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Chapter 1: Introduction

1. INTRODUCTION

1.1 INDUSTRIAL NITROGEN FIXATION

The conversion of nitrogen and hydrogen gas into ammonia is one of the world’s most

important chemical processes developed in 1903-1913 and named after its inventors Fritz

Haber and Carl Bosch: the Haber-Bosch process.!”! Offering rapid access to synthetic

fertilizers, ammonia production has come essential for the nutrition of a large amount of the

world population.? On the other hand, the Haber-Bosch process also equipped diverse

military armies with powerful
weapons as ammonia is needed
for the synthesis of oxidizing
agents such as saltpeters, the
main components of several

explosives.!?

Since the first recorded data in
1946, the world’s ammonia
production steadily increased
reaching 137 million tons of
ammonia in 2012, according to
the US Geological Survey (see
Figure 1).! Despite its global
impact, the basics of the Haber-

Bosch process have hardly
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Figure 1. Worldwide ammonia production recorded from 1946 to
2012 in million tons per year referring to the bar chart and world
population from 1950 to 2010 indicated as red line. The data are
taken from the US Geological Survey and the United Nations,
Department of Economic and Social Affaires (Population
Division).?

changed at all. It still depends on high pressures of 150 to 300 atmospheres, temperatures of

about 600-800 K and an iron-ruthenium catalyst with a variety of different promoters.”® For
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such an important chemical process it is surprising that it was not before the late 1970s and
1980s — the first ammonia producing industrial plant was built in 1913 in Oppau, Germany'®
— that the catalytic process inside the autoclave was completely understood. Thereby, kinetic
studies showed that the rate-limiting step is absorption and breaking the triple-bond of
dinitrogen molecules as summarized in the 2007 nobel lecture Reactions at Surfaces: From
Atoms to Complexity by Gerhard Ertl.[”? These pioneering works however did not change the
basic principle of ammonia production as its kinetics turned out to be as expected for years. It
rather was and still is skillful engineering that reduces costs and raises efficiency close to the
optimum. However, the Haber-Bosch process still consumes vast amounts of energy which is
1-2 % of the world’s overall energy output.®! Energetic savings can only be achieved if
catalyst efficiency is enhanced or if a novel catalyst is tailored mimicking nature’s ability to
fix and activate dinitrogen at ambient conditions. Interestingly, in a rough estimate the Haber-
Bosch process produces about the same amount of ammonia as the total sum of all biological
nitrogen fixation mediated by the nitrogenase enzyme.

1.2 BIOLOGICAL NITROGEN FIXATION

In nature, the enormously expensive and complex industrial process of nitrogen activation and
reduction is catalyzed by the enzyme nitrogenase, whose crystal structure has been
determined in high resolution by Rees et al. only very recently.™® The nitrogenase enzymes
are able to perform the cleavage of the =W triple bond already at ambient conditions and
further transform it into ammonia according to equation 1. However, the process consumes
again a huge amount of energy as turning each molecule of dinitrogen into ammonia takes at
least 16 equivalents of the energy-deliverer adenosine triphosphate, ATP.*?l Note that in
addition about a quarter of the electrons involved upon N»-reduction are dissipated to make

hydrogen gas as a by-product.
No+8H" +8¢ +16 MgATP —> 2 NH3; + H, + 16 MgADP + 16 P; Q)

The nitrogenase enzymes fix atmospheric dinitrogen through the action of an inimitable class
of metal-clusters. Nitrogenase itself consists of two major protein parts (see Figure 2).101314
The larger iron-molybdenum (FeMo) protein (ayf.-tetramer) contains two iron-sulfur [4Fe-
4S]-cuban-like clusters, the P-clusters ([8Fe-7S]-core) and two iron-molybdenum cofactors

(FeMoCo) presenting the active site of the enzyme mediating the dinitrogen reduction. This
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cofactor has been formulated as a structurally complex [MoFe;SgX]-core, where X is a
recently discovered interstitial monoatomic ligand believed to be carbon.**® Thereby, the
[MoFe;SgX]-core resembles two [4Fe-4S]-cubes linked by an additional sulfur atom with one
iron ion replaced by a molybdenum ion. Electrons are provided by the minor protein part, the
iron (Fe) proteins by forming a complex with the FeMo-parts. Once stacked to the FeMo
protein and when one electron has been transferred (energy is provided by hydrolysis of
ATP), the Fe protein dissociates and recharges to reduce the FeMo protein again. After

repeating this process eight times in single steps, one catalytic cycle is completed.!*”)

