (with optimized positions of th
tal structu
hydrogen atoms only). We apply BLYP (c) crystal structure

D3™® in combination with a triplé- Figure 4. Model systems of melamine:stacked dimer

Ahlrichs type basis set (def2-TZ\/{f5)17] to (4a), hydrogen bonded dimer (Yland the correspon-
o ding dimer structures 4¢right green with red) and 4d
the geometry optimization of all mode (green) taken from crystallographic d&fA.

systems. The optimizations are perform

with the Turbomole 6.3 progradth'®

employing the resolution-of-the-identity approxiioat (R1)?°?Y for the evaluation of the Coulomb
integrals (RI-3Y) with Weigend's optimizedief2auxiliary basis seté? Subsequent single point
energies are computed with BLYP-D3 and PWPB95-Di3e Eurrently most accurate description
(based on a comparison of nearly 50 density funat&®) of non-covalent interactions with DFT is
obtained with double hybrid density functionalsttltantain a certain amount of non-local Fock
exchange, employ virtual orbitals via a Mgller-Bigssecond order perturbation theory (NM#2)
contribution and furthermore include a dispersionrection. From this class of density functionals
PWPB95-D¥%*% has proven to be very robust and accurate in #seription of many different
properties such as non-covalent interactions arglfaand to be significantly less dependent on the
size of the basis set than other double hybriditefismctionals™ The computations with PWPB95-

D3 in combination with the def2-TZVP basis set @agied out with a modified version of Turbomole

DFT-D
int

5.9. The interaction energl of the model systems is calculated as the diff@enf energies

between the complex and the single fragments atitefdistance with the frozen geometry of the
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fragments in the complex state. The energies areected for dispersive interactions using our

standard dispersion correction (denoted -#3}:*

Our computations show that the particular type &AGis only of minor influence on the resulting
minimum geometry of compounds ,24a and_4b The increase of the basis set size to quadiuple-
during the optimization is only of small importanfo the resulting optimum gas phase geometry.
BLYP-D3/def2-TZVP optimized geometries are suffitiefor this study. A detailed analysis of
functional and basis set dependence can be foutigtisupporting information. Test calculations for
compound 4ahow that on the quadrupldevel the basis set superposition error (BSSE]}ritnries
about 8% to the binding energy with PWPB95-D3. @pld-, level the contribution is even larger
than 20%. Therefore we employ the counterpoiseection of Boys and Bernaffi*¥ with this
functional. In the case of the GGAs in combinatiwith a quadruplé€- basis set the BSSE is only
about 2% and a correction is not necessary. Inraaelifferentiate between the influence of bulk
effects and the influence of the applied methodherrelaxed geometries and energies we additionally
investigate the crystal structure of compoundsar2l 3 using PBE-D3 with periodic boundary
conditions via the plane-wave based VASP prodfail. The computations are based on starting

eriodic

geometries taken from crystallographic data. Theraction energy of the dimers in the bulg;™™,

is calculated from the difference between the gnefgthe fully relaxed crystal structure and the
energy of the monomers in the bulk. The latter ppraximated by computation of the single
fragments located within a large unit cell. Theselst distance between atoms of adjacent unitisells
37.8 Bohr which is chosen quite conservatively ndeo to eliminate nearly any intermonomer
interactions. We apply two k-points (£0.25,0,0)tbhe@ sampling of the Brillouin zone for the bulk
system and use the projector augmented wave nf&tffbébr both, the gas phase and bulk systems.

The cutoff for the plane wave basis set is 800 eV.

8.3 Results and discussion

Geometries

The agreement between the crystal structures daf 2tpd 3tptz taken from experiment and their
crystal structures optimized using periodic bougpdawnditions is very good (cf. Figure 15 in the

supporting information). We find low root mean sguaeviations (RMSD) of 0.18 A and 0.12 A,
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respectively, as calculated from the differencavieen the two sets of coordinat&sThe mean bond
lengths of C—C and C—N are nearly identical fobstructures, whereas C—H bonds are on average
17% longer in the optimized structures. This cleagbults from the inaccuracy of the measurement of
hydrogen positions. Deviations of bond angles (G0=—N-C, C-C-H) are below 1%. In order to
investigate the influence of packing on the geoynete fully optimized the model complexes in the
gas phase and compared the resulting structureedel dimers that have been optimized with fixed
positions of heavy atoms. In most of the casexadlan leads to a shortening of the intermonomer
distance and at the same time to an enlargemetiteofotation of pyridinyle moieties. We find a
decrement of the distance between the fragmentgerse of mass of 0.9 A on average and an
increment of 7 degrees for the dihedral angles detvthe triazine ring and the pyridinyle moieties.
Especially for compounds 4l a twist of the monomers relative to their positianthe crystal is
observed (cf. Figures 1-11 in the supporting infation). The RMSD is 1.2 A on average reflecting
considerable differences between the structures thainly result from different rotational
conformations of the pyridinyle moieties. The olser conformational differences in the gas phase
are attributed to the absence of interactions wsitirounding molecules in the bulk. The potential
energy surface of the different model systems pgeted to be very flat due to a low rotational iearr

of the pyridinyle moieties. Biphenyle for examplasha similar electronic structure as (2'-pyridinyl)
1,3,5-triazine. Rubiet al®*? report a maximum rotational barrier of only 3.-akmol* based on high-
level ab initio calculations. The experimental value computed fgam phase diffraction data is even
lower (1.5 kcal-mat).*®! Therefore one can expect that the different rotaii conformations of the

investigated model systems are energetically viesedying.

A collection of all coordinates can be found in sugpporting information.

I nteraction energies

We discuss the computed interaction energies begjmwith the different systems to model melamine
4a4d. An overview of DFT-D3 results based on differgensity functionals can be found in the
supporting information. The interaction energy lohsa counterpoise corrected PWPB95-D3/def2-
TZVP is -11.2 kcal-mdl for the hydrogen bonded complex.4khe value for ther-stacked model
system lies about 2.4 kcal-rifdbove. This difference is more pronounced foresyst4cand 4dthat
have directly been extracted from crystallographata (-5.0 and -10.3 kcal-rifolrespectively). For

all of the model complexes we find that a comptetaxation of the geometry leads to a decrement of
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the distance between the fragments' centers of araonsequently to lower interaction energies
compared to results based on structures with fpagitions of heavy atoms during the optimization.
But independent of the type of the underlying gemyneptimization the hydrogen bonded structure
4d is about 5 kcal-mdlmore stable than the stacked conformation. Theedison energy makes up

about 17% of the interaction energy of the hydrogended conformation and 62% of the binding

energy of the stacked one.

Regarding the stacking motifs of the 2tptz modstems 2aand_2bit is clear that the binding energy
will mainly consist of dispersion energy. The enesgcomputed by PWPB95-D3/def2-TZVP
including counterpoise correction are -7.9 and5X@al-mof for the conformations with one and two
n-stacked pyridinyle moieties, respectively. We fadlispersion contribution of about -5 kcal-thol
for both systems making up 55% of the interactioergy on average. Comparing the interaction
energies of systems 2ad_2bwe find that doubling the number ofstacked pyridinyle moieties does
not lead to twice the interaction energy. This mstattributed to the slightly stronger repulsive
contribution of the other parts of structure I¥cause of the closer distance between its morsomer
Fully relaxing the geometries of complexes &ad 2bleads to significant shortenings of the
interfragment distances and strongly lowers thalibmp energies. The interaction energy of model
system 2bwith two n-stacked pyridinyle moieties is lowered by morentB8% compared to the result
based on an optimization with fixed positions oé theavy atoms. Based on density functional
computations with periodic boundary conditions wiedf an interaction energy E{°") of
-42.1 kcal-mot per molecule of compound Restricting the analysis to dimer interactionthimi the
unit cell we have two types afstacked interactions that are modeled by systenam@ 2b The sum

of bothr-stacked interaction energieB>["®) computed from the model systems is -18.4 kcal'mol
The remaining difference to the total value in talk results from other non-covalent dimer
interactions within the unit cell and from inteliacis to all molecules in the periodic environmérite
non-covalent interaction between 2tptz fragmentsnadeled by 2and_2bcontributes 44% to the

total crystallization energy per molecule of sturet2

Regarding the type of non-covalent bonding betwtbermonomers of 3tptz our results agree with the

findings for the model systems discussed abovearAount of 60% of the computed binding energies
(EXFT?) results from the dispersion contribution. Eacheath-stacked pyridinyle moiety contributes
approximately 4.5 kcal-molto the total complexation energy and the disperaiteraction between

the two triazine centers adds another 2.4 kcal*mbhis can be seen from the PWPB95-D3/def2-
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TZVP interaction energies for compounds

. " 3a to 3dthat uniformly decrease by about
Hé“( 4.5 kcal-motf starting from -15.8 kcal-mol
“ N T N ; for compound _3a with three stacked
! A ! _13_2“\‘ : “""\\ pyridinyle moieties. Hence, the value of
'," u . " _27_2“.. dispersion energy between two pyridinyle
i-0.6 T

units is almost twice as large as that between

=
!:
z
- v
7
T o
AN
r
.
.

.

two triazine moieties although both cycles

\ .H/'QrH are of similar size. The interaction energy in
My Heen =y " » the bulk EF™*) is -39.4 kcal-mol per

H N

-
AT 34

molecule of compound 3tptz. Compared to

DFT-D ;

DFT-D(cal-molt) of E.. = of model system 3ae find a con-
trimer 1d computed with counterpoise correctedtribution of 40% of this type of interaction
PWPB95-D3/def2-TZVP. Deformation energy of the

monomers is neglected.

Figure 5. Interaction energief

to the total crystallization energy per
molecule which agrees very well with our
findings for 2tptz. The stacked confor-

mations modeled by structures, 22b and 3aclearly contribute an important part to the total
crystallization energy but in order to accuratetyireate the total crystallization energy in thekbul

based on a sum of interaction energies of the itotisy dimers one must also consider other tyges o
non-covalent interactions tharstacking.

Model systems 180 ldconsist of 2tptz fragments and show similar trefoighe binding energy as
compounds_2aand 2b The 2tptz fragments arge-stacked in a parallel displaced fashion with
significant dispersion interaction between all éhygyridinyle moieties. The distance between the
fragments' centers of mass is about 8% largetiupper dimer than for the lower one within the

stacked trimer 1dut the computed interaction energE%'™® agree with a value of -13.2 kcal-mol

The computed interaction energy of the t-shapedemoaimplex of 2tptz with melamine (lis below
50% of this value resulting from a weaker disperditteraction between 2tptz and melamine than
between ther-stacked fragments of 2tptz. Our results show tiikate is no significant contribution to
the binding energy of the trimer (ldue to cooperative effects. The sum of the caopnise corrected
binding energies of the dimers is -27.0 kcal-hamd differs by only 0.2 kcal-nibfrom the predicted
binding energy of the trimer (see Figure 5). Coragddp the different model systems of stacked 2tptz

or 3tptz molecules the dispersion interaction gpt2twith melamine is significantly weaker
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independent of the type of conformation. BetwegatzZ2and melamine other types of interactions such
as hydrogen bonds seem to be of prior importanagemFthe different combinations and
conformations of 2tptz and melamine moleculesstistacked conformation of 2tptz molecules and
the hydrogen bonded conformation of melamine mdéscare the most stable ones. This could be the
reason why 432tptz crystallizes with both of thegseding motifs but does not contain any stacked

conformations of 2tptz with melamine.

8.4 Summary

We investigated the non-covalent interactions ifiedent molecular crystals of triazine derivatives
with density functional theory with dispersion emtions (DFT-D3). We find very good agreement
between the crystal structures extracted from algsgfraphic data and crystal structures optimized i
the bulk with periodic boundary conditions. Anahgithe non-covalent interactions in the bulk based
on model complexes of dimers in the gas phase laadseaningful results only if the gas phase
geometries are optimized with fixed positions o tieavy atoms. Full relaxation results in different
minima that can no longer be reasonably compardetinvestigated crystal structures. The strongest
interaction is found fon-stacked arrangements of 3tptz fragments. Non-eovahteractions between
n-stacked 2tptz fragments are 2.6 kcal‘ekaker but still stronger than all remaining irtigested
interactions. Each stacked pyridinyle moiety adpgraximately -4.5 kcal-mdlto the total binding
energy. The hydrogen bonded model complex of melaris about 5 kcal-mblmore stable than the
n-stacked conformation. Our results clearly showt tha structures are mainly bound by dispersion
interaction and the application of dispersion occioms to DFT is crucial in the study of this and

related systems.
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9. Discussion and Outlook

In this thesis it has been demonstrated how noatérmals comprising thetriazine ands-heptazine
core, respectively, can be obtained by taking atdgnof several types of noncovalent interactions.
On the one hand, supramolecular materials have ibgeatigated in which a specific arrangement of
molecular building blocks is determined by inteyptd hydrogen bridges, dispersive and electrostatic
interactions; on the other hand, molecular salts @ordination compounds have been described in
which additionally strong Coulomb and coordinatinéeractions are important for the assembly of
building units. It has been shown how employmentnofecular building blocks which have been
used only rarely in this regard so far, enablepamaion of interesting novel compounds. In this
context attention has been paid especiallg-eptazine derivatives and to molecules which db no
represent classical inorganic carbon nitride typetemials but can rather be placed between such
compounds and organic hydrocarbons. ContinuingareBein this area could take up investigations
which have not been completed yet, for instancédyaisaof materials which have been prepared but
not fully characterized in the course of this wodAdditionally, the insight into possibilities and
limitations regarding syntheses of such materiai®ead in this thesis should contribute to a more
facile preparation of novel compounds. Thereby eystic investigations of specific classes of
compounds could be complemented and several matpoasibly featuring interesting properties be

obtained.

9.1  Molecular Salts and Coordination Compounds

In this study it has been shown that next to séwyamelurates and melonates with divalent tramsiti
metal ions, which have been reported prior to thisk,™? also melonates with trivalent rare-earth
ions can be synthesized as nowgheptazine based coordination compounds (see ch&)te
Preparation of crystalline-heptazine materials with multivalent cations ifstthesis as well as by
Claus$” andSattleP has been realized by two different methods whiuth lzircumvent the problem
that in generak-heptazine salts with multivalent cations exhiloitvl solubility, therefore impeding

synthesis of highly crystalline materials. In tha&se of transition metal cyamelurates reactions in
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ammonia solutions have increased solubility anolnadd for single-crystal growth by recrystallization
Another method which facilitates growth of singhystals even of compounds that precipitate
immediately during metathesis reactions in solutiaa been employed in the case of copper and rare-
earth melonates. Single-crystals of these matehial® been obtained by slow diffusion reactions,
thereby retarding nucleation and crystal growthlizdtion of one of these strategies might enable
access to several noveheptazine compounds with multivalent cations,.dugher transition metal

cyamelurates and melonates or rare-earth cyamedurat

On the one hand, such compounds are of interelstrasipect to the large variety of structures that c
be formed. Because mheptazine based building blocks such as melonmatyamelurate not only
functional side chains but also nitrogen atoms haf ting represent potential coordination sites
numerous coordination motifs and resulting netwstrkictures are conceivable. On the other hand,
s-heptazine coordination compounds are likely toilkhmanifold properties dependent on the
respective metal ions. For instance, in this thésisas been reported that *ftmelonate exhibits
photoluminescence under UV excitation in analogfd dicyanamides and tricyanomelamindtés.
In this regard photoluminescence studiesLaf* cyamelurates would contribute to a systematic
investigation of luminescestheptazine materials. Moreover, synthesis and cheniaation of carbon
nitride type materials with divalent rare-earthsaor doping of alkaline earth compounds witif'Eu
would be of considerable interest. Because preparaif such materials requires non-oxidative
reaction conditions liquid ammonia might presensuitable solvent. However, first attempts to
prepare the respectivar’* dicyanamides by metathesis reactions between,Eundl alkali or alkaline
earth dicyanamides in liquid ammonia have not tmestessful so faf. Next to photoluminescence
of rare-earth materials further physical propertieght be of interest and should be studied onee th
respective compounds have been synthesized, fianices magnetic behavior sheptazine salts with

transition metal ions.

Novel coordination compounds can presumably alsoltained by employing triazine tricarboxylate
as ligand under suitable reaction conditions. Ceaingnsive studies of coordination motifs and
stacking modes of triazine tricarboxylate in selesgdts in this thesis have provided an overview of
possible structures (see chapter 4). The appeaddre recurring coordination motif of two adjaten
carboxylate groups and the intermediate nitrogesmabf the triazine ring, and the observed
dependence of stability of triazine tricarboxylaia the ionic radii of counterions allow for an
estimation of feasible structures. So far only ateicturally characterized triazine tricarboxylate

comprising transition metal ions is known, namely{F&(1,3,5-triazine-2,4,6-tricarboxylate)-
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(H,0),}-2H,0 P! Investigating the hydrolysis stability of triazigcarboxylate in the presence of
different transition metal salts has shown thatitaatthlly a triazine tricarboxylate material withriéf
ions can be synthesized (see chapter 4.2). Howstractural characterization of this compound has
not been performed in the course of this work. ByBying for instance crystallization by slow
diffusion reactions, as has been described-fogptazine coordination frameworks above, synthafsis
crystalline Mi* triazine tricarboxylate might be possible. Additidly, measurements of magnetic
properties for this material and comparison to netignbehavior of F& triazine tricarboxylatd
would valuably contribute to a comprehensive charagation of transition metal triazine
tricarboxylates. Triazine tricarboxylate coordinatiframeworks with various ions might furthermore
be obtained by avoiding hydrolysis of triazine drizoxylate units in aqueous solution, for instaloge
employment of large metal ions, addition of a segostrongly coordinating ligand, or use of
anhydrous solvents such as suitable ionic liqutds-examinations have shown adequate solubility of
the starting material potassium triazine tricarbdatey in 1-ethyl-3-methylimidazolium ethyl sulfate

and 1-ethyl-3-methylimidazolium acetdie.

For the attempted synthesis of furttsriazine ands-heptazine based coordination compounds the
electronic structure of these ring systems anthitsence on possible structural motifs should bptk

in mind. Both thes-triazine and thes-heptazine core represent electron-poor aromatatesyand
therefore coordination of metal ions telectrons of the rings, resulting for instanceamdwich-type
complexes, has not been reported so far. More@mamsidering the preferred arrangement of both
melonate and triazine tricarboxylate units intoelad structures, as has been observed for all
materials investigated in this thesis, constructibthree-dimensional porous MOFs comprising solely
melonate or triazine tricarboxylate as linkers aperather unlikely. It is assumed that for this
purpose indeed a combination of such ligands wittthér building blocks is required. Next to
utilization of extended ligands such astriazine tribenzoat€! s-triazine-tris(4-pyridyl¥! or
s-heptazine tribenzodfkpreparation of mixed-ligand coordination compounught provide access

to such three-dimensional frameworks. Whereas aoatioin of two differens-triazine based building
blocks capable of metal coordination causes foonatif a layered structure, as has been shown for
adducts between alkali triazine tricarboxylates aydnuric acid in this work (see chapter 5),
employment of non-cyclic spacers might avoid suchargjement. For instance more linear

compounds such as dicyanamide (N(gNghould be considered in this regard.
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9.2  Supramolecular Compounds

Facile transformation of the dense structure ofydrdus melem into the channel structure of melem
hydrate by treatment in boiling water has illustchthe potential of noncovalent interactions fa th
construction of supramolecular carbon nitride tfmmeworks (see chapter 6). The influence of
numerous hydrogen bonding interactions with slighiffering bond strengths on the arrangement of
molecular building blocks both during synthesis d@nermal treatment of melem hydrate has been
demonstrated. Solid-state NMR spectra of as-syimbeésind dehydrated melem hydrate have shown
distinctive differences as a result of varying loghn bonding motifs. Progressive NMR
investigations could provide more detailed inforimatabout hydrogen bridges in the dehydrated
material. Thorough structural characterization dlydsstate NMR might be achieved BN doping of
melem hydrate as has for instance been demonstfatetthe structure elucidation of melon and

anhydrous melef”

Next to further analysis of melem hydrate, variasiaf self-assembly motifs might be achieved by
functionalization of melem units. As has been itigased in detail byVhitesideset al. for the adduct
between cyanuric acid and melamine (CA-M) for insgabulky substituents strongly affect self-
assembly of building blocks into specific strucalfd Possibly even further stabilization of the
structure can be achieved this way, allowing fointemance of channels during removal of solvent
molecules, and therefore preparation of a poroutenah Synthesis of several symmetric and
asymmetric substituted melem units, which mightesent suitable building blocks for this purpose,
has been reported t{roke et al.’? Synthetic strategies described in these publisatinight also be
applicable for the preparation of further functibmed s-heptazine derivatives. Moreover, structural
changes might also be achieved by the reactiontltfremelem or substituted derivatives in different
solvents, thereby allowing not only for varying hgden bonding motifs between melem units but

also between melem and solvent molecules.

Moreover, it has been demonstrated in this work the formation of highly symmetric hydrogen-
bonded structures by self-assembly of molecular/iE/dbmpounds is not limited to the well-known
striazine based CA-M adduct, but also feasibledois-heptazine material. Similar effects on the
assembly of molecular building blocks by treatmehtmaterials in suitable solvents and under
appropriate reaction conditions are considered iplesdor further s-triazine and s-heptazine
compounds or mixtures of these. In this regardrfstance an adduct of melem and cyameluric acid

would be of considerable interest. Considering bgdn bonding motifs in melem hydrate and CA-M
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such an adduct is conceivable. However, by heairgpensions of melem and cyameluric acid in
water under similar conditions as have been empldgethe preparation of melem hydrate, so far no
such adduct could be obtained. These attempts wpielged mixtures of melem hydrate and
cyameluric acid hydrate, or decomposition prodo€tsyameluric acid. Preferred formation of melem
hydrate indicates that an adduct between melentyaheluric acid would have to be prepared under
modified conditions if it can be obtained at alurfhermore, supramolecular assemblies comprising
melam (GN3(NH,),),NH should be taken into account. Until recentlystliompound could be
obtained only in small amounts as side phase duhiegnal condensation of melamine to mét&m
but meanwhileWirnhier has developed a method to prepare phase pure emwmipmelam in large

quantities” so that it could be employed as building blocktpramolecular structures.

As further example of hydrogen-bonded supramolecsteuctures, co-crystals of melamine and
N-heterocycles have been presented in this thesgsdfsapter 7). In these compounds the structurally
related six-membered rings benzene, pyridyl amzitie as well as the macrocycle porphin have been
employed. Therefore, it has been demonstrated rtiwatel systems between carbon nitrides type
materials and hydrocarbons can easily be obtainedgupramolecular synthesis. Observation of
recurring self-assembly motifs and detailed analgdidifferent types of noncovalent interactions in
these compounds have contributed to a deeper udaddnsg of the factors which influence the
arrangement of building blocks in such materiaigerplay of hydrogen bonds, electrostatic and
dispersive interactions on the respective assemhks been examined experimentally by analysis of
crystal structures and thermal behavior (see chaftas well as theoretically by DFT calculations
(see chapter 8). Further insight into intermolecutderactions in such adduct phases might be
achieved by varying the relative importance ofafigiht bonding types and thereby examining their
particular influence on the structures. For instartbe impact of dispersive interactions could be
decreased by employing porphyrin salts with nonvetic counterions instead of tosylate units.
Moreover, preparation and characterization of simddducts betweestheptazine compounds and
N-heterocycles would be of particular interest. Bos purpose presumably substituteeptazine
derivatives have to be prepared in order to achmwfficient solubility of starting materials. As
described above, synthetic methods developedKimke et al. might be utilized in this regafd.
Moreover, water-soluble melemium sditswhich have been reported Battler might be suitable
starting materials for the synthesis of adductsciviziontains-heptazine units. With a large number of
cocrystals that comprisetriazine ands-heptazine rings at hand, and especially by utibraof both

experimental data and theoretical calculations, pretensive knowledge about interactions in
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striazine ands-heptazine based supramolecular compounds coulécheved. Detailed under-

standing of these factors might contribute to aem@tional synthesis of such materials through
crystal engineering in the future. This wairiazine ands-heptazine derivatives might be employed as
building blocks of interesting novel materials, wthiideally exhibit not only specific structures but

also desired properties and could therefore bearadifor various applications.
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10. Appendix

10.1 Supporting Information

Supporting information for chapter 3

Intensity / a. u.
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Figure S1 Observed (crosses) and calculated (line) X-raydew diffraction patterns as well as difference
profile of the Rietveld refinement of Pgd(NCN);-8H,0 7c. Bragg peaks are indicated by vertical lines.

(% = 154.06 pmT = 298 K).
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Intensity / a. u.
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Figure S2 Observed (crosses) and calculated (line) X-raydes diffraction patterns as well as difference
profile of the Rietveld refinement of N@d&;(NCN)s-8H,0 7d. Bragg peaks are indicated by vertical lines.

(A = 154.06 pmT = 298 K).
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Figure S3 Observed (crosses) and calculated (line) X-raydas diffraction patterns as well as difference
profile of the Rietveld refinement of SreT;(NCN)s-8H,O 7e. Bragg peaks are indicated by vertical lines.

(% = 154.06 pmT = 298 K).
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Figure S4 TG (solid) and DTA (dashed) curves of GBEINCN)s-8H,O 7b (34.8 mg), measured with a
heating rate of 5 K-mih
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Figure S5 TG (solid) and DTA (dashed) curves of EXENCN)s-8H,0O 7¢ (21.0 mg), measured with a
heating rate of 5 K-mih
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Figure S& TG (solid) and DTA (dashed) curves of NMNZ(NCN);-8H,0O 7d (19.0 mg), measured with a
heating rate of 5 K-mih
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Figure S7. TG (solid) and DTA (dashed) curves of S§NGENCN);-8H,O 7e (22.4 mg), measured with a
heating rate of 5 K-mih
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Supporting information for chapter 6

Figure S1 DEI+ mass spectrum of melem hydraten/z(%): 218.2 (100)§*], 178.2 (3) M'-=NCN], 177.2
(40) [M*=NCNH], 135.2 (5) [GNgH5'], 109.1 (6) [GNsH5'], 93.1 (3) [GN.H'], 68.1 (28) [GN,H,], 42.1
(9) [CN;H,'], 41.1 (2) [CNH', 28.1 (2) [CNHT.
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Figure S2 DEI+ mass spectrum of cyameluric acid, demorisgahe possibility to detect cyameluric acid
in MS spectra. Spectrum was recorded under the sangitions as used for the MS spectrun2.ah/z(%):
221.2 (65) M, 220.2 (6) M*—H], 179.2 (48) M*-NCO], 153.2 (70) [(NsO;H3'], 152.2 (6) [GNsOH,'],
111.1 (17) [GN4OHs'], 69.1 (100) [GN3H3'], 68.1 (61) [GN3H,'], 42.1 (18) [CNH,'], 41.1 (11) [CNHT],
28.1 (8) [CO].
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Figure S3 In situ temperature-dependent X-ray diffractioeasurement of melem hydra®e recorded
between room temperature and 500 AG (70.093 pm).
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Supporting information for chapter 7
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Supporting information for chapter 8

The supplementary material contains:

» Comparison of interaction energies computed BitNP-D3, oTPSS-D3, PWPB95-D3 (Page 181).
* Investigation of the influence of the density dtional on the optimized geometry (Page 182).

» Comment on the basis set effect (Page 189).

» Comment on the basis set superposition errorg 280).

» Comment on the frozen monomer approximation (R£48.

* Graphical representation of model systenfPege 191).

» Comparison of reference and optimized crystaicstires of 2tptz and 3tptz (Page 192).

» Coordinates of the model systems thadd based on fully relaxed geometry optimizations @ag
193).