ATP SN\ LB
L F

’[4Feds)

‘.\\ ) ‘Fé..'
) .
Fe protein [4Fe-48]-cluster / : A
P-cluster s R RS
\ /.- N H“‘Fé‘ FG/_- - \\_\\
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FeMo protein "\-—F,/ Rf'!’%--' o KR Fe
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Figure 2. X-ray crystal structure of the nitrogenase enzyme with helical Fe (yellow and red) and FeMo (blue,
turquoise, dark and light green) protein parts (left) obtained by extraction from Azotobacter vinelandii in
1997.1°%%1 Circles represent sites of located metal clusters involved in nitrogen reduction. A schematic sketch of
corresponding metal clusters is given on the right.

Despite the detailed knowledge of the structural motifs in the nitrogenase enzyme, a basic
mechanism for the biological reduction of nitrogen gas is not reported. Therefore, the
activation and conversion of free molecular dinitrogen to ammonia including the
characterization of a diversity of intermediates under ambient conditions is one of the major

challenges in (bio-)inorganic and organo-metallic chemistry.™!

Detailed spectroscopic,
crystallographic and theoretical studies have been performed recently to elucidate the binding
and reduction of N, at the FeMoCo.'*®! with these investigations, a few plausible
mechanistic scenarios for the biological nitrogen fixation reactions have emerged, however

still no definite and commonly accepted mechanism of operation exists so far as a synthetic
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access to the fundamental FeMoCo protein part still leaks evidence. To inorganic chemists,
the FeMoCo presents a number of longstanding challenges. The substrate binding site is
unknown, the cluster charge state is uncertain, and the relationship of the cofactor structure,
which derives from a resting-state enzyme, to catalytically active intermediates is unclear. In
short, biological nitrogen fixation is very much a mystery at the molecular level although the

structural motifs in the nitrogenase enzyme are well characterized.

1.3 SYNTHETIC NITROGEN FIXATION

Chatt and Schrock Cycles

Synthetic nitrogen fixation focuses on the binding, activation and reduction of dinitrogen on
mono-, di- and polynuclear transition metal centers coordinated by capacious steric ligands.
Revealing the dinitrogen fixation in such transition-metal complexes that represent structural
motifs of nitrogenase could give fundamental insight in the catalytic process in nature and
might help reducing costs in industrial ammonia production by tailoring corresponding
catalysts. However, cubane clusters which are chemically and structurally related to the
FeMoCo protein in nitrogenase exhibit only limited reactivity upon N, fixation.”"? On the
other hand, mono- and dinuclear transition metal complexes have been known to activate
dinitrogen in various degrees for years, enabling protonation, reduction, functionalizing and
even N-N bond cleavage steps. Besides a handful of examples of transition-metal complexes
with trapped and activated N, up to date there are only two distinct classes of complexes that
have emerged involving a full set of well-defined intermediates — such as diazenido,
hydrazido, nitrido, imido, amido or amine intermediates — on the way of N, to NHj;. These
systems form the basis of the Chatt and the Schrock cycle (see Figure 3).12°*%! As Schrock et
al. could show that it is most probably the molybdenum atom in the FeMoCo active site,
which is responsible for dinitrogen activation, the successful synthesis of a molybdenum
containing FeMoCo-analogous complex proved to catalytically reduce dinitrogen to ammonia
with an efficiency of about 66 % with respect to the reducing agents.°=% Thereby, the choice
for the central metal in various synthetic model complexes was at hand.