» Coordinates of the model systemst@atd based on optimization with fixed positions of theavy
atoms (Page 202).
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Table 1 Comparison of interaction energies of the modehmlexes_latd computed from density functional
theory (EX"®) and DFT including dispersion correctiok,' ™) based on BLYP-D3/def2-TZVP optimized

int

geometries. The PWPB95 computations employ the-@gf2P basis set, otherwise the def2-QZVP basissset
applied. Deformation energy of the monomers is eetghl. All energies in kcal-mal

BLYP™? oTPSE4 PWPB9F PWPB9%

DFT-D DFT-D3 DFT-D DFT-D3 DFT-D DFT-D3 DFT-D DFT-D3
Eint Eint Eint Eint Eint Eint Eint Eint

complex

based on fully relaxed geometries

la 125 -20.4 12.1 -17.8 -9.5 -194 -6.8 -16.6
1b 10.5 —-26.9 10.0 -24.0 -15.3 —26.6 -10.1 -21.4
1c 11.7 -20.3 10.9 -18.2 -10.0 -19.6 —-6.4 -16.1
1d 26.3 —47.7 25.5 —-41.7 -23.4 -46.4 -17.0 -40.1
le -3.2 -12.9 -3.3 -12.1 —6.6 -9.8 -6.0 -9.2
1f 0.6 -18.9 0.4 -17.1 -7.2 -131 -6.1 -12.0
2a 6.4 -15.0 5.8 -13.5 -8.0 -14.6 -6.1 -12.7
2b 6.7 -22.6 6.2 -20.4 -12.8 -21.9 -10.3 -19.4
3a 14.3 -19.4 13.6 -17.0 -9.0 -19.2 -6.3 -16.5
4a 2.5 -10.4 2.7 -8.8 -6.9 -10.5 -5.2 -8.8
4b -8.2 -13.6 -9.0 -13.8 -10.4 -12.1 -9.6 -11.2
4c 2.2 -8.8 2.4 -7.4 -2.8 -5.9 -1.9 -5.0
4d -8.3 -13.6 -9.0 -13.8 -9.1 -10.8 -8.6 -10.3
based on structures optimized with fixed positioheeavy atoms

la 9.9 -17.3 9.2 -15.9 -7.1 -15.5 -4.7 -13.2
1b 9.4 -17.5 8.6 -16.2 -7.1 -155 -4.8 -13.2
1c 0.1 -0.7 -35 —4.2 -0.1 -0.6 0.0 -0.6
1d 19.3 -35.5 17.8 -32.7 -14.6 -32.0 -9.8 -27.2
le -0.9 -10.0 -0.9 -9.1 -4.0 -7.0 =34 -6.4
2a 3.8 -10.4 3.4 -9.6 -4.6 -9.2 -3.3 -7.9
2b 4.0 -125 3.0 -12.2 -6.4 -11.9 -5.0 -10.5
3a 12.5 -19.1 11.7 -17.2 -8.7 -18.3 -6.1 -15.8
3b 9.2 -13.7 8.6 -12.3 -6.2 -13.0 -4.3 -11.2
3c 6.0 -8.4 5.6 -7.5 -3.6 -7.8 -2.6 -6.7
3d 2.4 =31 2.1 -2.9 -1.2 2.7 -0.9 -2.4
4c 2.6 -6.9 2.5 —6.2 -1.9 -4.6 -1.1 -3.8
4d -7.3 -12.9 -8.1 -13.1 -8.2 -9.9 7.7 -9.5

dounterpoise corrected.
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I nfluence of the density functional on the optimized geometry

Figure 1 presents an overlay of resulting geonetifanodel system 2aptimized with BLYP-D3!?
PBE-D3" and TPSS-D¥ using triplet basis sets. Compared to the initial geometry efdimer in

the solid phase (black structure in Figure 1) twaamdifferences of the DFT-D3 optimized gas phase
geometries can be identified. First, the distanegveen the fragments’ centers of mass is shorter
because they are not as much parallel displacéluegsare in the crystal phase (6.5 A based on fully
relaxed geometries predicted by all density fumztis (DF) vs. 7.4 A based on structures with fixed
positions of the heavy atoms). Second, the rotatioanformation of the pyridinyle moieties differs
strongly. While the stacked pyridinyle moiety isated by 31 degrees out of plane of the triazing ri

in the solid phase, these moieties are stackedmora planar way for the fully relaxed gas phase

structures (9 degrees).

The agreement of the resulting geometries optimizitd different density functionals is very good.
The optimization converges to the same minimumctire with only minor differences in the
dihedral angle of the pyridinyle moieties. The roman square deviation (RMSD) as calculated from
the difference between the two sets of coordinat&l YP-D3/def2-TZVP optimized geometries and
PBE-D3/def2-TZVP optimized ones is 0.12'A.Compared to TPSS-D3 the RMSD is only 0.02 A
higher.

We obtain similar results for the melamine dimer itis n-stacked and hydrogen-bonded
conformations. The distance between thstacked fragments’ centers of mass is 3.7 A (0805
depending on the DF) compared to 6.2 A for the bgein bonded conformation (all DF). The RMSD
between BLYP-D3 and PBE-D3 optimized geometriesashpound 4as 0.05 A. Compared to TPSS-
D3 the agreement is even better (0.03 A). For megstem_4ball optimizations lead to minimum
geometries that can be considered identical dtieettow RMSD value of 0.02 A.

Based on free optimizations with BLYP-D3 and bas#$s of increasing size (def2-TZVP, def2-
TZVPD, def2-QZVP) we find an average distance betwthe monomers’ centers of mass of 6.5 A
compared to 6.1 A for the dimer based on optimirativith fixed positions of heavy atoms. The
RMSD between def2-TZVP and def2-TZVPD optimized metries is 0.02 A and compared to def2-
QZVP the RMSD is even below 0.02 A which refledte jood agreement of the different minimum
geometries. Figures 2 and 3 present overlays cimigk structures 4and_4doptimized with three

different density functionals. The RMSD betweenftiily relaxed structures is always below 0.05 A.
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Our computations show that the particular type GfAGor meta GGA is only of minor influence on
the resulting minimum geometry of compoundsa?a 4ato 4d The increase of the basis set size to
quadruple: during the optimization is also only of small inmf@nce for the resulting optimum gas
phase geometry (see below). The same can be edgectmompounds 2t8aand_1alf because of the
similar bonding situation in these structures. €fane BLYP-D3/def2-TZVP optimized geometries

are sufficient for this study. Figures 4 to 11 prasoverlays of fully relaxed structures of model

(a) sideview (a) sideview

(b) topview (b) topview

Figure 1. Overlay of geometries of dimer_2a Figure 2. Overlay of geometries of dimer_4c

resulting from geometry optimization with BLYP-  resulting from geometry optimization with BLYP-

D3 (green), PBE-D3 (blue) and TPSS-D3 (red). D3 (green), PBE-D3 (blue) and TPSS-D3 (red).
Always the def2-TZVP basis set is applied. For Always the def2-TZVP basis set is applied. For
comparison the starting geometry taken from comparison the starting geometry taken from
crystallographic dati! is shown in black. crystallographic dat! is shown in black.
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(a) sideview

L Y

(b) topview

Figure 3. Overlay of geometries of dimer 4c¢ Figure 4. BLYP-D3/def2-TZVP  optimized
resulting from geometry optimization with BLYP- geometries (blue) of compound.Z¥or comparison
D3 (green), PBE-D3 (blue) and TPSS-D3 (rec the initial geometries taken from crystallographic
Always the def2-TZVP basis set is applied. F datd*? are shown in black. Top: sideview, bottom:
comparison the starting geometry taken fro topview.

crystallographic dat¥! is shown in black.
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*@%f

Figure 5 BLYP-D3/def2-TZVP optimized Figure 6. BLYP-D3/def2-TZVP  optimized
geometries (blue) of compound.3eor comparison geometries (blue) of compound. Feor comparison
the initial geometries taken from crystallographi the initial geometries taken from crystallographic
datd" are shown in black. Top: sideview, bottom datd'™ are shown in black. Top: sideview, bottom:

topview. topview.
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Figure 7. BLYP-D3/def2-TZVP optimized Figure 8. BLYP-D3/def2-TZVP  optimized
geometries (blue) of compound.Jfor comparison geometries (blue) of compound.J€br comparison
the initial geometries taken from crystallographi the initial geometries taken from crystallographic
datd™™ are shown in black. Top: sideview, bottonr datd™ are shown in black. Top: sideview, bottom:

topview. topview.
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=

Figure 9. BLYP-D3/def2-TZVP optimized Figure 10. BLYP-D3/def2-TZVP optimized
geometries (blue) of compound. For comparison geometries (blue) of compound.4®r comparison
the initial geometries taken from crystallographi the initial geometries taken from crystallographic
datd™ are shown in black. Top: sideview, bottom datd™® are shown in black. Top: sideview, bottom:

topview. topview.
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WM‘%

Figure 11 BLYP-D3/def2-TZVP optimized
geometries (blue) of compound.4ebr comparison
the initial geometries taken from crystallographic
datd'® are shown in black. Top: sideview, bottom:

topview.
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Basis set effect

Figure 12 presents the optimized geometries of dRadased on computations with BLYP-D3 and
three basis sets of increasing size (def2-TZVP2-d&VPD and def2-QZVP). Increasing the size of
the basis set during the optimization procedurevshonly moderate basis set effects to the energy.
The binding energy rises by 0.6 kcal-mgoing from def2-TZVP to def2-QZVP correspondingift

of the predicted total value of -15.0 kcal-maelith BLYP-D3/def2-QZVP/BLYP-D3/def2-TZVP. The
results confirm that using triplebasis sets during the optimization leads to négégdeviations of
the interaction energy.

(b) topview

Figure 12 Overlay of geometries of dimer 2a
resulting from geometry optimization with BLYP-
D3 and def2-TZVP (green), def2-TZVPD (red) and
def2-QzVP (blue) basis set. For comparison the
starting geometry taken from crystallographic
datd'? is shown in black.
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Basis set superposition error

The basis set superposition error is large onrthle level. Applying the counterpoise correction to
the PWPB95-D3/def2-TZVPP calculations raises therattion energies of model systemstdaid
by 1.0 kcal-mof on average which is about 11% of their averagdibinenergy. For the 2tptz model
systems 2and _2bthe counterpoise correction gives a contributibr9 and +2.5 kcal-mdlto the
complexation energy. The results for 3tptz show tha BSSE increases by 0.7 kcal-thaler n-
stacked pyridinyle moiety and reaches up to 2.5k for model system 3dt gives a nearly
constant contribution of 14% to the binding enesgmomputed with PWPB95-D3/def2-TZVP
independent of the number of stacked pyridinyleaties. In case of model systemstadlfthe basis
set superposition error adds +2.7 kcal-Thot 16% on average to the binding energy of the ehod
systems. We find the largest percental contributibBSSE to the total binding energy for the lower
dimer 1b (24%). The largest absolute BSSE of +6.3 kcal-misl found for the trimer of 2tptz
molecules. Compared to PWPB95-D3/def2-TZVPP thasbsat superposition error for the (meta)
GGA computations with quadruplebasis sets is below 5% and is neglected.

Frozen monomer approximation

Compared to the frozen monomer based binding exeengee find a contribution of 3% to 8% to

DFT-D
Eint

of the model systems of compounif the deformation energy of the monomers is ideld. It

is 1.7 kcal-mof on average computed with BLYP-D3/def2-QZVP. Thotigh resulting error of the
frozen monomer approximation is acceptable onativel scale, the absolute values can contribute up
to 3 kcal-mol* to the binding energy. The conformation of thexxed and complexated monomers
differs mainly in the rotational angles between plgedinyle moieties and the triazine ring (cf. &ig
13). Their barrier of rotation is small and relaaatvia reorientation of the pyridinyle moieties is
easily possible. The deformation energy ranges @ to -1.2 kcal-mot and is 0.8 kcal-mdi per
2tptz monomer on average computed with BLYP-D3/d@E2/P. In the case of the model systems of
melamine we find a similar picture. Computationsdzh on relaxed monomer geometries (BLYP-
D3/def2-QZVP//BLYP-D3/def2-TZVP) predict binding emjies that are on average 1.3 kcal-fol
above the energies computed from frozen monomemgges. Based on relaxed monomer
geometries of model systems &ad 2bwe find interaction energies of -14.0 and -21.8lkool™ with
BLYP-D3/def2-QZVP. The computed binding energieserby 1.0 and 1.4 kcal-mblcompared to
results based on frozen monomer geometries. Fantiiel systems of 3tptz the observed shift is only
+0.1 kcal-mot'. The deformation energy of the monomers can dseréiae binding energy of the
model systems by >1 kcal-mband highly accurate computations must accourthisrcontribution.
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(2) AE=—0.2 b) AE=—0.5 /‘_’K__l/

e Seales-—

(c) AB=—09 (d) AB=-1.2
(e) AE=-12 () AE=—0.7
(8) AB=-1.2

=

Figure 13. Overlay of 2tptz monomers with the Figure 14 m-stacked model system Hptimized
geometry of the complexated state (blue) and th: With BLYE-DB/defZ-TZVP. Top:  sideview,
fully relaxed structure (red). (a)/(b) Monomers ¢ Pottom: topview.

model system_la(c)/(d) Monomers of model

system_1b (e)-(g) Monomers of model system.1d

The fully relaxed geometry of the complex as well

as the monomers is obtained with BLYP-D3/def2-

TZVP. The relative energiedE = Ee/®ed_ grozen

between both of the monomers’ conformations are

calculated with BLYP-D3/def2-QzVP (all values

in kcal-mof?).
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Figure 15. Overlay of crystal structures taken from
crystallographic dat&** (blue) with fully relaxed
structures computed with PBE-D3 using periodic
boundary conditions (red). Top: 2t$tZ, bottom:
3tptz
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Listing 1. Fully relaxed XYZ

BLYP-D3/def2-TZVP.

#1A
0.0272
-0.4949
-3.6543
3.7526
-2.9275
-4.9841
-2.6875
0.8069
-2.2192
-3.0832
-1.8738
-0.3291
-2.6733
-1.7641
-4.6363
-5.3168
-5.7173
-7.2430
3.3699
5.2793
4.8950
7.7008
9.2399
8.1165
9.9767
6.0789
6.3352
-4.1336
-6.6146
-7.4781
-7.8811
-9.7951
-6.6373
-7.5424
-4.1649
-3.1271
3.8028
0.9448
-0.0755

1.8268
-2.6483
0.0884
-2.9491
-6.6846
4.9523
-2.2228
-0.5602
2.0487
4.6808
6.7584
6.4303
9.1932
10.8319
9.4860
11.3491
7.3064
7.4614
-0.8820
0.8778
2.4631
0.4449
1.7267
-1.6744
-2.0856
-3.2986
-4.9692
-4.4378
-4.1062
-2.2469
-6.1796
-5.9730
-8.5063
-10.1713
-8.6514
-10.4336
0.6361
-2.5845
1.7537

coordinates of compoundstbaddin atomic units. Based on optimization with

-3.4837
-3.2871
-1.5710
-6.5210
-0.9818
-0.0314
-2.0722
-3.9338
-2.3072
-1.7136
-2.8539
-4.1643
-2.2371
-3.0856
-0.4944
0.0524
0.5523
1.9337
-5.0736
-4.4997
-3.2509
-5.4547
-4.9847
-6.9726
-7.7510
-7.4587
-8.6429
-1.0669
-0.1668
-0.2463
0.8572
1.5826
0.9624
1.7634
0.0211
0.0896
1.5779
2.9558
3.5910

535 3 3 30 o0 T 0 D500 00 00 53550 053500 5T 0 >0 3> 0 S O 00 o0 o0 S 5 5 3 5 S

4.3432
-0.5775
3.1176
2.1204
2.6274
4.7594
6.1413
3.5305
3.9553
1.7579
0.7467
1.2854
-0.1030
-3.0664
-5.1331
-4.9289
-7.4521
-9.0980
-7.6289
-9.3999
-5.4621
-5.5317
4.7919
3.7117
1.6809
5.3000
45162
7.8879
9.1933
8.7829
10.7957

#1B
-0.7862
-2.2374
-5.0252
4.0185
-6.2919
-2.0871
-4.4940
-0.4265
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5.7001
-0.7373
-1.8027
2.3335
5.0876
8.1586
8.5869
10.1161
12.0807
9.4713
10.9279
6.9215
6.3228
-1.4584
0.2035
1.9752
-0.5450
0.6800
-2.8962
-3.5536
-4.4178
-6.2702
-3.7919
-6.0331
-6.3255
-7.7924
-9.5127
-7.2873
-8.6084
-5.0106
-4.5585

2.4364
-1.7899
1.6671
0.5900
-5.0579
7.4732
-0.8237
-0.0807

0.2148
3.8026
1.8688
2.4336
2.0016
-0.2321
-1.7039
1.0621
0.6223
29115
3.9552
3.3848
4.7727
4.9335
4.7226
3.7053
5.7334
5.5684
6.9242
7.7411
7.0320
7.9387
0.7685
-0.1705
-0.0830
-1.3300
-2.1423
-1.4617
-2.3489
-0.4405
-0.5045

-3.2560
-2.6266
-1.9234
-4.1733
-1.9931
-4.0025
-2.0028
-3.1851

n

>0 0 T30 3060 T30 00330 5T 0 3300 050 0050 0 0o 0 0 OO0 o0 o o
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7.2876
-3.2237
-2.5575
-1.2454
-4.5827
-4.8627
-6.2191
-7.8143
-5.7672
-6.9818
-6.5855
-8.7436
-8.8859
-10.6506
-12.3354
-10.3562
-11.7973
-8.1461
-7.8511
2.1644
2.6010
1.0520
5.0490
5.4492
6.9716
8.9154
6.3542
7.8169
3.4924
0.4245
4.7689
9.6792
-0.4590
-0.4326
1.1087
5.2524
2.3251
-0.9584
-3.3066
-3.6100
-5.1904
-7.0267
-4.6878
-6.1076
-2.3030
-1.8573

-3.2707
-3.7440
9.9611
11.1045
11.1015
13.1378
9.5548
10.3572
6.9579
5.6792
-2.6136
-1.7258
0.2637
-3.4386
-2.8063
-5.9733
-7.3751
-6.6753
-8.6362
-1.1002
-3.7241
-4.9957
-4.6156
-6.6306
-2.8776
-3.4847
-0.3003
1.1125
-3.2088
0.0877
1.0698
-0.5732
-6.6841
5.2805
-2.3635
-1.4169
1.7293
-4.2483
-3.4451
-1.4516
-5.2439
-4.6802
-7.7674
-9.2315
-8.3790
-10.3281

0.6305
6.0562
-4.0520
-5.1617
-2.7813
-2.8823
-1.3985
-0.3753
-1.3423
-0.2928
-1.3289
-0.0499
0.4345
0.5705
1.5696
-0.1140
0.3240
-1.3952
-1.9662
-3.6969
-3.5928
-3.1513
-4.0078
-3.9028
-4.5051
-4.7969
-4.5613
-4.9036
2.6796
2.7792
2.0750
1.2764
2.7539
3.3064
2.9109
2.2414
2.3723
3.3269
4.2846
4.6730
4.6947
5.4293
4.1047
4.3727
3.1264
2.6149

>0 0 T 0 0 0 o0 0O 0O 5SS 53 35 505 500 00 0 000 D00 >SS o0 0TS oO o000 o0 o0 oo 0 o o0 > o oS o

-3.1176
-3.6698
4.9868
2.6869
3.8693
0.4974
-0.0759
-0.9903
-2.7232
7.9147
8.4754
6.9730
10.9492
11.4350
12.7826
14.7353
12.0452
13.4263
#1C

1.4815
3.1537
5.3764
-1.0071
6.6994
5.2867
5.0916
1.4010
3.5090
3.6467
2.0853
0.7798
2.2290
1.0180
3.9114
4.0677
5.3895
6.7160
-0.8029
-2.5581
-2.3407
-4.5755
-5.9736
-4.7870
-6.3403
-2.9577
-3.0746
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3.2109
5.9901
5.3188
8.6437
9.9340
9.5024
11.4752
7.7469
8.3492
-2.3162
-4.9090
-6.2252
-5.7146
-7.7088
-3.9201
-4.4619
-1.3793
0.0775

0.3799
-3.8054
-0.4644
-5.3946
-7.1873
4.4408
-2.9006
-2.0872
1.0997
3.8229
5.6184
5.0160
8.1368
9.5566
8.7855
10.7215
6.8681
7.3040
-2.9089
-1.1102
0.8624
-1.9158
-0.5649
-4.4839
-5.2038
-6.1370
-8.1619

-2.6184
-2.6636
-0.1059
0.6268
-0.4545
1.8289
1.7323
3.1380
4.0816
1.8727
2.0930
2.5683
1.6613
1.8122
1.0268
0.6686
0.8689
0.3875

2.2878
2.2909
0.2138
5.0616
0.3949
-1.6899
0.9169
2.9434
0.9271
0.1641
1.3526
2.8169
0.5912
1.4563
-1.3365
-2.0145
-2.4093
-3.9293
45251
5.4026
4.8832
6.8974
7.5673
7.4651
8.6053
6.4922
6.8766

OO0 0 >ToOoO OO0 0O oo -0 o DT o oS oo
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1.7066
3.3196
9.5795
11.2120
12.9610
10.7837
121777
8.4959
8.0892
-3.2436
-1.6675
-5.2734
-8.8613
0.8868
-2.5096
-1.5508
-5.0691
-3.5548
0.6637
2.4639
2.2107
4.5829
6.0318
4.8303
6.4685
2.9267
3.0726
-3.7601
-5.1946
-6.1994
-5.2891
-6.3664
-3.9843
-4.0086
-2.6460
-1.6247
-6.9644
-6.7021
-5.1151
-8.4809
-8.3141
-10.4558
-11.8863
-10.5528
-12.0653
#1D

44771
6.0915
-1.7160
-5.4470
-4.7672
-8.0347
-9.4331
-8.7976
-10.8024
-1.5474
2.4584
2.2247
-0.7075
-3.8586
7.6283
-0.0879
-0.3082
3.5129
-1.3300
0.1385
2.1691
-1.0636
0.0318
-3.6739
-4.6850
-4.9813
-7.0162
6.3390
7.5415
6.4013
10.1779
11.1609
11.5258
13.5828
10.1568
11.1437
-1.9047
-4.5535
-5.4077
-6.0045
-8.0547
-4.7799
-5.8355
-2.1339
-1.1121

2.1698
0.8069
-1.2544
-1.7981
-2.6442
-1.4748
-2.0545
-0.3750
-0.0991
-1.8132
-3.1266
-0.4268
2.0446
-3.9792
-3.5805
-3.0208
-0.5476
-1.7990
-4.2649
-5.5591
-5.6959
-6.5699
-7.5347
-6.2722
-6.9973
-4.9677
-4.6671
-1.7702
0.1223
1.5037
0.1593
1.6115
-1.7027
-1.7515
-3.5348
-5.0326
0.8264
0.8203
-0.1622
2.1168
2.1596
3.3726
4.4088
3.2774
4.2417
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7.1230
9.3551
6.6263
0.8427
4.5262
8.3590
5.4696
3.2738
5.9954
7.0574
6.5956
5.5026
7.5121
7.1638
8.8531
9.5931
9.2209
10.2526
1.2203
-0.3021
0.0146
-2.3053
-3.5574
-2.7017
-4.2467
-1.0723
-1.3296
6.0087
7.9402
9.0561
8.3289
9.7923
6.7883
7.0089
4.9238
3.6825
-0.8550
0.5878
2.0485
-4.0980
3.0347
0.0440
2.0040
-0.8119
0.5910
0.6669
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-4.6929
-3.7431
-0.3058
-0.8441
-6.7391
3.8464
-2.2330
0.4479
2.0199
4.2686
6.7169
6.9455
8.7893
10.7016
8.3638
9.9222
5.8602
5.4554
0.9225
3.0880
4.3916
3.4203
5.0423
1.6191
1.7999
-0.4693
-1.9152
-4.8307
-5.1831
-3.5736
-7.5945
-7.9135
-9.5738
-11.4830
-9.0408
-10.5400
1.6535
-2.2464
1.6529
-1.0574
-4.6438
6.8446
-0.8954
-0.8922
2.8283
5.6549

0.0788
-1.0200
1.7492
9.1808
2.7912
-0.9707
2.9638
5.4989
2.5441
1.1846
2.1195
3.8402
0.7733
1.4466
-1.4619
-2.5831
-2.2434
-3.9848
7.3787
7.1105
5.5548
8.7934
8.6009
10.6820
12.0298
10.7950
12.2450
1.9738
0.1765
-0.4342
-0.8153
-2.2255
0.0103
-0.7247
1.8161
2.5032
1.0670
-0.6824
-2.3845
4.1726
-4.7251
1.5117
-2.2909
0.9685
-0.6584
-0.6557
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4.3473
3.7981
0.8717
0.9202
1.4958
2.0450
1.4050
1.8915
3.7254
5.9834
6.4929
7.5754
9.3569
6.8570
8.0375
4.5723
3.9501
-2.3443
-1.9067
-0.4253
-3.3627
-3.0580
-5.2004
-6.3935
-5.4887
-6.9138
-5.5837
-4.4359
-7.3113
-10.0158
-2.7853
-5.6498
-4.3422
-7.0253
-5.9485
-2.6537
-0.9726
-0.9562
0.6749
2.0300
0.5699
1.8315
-1.2094
-1.3607
-6.0746
-6.5720

2.4970

-1.9599
10.8387
12.8911
9.5960

10.6585
6.9636

5.9069

-2.2872
-1.1409
0.7229

-2.5060
-1.6917
-4.9363
-6.0640
-5.9118
-7.8038
-2.3467
-4.9476
-5.8705
-6.2588
-8.2703
-4.9465
-5.8967
-2.3500
-1.2675
-3.0140
1.3324

-0.0332
-3.9284
-3.9857
6.3216

-1.0868
-2.3925
1.7564

-1.6500
0.2111

2.0604

-0.3999
0.9863

-2.8241
-3.3931
-4.5299
-6.4337
4.3656

4.6725

4.4236
4.8611
-0.5426
-0.4045
-2.7886
-4.4629
-2.8486
-4.5386
-4.0453
-4.8573
-4.1624
-6.4573
-7.0904
-7.2058
-8.4590
-6.2855
-6.8248
2.8363
3.1591
2.0844
4.9243
5.2291
6.2871
7.6673
5.8388
6.8627
-3.6731
-3.9650
-0.7691
1.4870
-7.9898
-2.4682
-4.7685
-1.6681
-1.9620
-6.9714
-7.8593
-6.9721
-9.8256
-10.5152
-10.8657
-12.3881
-9.8921
-10.6759
-0.8860
1.7083
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0.1616
-0.3424
-7.0349
-6.3078
-6.3848
-5.7861
-5.4466
-8.3096
-7.6643
-6.2808
-8.8180
-8.3429
-10.5839
-11.5327
-11.1183
-12.4971
#1E
4.2483
0.9630
5.2722
0.4514
-0.5151
9.3419
2.7726
1.7981
5.9115
8.6804
11.8041
12.2701
13.7244
15.6956
13.0317
14.4566
10.4733
9.8474
1.9668
3.7427
5.7217
2.9086
4.2449
0.3380
-0.3945
-1.2934
-3.3128
-0.1804
-2.5819

196

9.3738
10.2772
7.4242
9.1614
11.1032
8.6593
10.2084
-4.5242
-7.0379
-7.3992
-8.9936
-10.9545
-8.3892
-9.8523
-5.8322
-5.2879