Zerovalent molybdenum or tungsten (M) bis(dinitrogen) complexes [M(N2).L,] with di- up to
multiphosphine (or mixed P/N) ligation (L) are the basis for the Chatt cycle, whereas the

Schrock cycle is based on a trivalent molybdenum mono(dinitrogen) complex [M(N,)L] with
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sterically shielding ligands.**%2%%81 A cyclic and catalytically active conversion of N, to
NH;3 at ambient conditions mimicking the nitrogenase enzyme could so far only be achieved
for model complexes within the Schrock system.F*! Recently, Tuczek et al. were able to
provide theoretical evidence for a possible catalytic reaction mode for Chatt model systems
including enthalpy calculations for occurring intermediates upon proton-coupled electron-

transfer reactions of end-on bound dinitrogen.**”

N
I dinitrogen
N

I
+ V Complex +H*
+ e
- NH- NH

Il . .
amine THS I,il diazenido
Complex
P Complex
Chatt Schrock
+H [+e +e \+H"
. . H3C
A Hat QCHa
]
NH? [P/‘\Pj HSCqM)CHg NH2
amido || - M7 N, | hydrazido

Complex L Me ”

- . M

. i

<P/ ‘ \P> <N,‘ ) Complex
R R
+H " \+e +H*
NH3 .
| hydrazinium
imido NH N
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Complex Complex
+ g N + g~
+H* ”I = NH;
Complex
nitrido

Figure 3. Schematic representation of synthetic nitrogen fixation by the Chatt or Schrock cycles.”*”! Upon
nitrogen activation, the Chatt cycle makes use of molybdenum- or tungsten-based complexes with bidentate
phosphine (top left), tetraphosphane (bottom left) or mixed multidentate phosphine/amine ligands,?%3%
whereas the Schrock cycle involves molybdenum-complexes with sterically shielding ligands, for example such
as methylated cyclopentadien (top right) or tetradentate triamidoamine (bottom right), the latter ligand stating the
only example for an catalytically active cycle.?*** The residual groups at the P- or N-ligand bridging-centers
are omitted for clarity. It has to be stated, that due to separated one-electron/one-proton uptakes more
intermediates are observed in detail,**?*3%4% byt are neglected for this schematic representation.

However, all these soluble model systems are far from replacing the Haber-Bosch process due
to the fact that they consist of huge molecules to supply protons and electrons upon N,
reduction to NHs, rather than cheap and compact hydrogen gas as in industrial ammonia
production. But in comparison to the heterogeneous catalyst of the Haber-Bosch process, such

soluble model complexes generate intermediates that are much easier to trap and study, which
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helps to understand how metals bind the poor ligand dinitrogen and reduce it over
intermediates finally to ammonia. Therefore, reproducing the biological transformation of
dinitrogen to ammonia that occurs under ambient conditions in nature still challenges
chemists. The mimicry of this multi-electron reduction process at milder conditions still
proves to be difficult. The Chatt and Schrock cycles have evolved to explain the sequence of
reactions involved in biological dinitrogen reduction, but only a low yield catalytic reaction is

observed in one of those systems.[*9232%-381

Degree of Activation affected by Binding Mode of the N, Molecule

The activation of neutral dinitrogen is furthermore highly affected by the binding mode of the
N, molecule. Hereby, side-on bound dinitrogen is better activated as end-on bound N due to
the more effective possibilities of z-backbonding into the antibonding z* states of the ligand
thus opening additional pathways for subsequent functionalizing reactions.* A division into
weak to highly activated systems is possible regarding the N-N bond lengths and
corresponding frequencies of the N-N stretching vibration upon infrared or Raman
spectroscopic studies.* The mono-metallic model systems of Chatt and Schrock cycles bind
Ny in general in an end-on manner and therefore lead to only weak or moderate activated N,-
intermediates which might be the crucial factor for the missing catalytic reaction. The binding
of N in side-on manner is usually accessed by homonuclear bi-metallic complexes. Common
oxidation states for side-on bound N, when acting as a ligand are 0, —Il or —IV representing
non-activated dinitrogen(0), diazenido(—Il) or hydrazido(-I1V) intermediates. This is not
surprising as the dinitrogen ligand is reduced in multiples of two due to the fact that each of

the two metal atoms contributes either zero, one or two electrons to the dinitrogen reduction.