-2.6175
0.4781
1.7682
-6.1557
5.4653
-3.7259
2.2519
-1.9326
-0.7023
-1.3183
-4.3109
-6.2725
-2.5689
-3.1587
-0.0778
1.3397
0.5675
2.4809
4.9661
6.8854
6.3950
9.3838
10.9024
9.8986
11.8171
7.8709
8.1811
-3.9493
-3.4822

1.5448
3.3299
4.6874
1.0504
1.7279
-1.4963
-2.8164
-0.3138
-0.9081
-2.3816
0.4324
0.0262
2.3028
3.3959
2.7413
4.1782

-0.4429
-0.2619
-0.1571
-1.6230
-0.3218
-0.8030
-0.1504
-0.4094
-0.3049
-0.2813
-0.7751
-1.2167
-0.2213
-0.2173
0.3184
0.7614
0.2818
0.6820
0.0058
0.4870
0.7210
0.6526
1.0311
0.3268
0.4426
-0.1639
-0.4459
-0.5068
0.5334
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-6.7770
-6.6818
-6.2910
-3.7819
-5.1517
-1.3330
-0.7818
-10.2619
-8.4622
-6.7360
-11.7920
-11.9849
-13.3131
-5.0022
-3.4329
-4.8433
-8.6094
-7.1152
-9.6573
-6.7806
-10.1247
-8.5248
#1F
0.7241
-2.6042
1.6883
-2.8975
-4.0357
5.8316
-0.8206
-1.7304
2.3563
5.1256
8.3090
8.8177
10.1887
12.1707
9.4471
10.8440
6.8776
6.2076
-1.6416
0.0483
1.9375
-0.7842
0.4700

3.0106
7.1181
-5.0671
-7.6615
-9.1879
-7.9494
-9.7058
-1.5970
-0.2946
1.2874
-3.1353
-2.8534
-3.7529
2.3924
3.0791
1.9673
0.0758
0.8776
-1.2189
1.0920
-1.5899
-0.0870

-2.8163
0.2408
1.5906
-6.4044
5.2742
-3.6392
2.0482
-2.1512
-0.8664
-1.4415
-4.1629
-5.9354
-2.5773
-3.1139
-0.3057
0.9836
0.2864
2.0422
4.7529
6.6193
6.0788
9.1181
10.6019

2.8943
2.6829
1.1774
-0.7700
-0.9371
-1.7471
-2.6805
1.6985
-2.2764
1.6316
-2.1083
-3.9915
-1.1250
-2.2370
-1.3261
-4.0965
5.3954
6.2800
6.3349
-0.9243
-0.8545
2.8104

1.9581
1.9098
1.9740
0.5698
2.5930
0.7899
1.9614
1.8591
1.9577
1.8812
0.6800
-0.2450
1.6632
1.5364
2.7900
3.5786
2.8845
3.7127
1.8805
1.0221
0.4278
0.8991
0.2199
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-2.9955
-4.4118
-4.7959
-6.7343
-3.6635
-6.1747
-6.6885
-7.9451
-9.8994
-7.1641
-8.4805
-4.6275
-3.9562
-0.6743
-1.7599
2.6105

-4.8569
-6.0392
-5.2700
1.4652

3.2057

0.1105

3.5596

5.3411

2.9729

0.7520

-2.3381
1.7631

#2A

-1.9640
-2.7205
-3.0230
-2.5578
-1.8608
-1.5473
-3.1603
-4.1736
-4.4852
-5.2771
-3.8209
-4.0796
-2.7725
-2.1355
-2.4378
-1.5719
-2.7737

197

-1.6709
-5.3796
7.6900
8.0566
-4.1972
-3.7576
-1.9284
-5.6917
-5.4137
-7.9814
-9.5374
-8.2321
-9.9791
2.7058
-1.6781
-0.4265
1.4032
0.0947
3.2402
-4.5987
-4.7535
-5.6525
3.8242
3.2526
5.4961
-2.1702
0.7826
1.9502

4.5321
2.0943
0.7022
1.9309
4.3754
5.5824
0.8718
-1.4730
-2.6151
-4.5193
-1.5113
-2.5529
0.9122
1.8093
2.1336
3.9901
0.4841

1.4038
0.4010
2.4815
3.0885
1.5994
2.3517
3.1320
2.0560
2.6387
0.9939
0.7155
0.2726
-0.5950 h
-4.5082
-3.9583
-4.1636
-4.2728
-3.5238
-3.9192
-3.3735
-2.5549
-2.4872
-4.6594

-5.0672
-5.3850
-3.8679
-4.2496
-4.4772

-2.5280
-2.5507
-4.6657
-6.8336
-7.0232
-4.7943
-0.0395
-0.0387
2.1972
2.1371
45165
6.2721
4.5033
6.2405
2.1881
2.0738
-9.2596
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-3.2564
-3.9858
-1.6407
-3.1404
-3.2610
-3.8527
-4.5530
-3.6460
-4.1512
-0.6315
0.2428
1.0902
1.8013
1.1009
1.8067
0.1929
0.1665
-0.6778
-1.3784
1.9640
2.7205
3.0230
2.5578
1.8608
1.5473
3.1603
4.1736
4.4852
5.2771
3.8209
4.0796
2.7725
2.1355
2.4378
1.5719
2.7737
2.0739
2.2480
1.6407
3.1404
3.2610
3.8527
4.5530
3.6460
4.1512
0.6315

9.6779
11.6009
-5.2567
-2.2674
-3.4385
0.2772
1.1476
1.6878
3.6780
8.2628
9.2809
11.6668
12.4246
13.1605
15.0922
12.0979
13.1865
9.6075
8.6911
-4.5321
-2.0943
-0.7022
-1.9309
-4.3754
-5.5824
-0.8718
1.4730
2.6151
4.5193
1.5113
2.5529
-0.9122
-1.8093
-2.1336
-3.9901
-0.4841
1.9677
3.2872
5.2567
2.2674
3.4385
-0.2772
-1.1476
-1.6878
-3.6780
-8.2628

1.6467
1.5821
-11.2723
-13.6433
-15.3305
-13.6832
-15.4116
-11.4629
-11.4042
-4.8985
-2.7284
-2.7985
-1.0155
-4.9878
-4.9266
-7.2295
-8.9760
-7.1948
-8.8928
2.5280
2.5507
4.6657
6.8336
7.0232
4.7943
0.0395
0.0387
-2.1972
-2.1371
-4.5165
-6.2721
-4.5033
-6.2405
-2.1881
-2.0738
9.2596
9.2086
11.3677
11.2723
13.6433
15.3305
13.6832
15.4116
11.4629
11.4042
4.8985
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-2.0739
-2.2480
-1.8013
-1.1009
-1.8067
-0.1929
-0.1665
0.6778
1.3784
#2B

-4.2714
-5.8949
-5.5638
-3.3395
-1.5699
-2.1431
-8.2173
-9.2843
-11.3593
-12.1670
-12.4793
-14.1772
-11.3540
-12.1564
-9.1757
-8.2060
-2.7153
-4.6645
-4.1164
-5.7318
-1.6451
-1.3186
0.3617
2.3121
-0.1729
1.3310
-0.2337
-0.9761
0.7687
0.1136
3.3131
4.6633
4.0662
6.0314
2.2502
2.7443
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-1.9677
-3.2872
-12.4246
-13.1605
-15.0922
-12.0979
-13.1865
-9.6075
-8.6911

-2.1124
-0.2692
2.2132
2.8227
1.1371
-1.3161
-1.1024
0.5662
-0.1742
1.2062
-2.5575
-3.0416
-4.2800
-6.1552
-3.5548
-4.8303
5.5606
7.2054
9.6647
10.9470
10.6117
12.6352
8.8978
9.5473
6.3257
4.9355
-3.2429
-5.6877
-7.4344
-9.3911
-6.8713
-8.3846
-4.3420
-3.8034
-2.4929
-0.5018

-9.2086
-11.3677
1.0155 h
4.9878 ¢
4.9266 h
7.2295
8.9760
7.1948
8.8928

1.4178
0.7329
1.1551
2.2341
2.9525
2.5600
-0.6565
-2.2671
-3.5225
-4.8265
-3.2349
-4.2911
-1.5768
-1.3028
-0.2769
1.0082
2.5794
2.6575
2.9118
2.9934
3.0642
3.2477
2.9669
3.0473
2.7376
2.6139
3.3571
3.3826
3.9413
3.9553
4.4293
4.7725
4.4218
4.6938
3.9294
3.8901
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-0.2428
-1.0902
5.5638
3.3395
1.5699
2.1431
8.2173
9.2843
11.3593
12.1670
12.4793
14.1772
11.3540
12.1564
9.1757
8.2060
2.7153
4.6645
4.1164
5.7318
1.6451
1.3186
-0.3617
-2.3121
0.1729
-1.3310
0.2337
0.9761
-0.7687
-0.1136
-3.3131
-4.6633
-4.0662
-6.0314
-2.2502
-2.7443
#3A
4.7984
4.7769
0.9440
4.7250
0.9361
3.4085
3.4169
-2.9485
-6.8453

-9.2809
-11.6668
-2.2132
-2.8227
-1.1371
1.3161
1.1024
-0.5662
0.1742
-1.2062
2.5575
3.0416
4.2800
6.1552
3.5548
4.8303
-5.5606
-7.2054
-9.6647
-10.9470
-10.6117
-12.6352
-8.8978
-9.5473
-6.3257
-4.9355
3.2429
5.6877
7.4344
9.3911
6.8713
8.3846
4.3420
3.8034
2.4929
0.5018

-4.4796
4.6928
-2.1533
0.1052
2.3524
2.2640
-2.0559
0.0964
-2.0651

2.7284
2.7985
-1.1551
-2.2341
-2.9525
-2.5600
0.6565
2.2671
3.5225
4.8265
3.2349
4.2911
1.5768
1.3028
0.2769
-1.0082
-2.5794
-2.6575
-2.9118
-2.9934
-3.0642
-3.2477
-2.9669
-3.0473
-2.7376
-2.6139
-3.3571
-3.3826
-3.9413
-3.9553
-4.4293
-4.7725
-4.4218
-4.6938
-3.9294
-3.8901

-2.1394
-2.1234
-3.0539
-2.1102
-3.0424
-2.4398
-2.4492
-3.9797
-4.9333
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4.2714
5.8949
4.7174
-7.9990
-10.0065
3.5679
1.5662
3.5357
1.5365
-4.2845
-3.3113
4.6747
-4.2974
-3.3273
7.3549
8.3685
-0.2223
7.3789
8.3849
8.5887
10.5840
8.5530
10.5463
7.1415
8.0232
7.1868
8.0780
0.1367
0.0568
-3.7416
0.0682
-3.7830
-1.2859
-1.2469
-7.6711
-11.5767
-12.6744
-11.4858
0.0694
-12.7280
-14.7365
-1.0660
-3.0324
-1.1802
-3.1450
-9.0113
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2.1124
0.2692
-9.0685
0.3059
0.4566
-6.8233
-6.8643
7.0308
7.0634
-2.1754
-3.9702
9.2803
2.3817
4.1732
4.7437
2.9768
0.0988
-4.5195
-2.7484
-6.8417
-6.9446
7.0710
7.1827
9.2800
11.1336
-9.0571
-10.9064
-4.4910
4.6893
-2.1865
0.0993
2.3165
2.2492
-2.0725
0.0167
-2.2176
-3.9531

2.3447
-9.0796
0.1274
0.2378
-6.8277
-6.8512
7.0071
7.0029
-2.2744

-1.4178
-0.7329
-2.1976
-5.1667
-5.6119
-2.4613
-2.9307
-2.4500
-2.9319
-4.3295
-4.1086
-2.1795
-4.2501
-3.9667
-1.4789
-1.2153
-3.3284
-1.5034
-1.2383
-1.2187
-0.7274
-1.1875
-0.6905
-1.5576
-1.3478
-1.5859
-1.3795
3.2099
3.1967
2.3910
3.1367
2.3810
2.8847
2.8939
1.5481
0.8174
0.6946
0.5024
3.0186
0.3846
-0.0757
2.7575
2.1531
2.7355
2.1247
1.4083
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-7.9430
-6.7626
-9.0142
-8.0291
2.5990
3.6175
-4.9307
2.6812
3.6754
3.8770
5.8483
3.7613
5.7298
2.3578
3.2210
2.5042
3.3938
#AA
-2.7512
-3.5785
-3.6101
-2.1059
-3.6996
-3.7698
-3.9128
-3.0636
-3.0341
-1.3415
-1.3199
-4.0008
-4.5512
-4.6244
-4.0812
4.1416
3.0221
3.0120
4.7970
2.6610
2.6386
2.6016
3.7897
3.7993
5.5256
5.5245
2.4772
1.5156

-3.7829
2.5043
2.2706
4.0745
4.7813
3.0320
0.0547
-4.5452
-2.7812
-6.8744
-6.9887
7.1267
7.2698
9.3122
11.1759
-9.0810
-10.9317

0.8236
-2.9375
0.6286
2.1978
-5.5376
1.8013
-1.9018
2.1087
-1.6974
3.9228
1.2005
-6.2676
-6.4206
0.7989
3.6918
1.7706
-1.9525
1.6292
3.1528
-4.5093
2.8222
-0.8849
3.0768
-0.7314
4.8945
2.1601
-5.1856
-5.2908

-5.2033
-4.8307
1.0688
1.1284
3.9673
4.3161
2.1369
3.9747
4.3199
4.2583
4.8325
4.2495
4.8267
3.7400
3.9192
3.7580
3.9417

-1.2610
0.5879
2.9197
-3.3559
0.4439
5.2419
2.8922
0.9251
-1.5641
-3.0147
-4.7924
-1.3023
1.9162
6.6336
5.2096
-2.6945
-0.9176
1.4257
-4.8032
-1.1032
3.6932
1.3578
-0.5359
-3.0280
-4.4775
-6.2715
-2.8861
0.2235