Even-Electron Nitrogen-Oxidation States

In general, if N, is not or only weakly activated, the observed N-N bond distance of about
1.1 A is essentially the same as in free dinitrogen (1.097 Al#?)) 1193243481 1 accordance, the
assignment of N, as a neutral ligand in such complexes is supported by very high N-N
stretching frequencies of around 1900-2200 cm™ (free N,: 2331 cm™°)) upon vibrational
spectroscopy.[*32455031 Eor diazenido [N,]* ligands, N-N bond lengths are found to be in
the range of approximately 1.18-1.28 A [*>°%%% similar to diazene HN=NH, itself exhibiting
N-N bond lengths of about 1.21-1.25 A depending on configuration (cis- or trans-
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isomer)."% Corresponding stretching frequencies for the N-N double bond in diazenido
ligands occur at around 1400-1700 cm™[1%#%%2-621 a5 opserved for diazene with distinct
features ranging from 1150 to 1650 cm™ based on as-mentioned configuration as well as on
infrared- or Raman-active modes.'*®" Finally, if dinitrogen is highly activated by a four-
electron reduction, [N2]*" ligation results. The hydrazido ligand can be viewed as a N-N
single bonded dinitrogen ion with characteristic distances dyy of about 1.38-1.64 A and N-N
stretching frequencies below 1000 cm™.%687"€1 Again these observations are in very good
agreement with reported values for the N—-N distance and stretching frequencies of protonated
hydrazine NaHa (dnn = 1.47 A, iy < 1000 cm ™).

Odd-Electron Nitrogen-Oxidation States

Odd-electron nitrogen-oxidation states intermediate to those of 0, —I1 and -1V propose radical
character and one-electron reduction mechanisms, but have not been observed so far in Chatt
or Schrock cycles. However, this potential intermediacy of [N2]~ or [N2]*~ radical anions in
metal complexes proved existence only very recently in dinuclear nickel®!, iron*88%8% anqg
lanthanide®2**8284 complexes, respectively.®® Thereby, end-on bound [N,]~ entities
revealed a shift of the corresponding N-N stretching vibration towards lower energies
(1740-1955 cm™) consistent with slightly enlarged dnn bond lengths (1.13-1.18 A)
approximately in the range of the non-reduced dinitrogen complexes.[**#84 For the side-on
bound radical anion [N2]*~, N-N bond lengths of about 1.39-1.41 A and N-N stretching
frequencies of again below 1000cm™ have been observed similar to hydrazido
ligands.[*#52%°82-84 T4 gain final evidence for the presence of both radical anions [N,]~ and
[N2]*", electron spin resonance (ESR) spectroscopy revealed clearly visible signals in
accordance with simulated spectra indicative for unpaired electrons and supporting the radical

formulation of dinitrogen ligation.[*>°2%°]

Summarizing, a correlation of N-N bond lengths with N-N stretching frequencies in
dinitrogen complexes and in the free molecules of dinitrogen, diazene and hydrazine, all of
which have been analyzed by high-quality low-temperature crystal structures is shown in
Figure 4. Thereby, a non-linear relationship of dyy and ¥y is observed according to Badger’s

—2/3

rule’, where dyn o0 AT22 + 5.157%% For all protonated reference compounds, the depicted data

" Badger’s rule gives a relation between internuclear distances and bond-force constants, which can be related to
stretching frequencies of corresponding intramolecular bonds.
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points only represent the general region, where the N-N stretching vibrations at a certain bond
length occur. In addition, for N,H, the low-energy vibration at about 1300 cm™ represents
infrared-active modes, whereas the vibration at higher energies refers to Raman-active

features.

N-N distance / A

1.20 4

1154

110 3

LOS 4+ 1T T

T T T T T
GO0 800 1000 1200 1400 160} 1800 2004 2200 2400

L

- - -1
N-N stretching frequency / cm

Figure 4. Correlation of N-N bond length with N-N stretching frequencies in dinitrogen complexes. Bond
lengths and corresponding stretching frequencies of the dinitrogen ligand can be found in the literature as
mentioned in the text. Thereby, the depicted colored circles refer to the N, ligand in distinct reduced states
according to the following code: [N,]° black, [N,]~ red, [N,]*" blue, [N,]*~ green, [N,]* magenta. All points are
fitted to Badger’s rule, where dyy o A72® + & (red line).’"! Open squares show data for the protonated

reference compounds according to the literature.