>0 >0 T30 T 0 O o0 0O S o0 o o S5 o5

o OO O3 33530353 535 OO0 0O 6O oSS o0 oo o oS 5 oSS oSS S5O oo

-8.0292
-0.0746
#4B
6.0052
6.2057
2.3812
7.2031
7.6121
-0.1710
3.6748
3.4548
7.4998
6.1911
9.0702
9.4881
6.7185
-0.9493
-1.2884
-6.2107
-2.3836
-5.9916
-7.6325
0.1638
-7.1739
-3.4455
-7.4929
-3.6845
-9.4835
-6.7338
0.9351
1.2898
-6.1889
-9.0633
#4C
-2.8645
-2.5680
-5.3522
-1.9978
-1.4564
-7.2476
-4.3830
-4.6463
-1.7704
-3.1444
-0.9907
0.2377

200

-4.0449
9.2743

1.0783
5.3444
3.4012
-1.2276
7.5129
3.5307
5.6099
1.0627
3.1380
-2.7588
-1.2194
7.3770
9.1687
5.2752
1.9317
-5.3399
-3.4133
-1.0748
-7.4996
-3.5517
1.2340
-1.0710
-3.1280
-5.6165
-7.3503
-9.1638
-5.2983
-1.9592
2.7699
1.2376

-2.7409
1.4778
-0.8270
-4.9140
3.7476
-0.9553
1.4766
-3.0295
-0.5585
-6.4451
-4.6691
3.6382

1.7533
2.9948

0.0354
0.0466
0.0451
0.0971
-0.0211
0.0420
0.0586
0.0389
0.0362
-0.4426
-0.3272
0.3207
0.3192
-0.0325
-0.0054
-0.0946
0.1109
-0.1092
-0.0935
0.2709
-0.2610
0.0358
-0.1786
0.0428
-0.5492
-0.3745
0.3629
0.2644
0.3132
0.0487

-2.0872
-1.4681
0.8118

-3.2324
-2.0262
2.5660

0.3241

-0.2839
-2.7948
-3.1326
-4.8437
-2.9184

S5
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1.4980
2.4406
-7.5625
2.8645
2.5680
5.3522
1.9978
1.4564
7.2476
4.3830
4.6463
1.7704
3.1444
0.9907
-0.2377
1.5773
7.7693
7.5625
#4D
-8.1333
-3.8768
-5.5814
-10.5140
-1.8329
-5.2824
-3.4589
-7.9720
-6.1839
-11.9844
-10.6978
-2.1598
-0.0130
-6.8410
-3.5961
8.1333
3.8768
5.5814
10.5140
1.8329
5.2824
3.4589
7.9720
6.1839
11.9844
10.6978
2.1598

1.9115
4.7253
0.5831
2.7409
-1.4778
0.8270
4.9140
-3.7476
0.9553
-1.4766
3.0295
0.5585
6.4451
4.6691
-3.6382
-5.0817
2.6797
-0.5831

-0.9698
-1.4977
2.4549
-1.9778
-3.0309
5.0358
1.0412
1.5835
-2.6051
-0.8154
-3.8531
-4.9141
-2.3328
6.0772
5.7409
0.9698
1.4977
-2.4549
1.9778
3.0309
-5.0358
-1.0412
-1.5835
2.6051
0.8154
3.8531
49141

4.9387
3.5988
3.6567
2.0872
1.4681
-0.8118
3.2324
2.0262
-2.5660
-0.3241
0.2839
2.7948
3.1326
4.8437
2.9184
0.6530
-3.2057
-3.6567

0.1096
0.1783
0.1265
0.1416
0.2399
0.0519
0.1610
0.0995
0.1468
-0.2361
-0.1830
0.2607
0.1696
0.4425
0.6174
-0.1096
-0.1783
-0.1265
-0.1416
-0.2399
-0.0519
-0.1610
-0.0995
-0.1468
0.2361
0.1830
-0.2607

> OO 0 0O 5 33 O3 OO0 5S o050 O o - o5 T

O > > 3 ;3 O3; O 5 00 60O T O 0 5T 0O O 53 5D S 5SS O o o

-1.5773
-7.7693
0.0130
6.8410
3.5961

201

5.0817
-2.6797
2.3328
-6.0772
-5.7409

-0.6530
3.2057

-0.1696
-0.4425
-0.6174
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Listing 2. XYZ coordinates of compounds i@4din atomic units. Based on optimization with BLYRB/0ef2-
TZVP and fixed positions of heavy atoms.

#1A 1.4395 -1.4790 2.9603 c
-1.2242 1.3395 -2.9594 n 5.4936 -1.1874 1.7076 c
-3.0998 -2.6966 -2.5038 n 3.1980 2.3310 2.3280 c
-5.4665 1.0190 -1.6226 n 2.9626 5.1302 2.3041 c
1.4137 -4.8847 -3.7522 n 4.6570 8.9039 1.1478 c
-7.4982 -5.4089 -2.0124 n 6.1985 9.8942 0.1911 h
-5.7233 6.1886 -1.3211 n 2.7271 10.2271 2.2243 c
-5.2084 -1.4838 -1.8161 c 2.7158 12.2857 2.1551 h
-1.1553 -1.1771 -3.0358 c 0.8305 8.9178 3.3695 c
-3.4168 2.3425 -2.2352 c -0.7609 9.9037 4.2283 h
-3.5543 5.1589 -2.1533 c 0.9166 6.3317 3.3946 c
-1.5311 6.6003 -2.9422 c -0.5767 5.2166 4.2573 h
0.1939 5.6774 -3.5631 h -0.8355 -3.0058 3.6790 c
-1.7453 9.1870 -2.9223 c -2.9476 -1.8005 4.6323 c
-0.1641 10.3539 -3.5368 h -2.9618 0.2427 4.8201 h
-3.9371 10.2599 -2.0999 c -5.0185 -3.2335 5.2954 c
-4.1838 12.3041 -2.0555 h -6.7100 -2.3144 6.0274 h
-5.8666 8.6945 -1.3135 c -4.9228 -5.7727 5.0034 c
-7.6446 9.4957 -0.6297 h -6.5208 -6.9772 5.4883 h
1.2963 -2.3519 -3.7586 c -2.7457 -6.8257 4.0427 c
3.3437 -0.8368 -4.3780 c -2.6174 -8.8672 3.7585 h
3.1682 1.2059 -4.3052 h 7.8815 -2.4681 0.9712 c
5.6066 -1.9721 -5.0142 c 8.0366 -5.0651 1.0395 c
7.2572 -0.8237 -5.4482 h 6.4190 -6.1574 1.6787 h
5.7291 -4.5676 -5.0553 c 10.2256 -6.2144 0.2334 c
7.4765 -5.5419 -5.5398 h 10.3716 -8.2694 0.2460 h
3.6079 -5.9270 -4.4107 c 12.1700 -4.7596 -0.5971 c
3.6588 -7.9922 -4.3941 h 13.9313 -5.5940 -1.2645 h
-7.4698 -3.0412 -1.1828 c 11.8972 -2.1818 -0.5319 c
-9.4080 -2.0086 0.2051 c 13.4396 -0.9489 -1.1391 h
-9.2996 -0.0441 0.7969 h #1B

-11.4694 -3.4963 0.7851 c -0.3718 1.5265 -3.3001 n
-13.0278 -2.7140 1.8825 h -2.0038 -2.6228 -2.7646 n
-11.5078 -5.9332 -0.0187 c -4.6556 0.9145 -2.1730 n
-13.0904 -7.1825 0.4028 h 4.2051 -0.5094 -4.5570 n
-9.5070 -6.7961 -1.3965 c -6.1307 -5.7088 -1.9860 n
-9.4899 -8.7404 -2.0981 h -1.2580 6.5422 -3.7570 n
5.4184 1.3335 1.6606 n -4.2202 -1.5526 -2.2322 c
3.5553 -2.6955 2.3405 n -0.1379 -0.9851 -3.2827 c
1.1642 1.0115 3.0001 n -2.6806 2.3706 -2.7282 c
9.7911 -1.0070 0.2205 n -3.0931 5.1494 -2.7267 c
-0.7157 -5.5009 3.3645 n -1.5901 9.0409 -3.7496 c
4.8298 6.3892 1.1651 n -0.0670 10.1418 -4.6091 h

202
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-3.6497
-3.7838
-5.5110
-7.1877
-5.2611
-6.6989
-6.4246
-8.6523
-8.7879
-10.6566
-12.4298
-10.3851
-11.9173
-8.1019
-7.8231
2.3592
2.6765
1.1237
4.9704
5.2533
6.8552
8.7011
6.4154
7.9090
3.1418
0.2480
4.4477
9.1652
-0.7106
-0.8396
0.8639
4.8572
2.1010
-1.1579
-3.4225
-3.6909
-5.2718
-7.0595
-4.8461
-6.2736
-2.5616
-2.1724
1.5289
3.3988
5.2884
2.8041

10.2218
12.2771
8.7769

9.6494

6.2013

4.9804

-3.2316
-2.1778
-0.1442
-3.7494
-2.9531
-6.2724
-7.5867
-7.1700
-9.1979
-2.1003
-4.6830
-5.8845
-5.6784
-7.7190
-4.0904
-4.7976
-1.5364
-0.1972
-2.4425
0.8646

1.8363

0.2139

-5.8471
5.8965

-1.5692
-0.6510
2.4862

-3.4395
-2.6480
-0.6573
-4.4143
-3.8394
-6.8793
-8.3316
-7.4992
-9.4476
5.2395

6.9909

6.3485

9.5238

-2.7506
-2.7853
-1.7161
-0.8954
-1.7210
-0.9095
-1.6448
-0.7794
-0.5419
-0.2365
0.4480
-0.5569
-0.1478
-1.4246
-1.7071
-3.9192
-3.8777
-3.2770
-4.5917
-4.5756
-5.3076
-5.8845
-5.2218
-5.7106
2.5816
3.4122
2.2053
0.8644
3.1459
3.5866
3.2221
2.0955
2.8711
3.7574
4.8194
5.2492
5.2976
6.1426
4.6432
4.9454
3.5699
3.0056
2.9998
2.5299
2.0451
2.6835

O o0 0O 0 O o0 o o0 oS o o0 oo 60 5 55 O 335D )OS OO0 0 o0 o0 o000 0T o0 o0 o0 o0 o0 o0 o060 o0 o0 o0 o0 oSco

4.2511
0.3893
-0.1685
-1.3415
-3.2981
7.4283
7.9313
6.4342
10.3241
10.7576
12.1149
14.0307
11.4626
12.8561
#1C

5.5918
7.1595
9.1315
3.3070
11.1048
9.3287
8.9262
5.5250
7.4229
7.5558
5.9329
4.5229
6.1564
4.9008
7.9545
8.1950
9.4886
10.9398
3.4476
1.7455
1.9363
-0.1829
-1.5556
-0.3130
-1.7902
1.4517
1.3817
10.8245
12.1928
11.9144
13.9216

203

10.9448
10.2059
12.1853
8.3462
8.8403
-1.5572
-4.1098
-5.4487
-4.8988
-6.9100
-3.1277
-3.6644
-0.6245
0.8403

1.3414
-2.7150
0.9749
-4.8538
-5.4760
6.1416
-1.5251
-1.1744
2.3206
5.1353
6.5984
5.6903
9.1825
10.3702
10.2318
12.2729
8.6458
9.4276
-2.3224
-0.7852
1.2551
-1.8958
-0.7330
-4.4898
-5.4490
-5.8721
-7.9369
-3.1070
-2.0945
-0.1285
-3.6046

2.3232
3.2490
3.3636
3.6839
4.1337
1.3915
1.2868
1.7136
0.6156
0.5164
0.0858
-0.4489 h
0.2199
-0.2066

3.8913
2.8407
1.2038
5.5429
0.9026
0.8200
1.4794
3.9929
2.4679
2.3372
3.7580
4.9422
3.6604
4.7818
2.1447
2.0152
0.7580
-0.4881
5.5027
6.7720
6.6583
8.1366
9.1381
8.2233
9.2904
6.9051
6.9230
0.1251
-1.8375
-2.3662
-3.0745
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15.0258
14.2018
15.5332
12.7730
12.9708
-7.5392
-5.3276
-8.7850
-12.5574
-4.0522
-4.6068
-5.7188
-9.0140
-6.9011
-3.9765
-2.3260
-2.3303
-0.7257
0.5672
-0.7625
0.4942
-2.4345
-2.5032
-6.5406
-8.1625
-9.7074
-7.7813
-9.0472
-5.7976
-5.4182
-4.2860
-2.6837
-11.0793
-11.3939
-10.1239
-13.3122
-13.5921
-14.8390
-16.3799
-14.3958
-15.5834
#1D
5.7021
7.2698
9.2418
3.4173

-2.8384
-6.0428
-7.3105
-6.8849
-8.8303
-2.6442
0.8231
1.5537
-0.3352
-5.8320
5.9074
-1.6424
-0.9531
2.3364
-3.3952
-2.4696
-0.4624
-4.1285
-3.4490
-6.6221
-7.9957
-7.3776
-9.3549
5.1177
6.7607
6.0148
9.3234
10.6613
10.1404
12.1484
8.3814
8.9845
-2.0041
-4.5810
-5.8350
-5.5050
-7.5374
-3.8390
-4.4837
-1.3032
0.0789

1.3608
-2.6956
0.9943
-4.8344

-4.6360
-2.3244
-3.2535
-0.3506
0.3195

-2.4508
-4.2081
-1.4602
1.5206

-4.5554
-4.6125
-3.8807
-1.2873
-2.9472
-5.2089
-7.0259
-7.4636
-8.2322
-9.6844
-7.5492
-8.4290
-5.7084
-5.1139
-3.1904
-1.9845
-0.8541
-2.2668
-1.3441
-3.6860
-3.9448
-4.8103
-5.9704
0.3117

0.5134

-0.5037
2.0183

2.2015

3.2501

4.4556

2.9628

3.9365

3.7776
2.7269
1.0901
5.4291

50 OO0 D0 T 0 0 T 0 T 0 o 6060 O 0 0O o o0 o o0 o o0 o0 o0 o0 o0 o060 5 5SS 5 O35 ;355 5 53D00 >0 0 -S5

53 5 S S

11.2151
9.4390
9.0365
5.6353
7.5332
7.6661
6.0432
4.6166
6.2667
4.9969
8.0648
8.3037
9.5989
11.0509
3.5579
1.8558
2.0168
-0.0726
-1.4713
-0.2027
-1.6982
1.5620
1.4837
10.9348
12.3031
12.0225
14.0319
15.1390
14.3120
15.6468
12.8833
13.0824
-2.1086
-0.6282
1.4414
-5.7656
3.0166
-1.3318
1.1683
-2.2230
-0.2322
0.0284

-1.1355
-2.2610
0.3331
0.3849

204

-5.4566
6.1610
-1.5057
-1.1550
2.3400
5.1547
6.6178
5.7136
9.2019
10.3855
10.2512
12.2927
8.6652
9.4471
-2.3031
-0.7658
1.2750
-1.8764
-0.7102
-4.4704
-5.4254
-5.8527
-7.9172
-3.0877
-2.0751
-0.1089
-3.5852
-2.8186
-6.0234
-7.2898
-6.8655
-8.8103
1.4354
-2.6135
1.0673
-0.8576
-5.4655
6.4835
-1.4200
-1.0845
2.4087
5.2050

8.9960
10.0024
10.2988
12.3576

0.7889
0.7063
1.3657
3.8792
2.3542
2.2235
3.6443
4.8104
3.5467
4.6542
2.0310
1.8998
0.6443
-0.6012
5.3890
6.6583
6.5227
8.0229
8.9796
8.1096
9.1533
6.7914
6.7953
0.0113
-1.9512
-2.4770
-3.1882
-4.7477
-2.4381
-3.3647
-0.4643
0.2073
1.6666
0.4091
-1.0274
4.5022
-1.9872
1.9217
-0.8907
1.6542
0.2873

0.2233
1.8732
3.2847
0.2058
0.2589
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1.7182
2.9297
1.6002
2.6841
3.0509
4.7313
4.6957
6.4416
7.7982
6.4220
7.7528
4.6845
4.6340
-4.2370
-4.4346
-3.1679
-6.2364
-6.4136
-7.7710
-9.2266
-7.5077
-8.7592
-7.4289
-5.2173
-8.6747
-12.4471
-3.9419
-4.4965
-5.6085
-8.9037
-6.7908
-3.8662
-2.2157
-2.2143
-0.6154
0.6908
-0.6522
0.6168
-2.3242
-2.3810
-6.4303
-8.0522
-9.5836
-7.6710
-8.9306
-5.6873

8.9698
9.9387
6.3848
5.2531
-2.9714
-1.7887
0.2539
-3.2442
-2.3429
-5.7824
-7.0039
-6.8121
-8.8529
-2.3392
-4.9342
-6.0394
-6.0598
-8.1122
-4.5843
-5.3963
-2.0096
-0.7590
-2.6248
0.8425
1.5731
-0.3158
-5.8126
5.9268
-1.6230
-0.9337
2.3558
-3.3758
-2.4502
-0.4416
-4.1091
-3.4272
-6.6027
-7.9717
-7.3582
-9.3316
5.1371
6.7801
6.0318
9.3428
10.6801
10.1598

-1.5082
-2.8633
-1.4961
-2.8222
-2.3302
-3.9426
-4.1330
-5.2612
-6.5223
-4.9475
-5.9364
-3.3065
-2.9930
3.1557

3.1504

1.9720

4.6501

4.6752

6.0835

7.2933

5.9235

6.9878

-2.5645
-4.3219
-1.5740
1.4069

-4.6691
-4.7263
-3.9944
-1.4011
-3.0609
-5.3227
-7.1396
-7.5697
-8.3460
-9.7846
-7.6630
-8.5308
-5.8221
-5.2159
-3.3042
-2.0982
-0.9522
-2.3805
-1.4485
-3.7997
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-5.3010
-4.1757
-2.5627
-10.9690
-11.2836
-10.0074
-13.2019
-13.4776
-14.7287
-16.2703
-14.2855
-15.4720
#1E
4.3209
0.9472
5.1733
0.8619
-0.6134
9.3184
2.6971
1.8715
5.8889
8.6489
11.7884
12.2918
13.6233
15.6087
12.9132
14.3242
10.3967
9.7538
1.8456
3.6050
5.5874
2.7886
4.1488
0.2948
-0.4396
-1.3346
-3.3591
-0.0167
-2.5584
-3.1784
-4.2738
-6.2921
-3.4152

205

12.1675
8.4007

9.0035

-1.9847
-4.5616
-5.8130
-5.4857
-7.5182
-3.8197
-4.4648
-1.2838
0.0988

-2.7185
0.2444
1.6706
-6.5502
5.2097
-3.6317
2.0552
-2.1170
-0.7407
-1.2603
-4.1330
-6.0819
-2.3952
-2.9429
0.0181
1.4648
0.6205
2.5288
4.7566
6.6594
6.1787
9.1322
10.6599
9.6254
11.5487
7.6206
7.9482
-4.1949
-3.6414
-1.6940
-5.5892
-5.1766
-7.9971

-4.0504
-4.9240
-6.0679
0.1980
0.3996
-0.6113
1.9045
2.0928
3.1364
4.3413
2.8491
3.8235

-0.0629
0.0126
0.0056
-0.2242
-0.2541
-0.6484
0.0178
-0.0249
-0.0443
-0.1028
-0.6858
-1.1532
-0.1887
-0.2302
0.3540
0.7567
0.3734
0.7798
0.0415
0.3672
0.5850
0.3968
0.6470
0.1155
0.1326
-0.1971
-0.4406
-0.0651
0.0152
0.1987
-0.1470
-0.1007
-0.3727
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-4.7103
-0.8537
-0.0909
-10.0081
-9.2627
-6.4077
-12.7233
-13.3241
-13.9597
-5.6932
-3.8773
-6.0570
-7.1076
-5.4351
-8.0674
-7.1560
-10.6191
-7.8639
#2A
-2.0997
-2.8824
-3.3169
-2.8965
-2.0132
-1.6180
-3.3633
-2.9473
-3.3460
-2.8694
-4.2298
-4.5318
-4.6920
-5.3783
-4.1832
-4.4189
-3.4709
-3.6819
-4.2192
-4.3433
-4.5640
-5.0125
-4.3560
-4.6506
-3.7715
-3.5742
-0.6132

-9.5921
-8.3997
-10.3154
-1.6269
0.9117
1.0979
-1.6441
-0.7975
-2.6642
3.3661
3.6110
3.5677
-1.3951
-0.7756
-2.7806
1.7239
-0.7471
-0.6173

4.1664
1.7719
0.5149
1.8834
4.2572
5.2916
0.4342
-2.0723
-3.2685
-5.2751
-2.1421
-3.2629
0.4152
1.4097
1.7184
3.7588
0.6946
-1.9775
-3.0219
-5.0758
-1.5039
-2.3227
1.0536
2.2466
2.1303
4.1718
7.9103

-0.5272
-0.3589
-0.4855
1.4269
-2.2447
1.2232
-1.9822
-3.5867
-0.9403
-2.3741
-1.7413
-4.2419
4.6576
5.3416
5.5557
-1.0890
-0.8690
2.3791

-3.5197
-3.7148
-5.8834
-7.9911
-8.0250
-5.7579
-1.2771
-1.2967
0.9040
0.9160
3.0493
4.7507
3.0117
4.6774
0.8036
0.7092
-10.4610
-10.5274
-12.8915
-12.9382
-14.9687
-16.8052
-14.6763
-16.3355
-12.4754
-12.3194
-5.7023
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0.3127
1.1902
1.9695
1.1709
1.9109
0.2110
0.1444
-0.6761
-1.4356
2.0997
2.8824
3.3169
2.8965
2.0132
1.6180
3.3633
2.9473
3.3460
2.8694
4.2298
45318
4.6920
5.3783
4.1832
4.4189
3.4709
3.6819
4.2192
4.3433
4.5640
5.0125
4.3560
4.6506
3.7715
3.5742
0.6132
-0.3127
-1.1902
-1.9695
-1.1709
-1.9109
-0.2110
-0.1444
0.6761
1.4356
#2B
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8.7487
11.0906
11.7309
12.7042
14.6159
11.8123
12.9993
9.3776
8.5951
-4.1664
-1.7719
-0.5149
-1.8834
-4.2572
-5.2916
-0.4342
2.0723
3.2685
5.2751
2.1421
3.2629
-0.4152
-1.4097
-1.7184
-3.7588
-0.6946
1.9775
3.0219
5.0758
1.5039
2.3227
-1.0536
-2.2466
-2.1303
-4.1718
-7.9103
-8.7487
-11.0906
-11.7309
-12.7042
-14.6159
-11.8123
-12.9993
-9.3776
-8.5951

-3.5076
-3.4996
-1.6937
-5.5211
-5.3395
-7.7417
-9.4242
-7.8296
-9.5709
3.5197
3.7148
5.8834
7.9911
8.0250
5.7579
1.2771
1.2967
-0.9040
-0.9160

-3.0493
-4.7507
-3.0117
-4.6774
-0.8036
-0.7092
10.4610
10.5274
12.8915
12.9382
14.9687
16.8052
14.6763
16.3355
12.4754
12.3194
5.7023
3.5076
3.4996
1.6937
5.5211
5.3395
7.7417
9.4242
7.8296
9.5709
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Chapter 10. Appendix

-6.0683
-7.6199
-7.0956
-4.7717
-3.0261
-3.7527
-10.1767
-11.2464
-13.5292
-14.3557
-14.8272
-16.7018
-13.7189
-14.6768
-11.3150
-10.3204
-4.0911
-5.5595
-4.8523
-5.9607
-2.8886
-2.3556
-1.6296
-0.0706
-2.1873
-1.1024
-1.8711
-2.3626
-0.6643
-1.0735
1.4910
2.7957
1.9529
3.6592
0.2530
0.5814
6.0683
7.6199
7.0956
47717
3.0261
3.7527
10.1767
11.2464
13.5292
14.3557

-2.4828
-0.6065
1.8801
2.4210
0.6984
-1.7067
-1.3908
0.1276
-0.5968
0.6136
-2.6498
-3.0758
-4.1477
-5.8048
-3.5145
-4.6816
5.1172
6.9342
9.4518
10.8364
10.0678
12.0355
8.1616
8.6683
5.7295
4.2565
-3.6820
-6.0428
-7.7738
-9.6858
-7.3416
-8.8752
-4.9191
-4.4421
-3.0682
-1.1124
2.4828
0.6065
-1.8801
-2.4210
-0.6984
1.7067
1.3908
-0.1276
0.5968
-0.6136

1.4531
0.7776
0.8945
1.7882
2.4219
2.1901
-0.1227
-1.8566
-2.6913
-4.1476
-1.8239
-2.5630
-0.0122
0.7440
0.7963
2.1667
2.1209
0.8051
1.1660
0.1213
2.7478
3.0440
3.9523
5.2061
3.6075
4.5464
2.8446
2.0949
2.7063
2.0333
4.0696
4.4844
4.8221
5.8706
4.1839
4.7198
-1.4531
-0.7776
-0.8945
-1.7882
-2.4219
-2.1901
0.1227
1.8566
2.6913
4.1476
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14.8272
16.7018
13.7189
14.6768
11.3150
10.3204
4.0911
5.5595
4.8523
5.9607
2.8886
2.3556
1.6296
0.0706
2.1873
1.1024
1.8711
2.3626
0.6643
1.0735
-1.4910
-2.7957
-1.9529
-3.6592
-0.2530
-0.5814
#3A

4.6145
4.5938
0.7798
4.5473
0.7747
3.2290
3.2416
-3.0684
-6.8163
-7.8334
-6.8418
4.6386
-7.9665
-9.9544
3.4291
1.4511
3.4064
1.4257
-4.3705
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2.6498
3.0758
41477
5.8048
3.5145
4.6816
-5.1172
-6.9342
-9.4518
-10.8364
-10.0678
-12.0355
-8.1616
-8.6683
-5.7295
-4.2565
3.6820
6.0428
7.7738
9.6858
7.3416
8.8752
49191
4.4421
3.0682
1.1124

-4.4302
4.6629
-2.1253
0.1191
2.3511
2.2552
-2.0283
0.1058
-2.1610
-3.9298
2.3822
-8.9552
0.0633
0.1735
-6.7256
-6.7980
6.9519
7.0170
-2.1327

1.8239

2.5630

0.0122

-0.7440
-0.7963
-2.1667
-2.1209
-0.8051
-1.1660
-0.1213
-2.7478
-3.0440
-3.9523
-5.2061
-3.6075
-4.5464
-2.8446
-2.0949
-2.7063
-2.0333
-4.0696
-4.4844
-4.8221
-5.8706
-4.1839
-4.7198

-2.1815
-2.1775
-3.0365
-2.1361
-3.0259
-2.4531
-2.4519
-4.0013
-5.0526
-5.3253
-5.0527
-2.4341
-5.3768
-5.9207
-2.6548
-3.2101
-2.6430
-3.1912
-4.3665
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-3.3464
4.5997
-4.3719
-3.4626
7.1054
8.0576
-0.3534
7.1246
8.0682
8.3705
10.3491
8.3457
10.3246
7.0736
7.9941
7.1071
8.0304
0.1518
0.1311
-3.6829
0.0847
-3.6880
-1.2336
-1.2210
-7.5311
-11.2789
-12.2919
-11.3044
0.1760
-12.4291
-14.4127
-1.0335
-3.0066
-1.0562
-3.0312
-8.8331
-7.8007
0.1371
-8.8345
-7.9180
2.6428
3.6008
-4.8160
2.6619
3.6108
3.9078

-3.8928
9.1968
2.3299
4.1539
4.7280
2.9449
0.1056
-4.4821
-2.6940
-6.7015
-6.7549
6.9520
7.0135
9.1097
10.9518
-8.8648
-10.7044
-4.4406
4.6525
-2.1357
0.1088
2.3408
2.2449
-2.0386
0.0955
-2.1714
-3.9411
2.3719
-8.9656
0.0530
0.1607
-6.7359
-6.8034
6.9416
7.0020
-2.1431
-3.9027
9.1865
2.3196
4.1436
4.7177
2.9339
0.0952
-4.4924
-2.7034
-6.7119

-4.0693
-2.4334
-4.3557
-4.0832
-1.4561
-1.0749
-3.3123
-1.4615
-1.0834
-1.2227
-0.6529
-1.2246
-0.6568
-1.7324
-1.5847
-1.7243
-1.5671
3.4024
3.4063
2.5474
3.4477
2.5580
3.1308
3.1320
1.5825
0.5313
0.2429
0.5312
3.1497
0.2070
-0.3579
2.9291
2.3535
2.9409
2.3695
1.2174
1.4890
3.1504
1.2282
1.4707
4.1278
4.4898
2.2715
4.1224
4.4817
4.3611
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5.8897
3.8830
5.8654
2.6110
3.5359
2.6445
3.5722
#3B

6.0331
2.2191
5.9867
2.2140
4.6684
4.6810
-1.6291
-5.3769
-6.3943
-5.4024
-6.5271
-8.5150
4.8458
2.8651
-2.9311
-1.9042
6.0391
-2.9325
-2.0242
8.5448
9.4951
1.0860
9.7850
11.7637
8.5130
9.4330
1.5705
-2.2435
1.5240
-2.2486
0.2057
0.2183
-6.0917
-9.8396
-10.8527
-9.8651
-10.9898
-12.9732
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-6.7647
6.9416
7.0025
9.0993
10.9393
-8.8751
-10.7127

2.3168
-4.4714
-2.2269
0.0051
-0.0908
-4.3743
-2.2402
-4.5071
-6.2758
0.0362
-2.2827
-2.1724
4.6059
4.6731
-4.4788
-6.2377
6.8508
-0.0161
1.8086
2.3820
0.5972
-2.2404
4.6059
4.6664
6.7636
8.6059
2.3065
-4.4817
-2.2373
-0.0053
-0.1011
-4.3847
-2.2506
-4.5174
-6.2872
0.0258
-2.2931
-2.1852

4.9154
4.3593
4.9108
3.8515
3.9792
3.8596
3.9971

-1.8400
-2.6990
-1.7986
-2.6884
-2.1156
-2.1143
-3.6638
-4.7150
-4.9877
-4.7151
-5.0393
-5.5832
-2.3055
-2.8542
-4.0290
-3.7329
-2.0959
-4.0181
-3.7466
-1.1186
-0.7375
-2.9748
-0.8871
-0.3187
-1.3948
-1.2470
3.7439

2.8849

3.7853

2.8955

3.4683

3.4695

1.9201

0.8688

0.5802

0.8688

0.5446

-0.0204
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0.3831
-1.5918
-7.3938
-6.3585
1.5764
-7.3952
-6.4799
4.0821
5.0392
-3.3767
5.3224
7.3046
4.0503
4.9749
1.2260
5.6864
#3C
5.0844
8.8520
5.0793
7.5337
7.5463
1.2362
-2.5116
-3.5286
-2.5371
-3.6618
-5.6497
-0.0658
0.9603
-0.0672
0.8433
3.9513
0.6218
4.3893
0.6167
3.0710
3.0836
-3.2264
-6.9743
-7.9872
-6.9998
-8.1245
-10.1079
-4.5285
-3.4946

4.5955
4.6581
-4.4891
-6.2476
6.8405
-0.0265
1.7983
2.3716
0.5867
-2.2508
4.5956
4.6553
6.7533
8.5933
-6.1681
-6.1579

-2.0090
0.2355
2.4675
2.3716
-1.9119
0.2222
-2.0447
-3.8135
2.4986
0.1797
0.2896
-2.0163
-3.7762
2.4463
4.2702
0.2220
-2.0193
0.2251
2.4571
2.3613
-1.9222
0.2119
-2.0550
-3.8248
2.4883
0.1694
0.2769
-2.0267
-3.7862

3.2784
2.7067
1.5549
1.8265
3.4880
1.5657
1.8078
4.4653
4.8274
2.6091
4.6968
5.2484
4.1890
4.3168
3.6988
-1.8686

-2.0230
-1.1226
-2.0124
-1.4396
-1.4384
-2.9878
-4.0391
-4.3128
-4.0392
-4.3633
-4.9076
-3.3530
-3.0581
-3.3422
-3.0709
-2.2989
3.5608
4.4612
3.5715
4.1443
4.1455
2.5960
1.5448
1.2563
1.5447
1.2205
0.6555
2.2309
2.5020
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-4.5299
-3.6122
-0.5114
4.0902
8.5499
8.5347
4.0746
#3D
-4.6222
-3.4916
-1.0296
0.2785
-1.0296
-3.4916
0.9710
3.4253
47411
3.4253
0.9710
-0.1596
-2.1691
-6.6289
-0.0250
4.4351
4.4351
-0.0250
#4C
-2.5000
-2.8048
-5.1978
-1.4395
-2.1075
-7.0495
-4.5297
-4.2388
-1.7699
-1.7506
0.1849
-0.5390
-2.6873
-7.2914
-7.5441
2.5000
2.8048
5.1978
1.4395
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2.4360
4.2599
0.2116
-3.7061
-3.6960
4.1587
4.1485

-2.2163
-2.4974
-3.0819
-3.3925
-3.0819
-2.4974
3.0864
2.5134
2.1914
2.5134
3.0864
3.3676
3.8357
-1.7342
-3.3197
2.2480
2.2480
-3.3197

-2.0009
2.2650
-0.2368
-4.0643
4.5878
-0.5319
2.1196
-2.3650
0.2776
-5.7312
-3.8428
4.7579
6.0787
-2.2764
0.9915
2.0009
-2.2650
0.2368
4.0643

2.2417
2.4838
3.2850
4.3782
-1.1894
-1.1961
4.3715

0.0000
-2.2332
-2.1375
0.0000
2.1375
2.2332
2.2353
2.1380
0.0000
-2.1380
-2.2353
0.0000
0.0000
0.0000
-3.9218
-3.9299
3.9299
3.9218

-2.0718
-1.7425
0.7613
-3.0746
-2.4837
2.5236
0.1309
-0.2303
-2.9442
-2.1923
-4.0628
-3.5652
-1.4386
3.2681
3.5688
2.0718
1.7425
-0.7613
3.0746
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2.1075
7.0495
4.5297
4.2388
1.7699
1.7506
-0.1849
0.5390
2.6873
7.2914
7.5441
#4D
-8.0718
-3.8340
-5.4984
-10.3869
-1.8056
-5.2349
-3.4097
-7.8658
-6.1192
-11.8923
-10.6435
-2.1166
-0.0045
-6.7435
-3.4900
8.0718
3.8340
5.4984
10.3869
1.8056
5.2349
3.4097
7.8658
6.1192
11.8923
10.6435
2.1166
0.0045
6.7435
3.4900

-4.5878
0.5319
-2.1196
2.3650
-0.2776
5.7312
3.8428
-4.7579
-6.0787
2.2764
-0.9915

-0.9876
-1.4938
2.4373
-1.9528
-3.0002
4.9928
1.0213
1.5628
-2.5986
-0.7764
-3.8370
-4.8746
-2.2897
6.0608
5.7516
0.9876
1.4938
-2.4373
1.9528
3.0002
-4.9928
-1.0213
-1.5628
2.5986
0.7764
3.8370
4.8746
2.2897
-6.0608
-5.7516

2.4837
-2.5236
-0.1309
0.2303
2.9442
2.1923
4.0628
3.5652
1.4386
-3.2681
-3.5688

0.1045
-0.3250
-0.1496
0.4158
-0.5434
-0.2956
-0.3184
0.1013
-0.1736
0.3932
0.2286
-0.3139
-0.2914
0.1966
-0.1208
-0.1045
0.3250
0.1496
-0.4158
0.5434
0.2956
0.3184
-0.1013
0.1736
-0.3932
-0.2286
0.3139
0.2914
-0.1966
0.1208

> OO O O 5 5 S5 O S

> OO O 5O O 55 330505 5 600 60O 0T oo OO 0O S 5 DS oD O o o
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S. J. Makowski, E. Calta, M. Lacher, W. SchnigkAnorg. Allg. Chen011, 638, 88

Novel Alkali Triazine Tricarboxylates Lis[CsN3(CO,)3]-4H,0, Rbs[C3N3(CO,)5)-2H,O and

Cs3[C3N3(COy)3]-2H,0 — Synthesis, Crystal Structure and Thermal Behawar
S. J. Makowski, E. Calta, W. Schnidk, Anorg. Allg. Chen011, 637, 2142
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K3[C3N3(COO);]-2H,O — Crystal Structure of a New Alkali Derivative of the Multidentate
Ligand Triazine Tricarboxylate
S. J. Makowski, M. Hérmannsdorfer, W. Schnigk Anorg. Allg. Chen201Q 636, 2584

B - Publications published prior to this thesis

Protonated Melonate Ca[HGN-(NCN)3]-7H,0 - Synthesis, Crystal Structure, and Thermal
Properties
S. J. Makowski, D. Gunzelmann, J. Senker, W. SéhicAnorg. Allg. ChenR009 635, 2434

Rb3[CsN7(NCN)3]-3H,O and Cg[CeN/(NCN);]-3H,0 — Synthesis, Crystal Structure and Thermal
Behavior of Two Novel Alkali Melonates

S. J. Makowski, W. Schnicl,. Anorg. Allg. ChenR009 635 2197

Coupled Spin Ordering in the Ln,LiRUO ¢ Double Perovskites
S. J. Makowski, J. A. Rodgers, P. F. Henry, J. tifieAdd, J.-W. G. BosChem. Mater2009 21, 264
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10.3 CSD and CCDC numbers

Crystallographic data were deposited with the Caagler Crystallographic Data Centre (CCDC,
http://www.ccdc.cam.ac.uk/data_request/cif; 12 WnkRoad, Cambridge CB2 1EZ, UK (Fax: +44-
1223-336-033; or E-Mail: deposit@ccdc.cam.ac.uk) tbe Fachinformationszentrum Karlsruhe
(76344 Eggenstein-Leopoldshafen, Germany, fax: Y#2407-808-666; e-mail: crysdata@fiz-
karlsruhe.de) and are available on quoting theese CSD/CCDC depository numbers.

LaCsN7(NCN)s-8H,0 CSD 423756
CeGN/(NCN);-8H,0 CSD 423757

PrCeN-(NCN)s-8H,0 CSD 423758

NACsN7(NCN);-8H,0 CSD 423759

SMGN,(NCN)3-8H,0 CSD 423760

Lis[CsN4(CO,)3]-4H,0 CCDC 827795
K3[CaN3(COy)4]-2H,0 CCDC 784049
RD;[CsN3(CO,)3-2H,0 CCDC 827796
Cs[CaN5(CO)]-2H,0 CCDC 827797
SK[CaN3(CO,)32 12H0 CCDC 834692
Bas[C3N5(CO,)s] - 12H0 CCDC 834693
K3[CaN3(CO)3][C3N3OsHg]-H,0 CCDC 834102
RI;[C3N3(CO,)3][CaN3OsHs]-H,0 CCDC 834103
CeN(NH)3-1.98HO CSD 423755

4M-3TPTZ CCDC 852974
3M-TMPyP-Tos-950D CCDC 852975
3-tptz CCDC 867801
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10.4 List of Abbreviations

A acceptor

anal. analytical

ATR attenuated total reflectance

a. u. arbitrary units

BET Brunauer-Emmet-Teller

br. broad

BSSE basis set superposition error
CA cyanuric acid

calcd. calculated

CAS Chemical Abstracts Service
CCD charge coupled device

CCDC Crystallographic Data Centre
cf. confer

cm centimeter

CN coordination number

COF covalent organic framework

CP cross polarization

CSD Cambridge Structural Database
CTF covalent triazine framework

D donor

DEI direct electron ionization

dens. density

DFT density functional theory

DTA differential thermal analysis

EXT interaction energy based on density functisoahputations
EDFTPS interaction energy based on density functional matations with

dispersion correction

e.g. exempli gratiafor example
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Eperiode interaction energy based on density functional mataions with

periodic boundary conditions

et al. et alii, and others

eV electron Volt

ext. external

F. calculated structure factor

F. observed structure factor

FT Fourier transformation

GGA generalized gradient approximation
GoF goodness of fit

GooF goodness of fit

h hour

HSAB hard and soft acids and bases
I intensity

ICP-AES inductively coupled plasma - atomic emisspectrometry
i. e. id est that is

int. internal

IPDS imaging plate diffraction system
IR infrared

kcal kilocalorie

kHz kilohertz

Ln lanthanide

m medium

M molar

M melamine

MAS magic angle spinning

max. maximum

mbar millibar

min minute

min. minimum

mL milliliter

mm millimeter

mmol millimol
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MOF
MS
NMR
no.

p. a.
pm

ref.
Ref.
res.
RMSD
s

TG
TMPyP-Tos
TMS
TPTZ
2tptz
3tptz
432tptz
TPymT
TTC
uv
VASP
v. d. Waals
VS

w

N

metal organic framework
mass spectrometry
nuclear magnetic resonance
number
pro analysis for analysis
picometer
reflection
reference
residual
root mean square deviation
strong
thermogravimetry
tetrakis(d-methylpyridinumyl)porphyrin tetratosylate
trimethylsilane
tris(2-pyridyl)-triazine
tris(2-pyridyl)-triazine
tris(3-pyridyl)-triazine
(melaming)tris(2-pyridyl)-triazine)
2,4,6-tris(2-pyrimidyl¥-triazine
s-triazine tricarboxylate
ultra violet
Vienna Ab Initio Simulation
van der Waals
very strong
weak
weight

formula units per unit cell
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