1.4 NITROGEN FIXATION IN SOLID-SATE CHEMISTRY

Homonuclear Diatomic Carbon Anions

Although homonuclear dinitrogen anions are common intermediates in biological and organo-
metallic synthetic chemistry, they have not been observed in solid-state compounds until
2001.°%! This is quite surprising as a variety of ionic solids with homonuclear dianions
consisting of the elements to the left and to the right of nitrogen in the periodic table (see

Scheme 1) has been fully characterized decades ago.*9¢%4

In his review Binary and ternary carbides of alkali and alkaline earth metals,*® Ruschewitz
surveys the preparative methods as well as the crystallographic and physical properties (i.e.

mainly spectroscopic properties) of many binary and ternary carbides of Group | and Il
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metals. Thereby, special emphasis is provided for so called acteylenides representing
deprotonated acetylene HC=CH with a C=C triple bond. The corresponding C-C triple bond
lengths and C-C stretching frequencies are found to be 1.18-1.29A and
icc = 1800-2000 cm™, respectively, and are close to the observed values for the gaseous
acetylene molecule CH, (dec = 1.20 A, e = 1974 cm™).1%1% Besides these acetylenide
anions, Ruschewitz additionally summarizes crystallographic, spectroscopic and theoretical
evidence for so called methanides or carbides C* and allylenides with [C3]* anions and
touches only slightly the chemistry of further carbon-rich materials such as intercalation
compounds, fullerides and partly metallated hydrocarbons. Additional alkali or alkaline earth
compounds with homonuclear dicarbon anions of alkali or alkaline earth metals — for example
[C.]* or even [C,]* ions formally representing deprotonated ethylene or ethane,
respectively — are not known up to date. However, if rare earth halogenides are reacted with
graphite, again isolated C* ions but also C, entities are observed. Thereby, the latter ones
exhibit C-C distances of about 1.35 or 1.45 A characteristic for [C,]*" or [C»]* anions,

respectively.['%5-18]

no. valence electrons 10 11 12 13 14
bonding order (BO) 3 2.5 2 1.5 1
(SE [C]¥ [C,) [C]¥ [C,)°

acetylenide ethylenide ethanide

N, N1~ [N, [N, [N, ]+

dinitrogen diazenido hydrazido

diazenide pernitride

[0.]7 0, (01" 10>

dioxygenyl  dioxygen hyper- peroxide

superoxide

Scheme 1. Hypothetical and experimentally observed homonuclear diatomic molecules and ions of carbon,
nitrogen and oxygen. Up to date, there are no commonly accepted chemical names for [C,]*~, [C.]°~, [N2] "and
[N,]*~ anions.

Homonuclear Diatomic Oxygen lons and Molecules

Compared to the homonuclear dicarbon chemistry, an equally rich variability is observed for
compounds consisting of homonuclear molecules and ions of oxygen (see Scheme 1). Besides

the allotropes O, and Os, there are peroxides [0,]*", hyperoxides [O,]~, ozonides [Os]” and
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the dioxygenyl cation [O,] "1 Wwith the formal transition by one-electron reduction steps
from the dioxygenyl cation to finally peroxide, the distance doo continuously increases from
about 1.12 A, over approximately 1.21 A in free gaseous triplet oxygen and 1.28-1.33 A in
the hyperoxide ion to lastly 1.49 A in [0,]*.°6%911%12 |y accordance with these
crystallographic data, corresponding O-O stretching frequencies decrease starting from
roughly 1860 cm™ for the dioxygenyl cation [O,]* to about 740-950 cm™ for peroxide units
(Ho0(P02) = 1555 cm™ and Too([0,] 7) = 1125 cm™). 1412212

Homonuclear Diatomic Nitrogen lons and Molecules

In contrast to these manifold representatives of homonuclear di-(an)ions of carbon and
oxygen, nitrogen chemistry is considerably less versatile. It is only the nitrogen allotrope N,
nitrides N* and azides [N3]™ which have been long known and well characterized, as well as
extensively used in industry. Only very recently, they could have been extended by the
successful synthesis of the pentazenium cation [Ns]*.[*®) The existence of potentially reduced
dinitrogen molecules in solid-state chemistry proved their existence not before 2001, when
Kniep et al. succeeded in the synthesis and characterization of the first representatives of
inorganic solids containing the homonuclear dinitrogen anion [N2]*~.*>*! Accordingly,
representing deprotonated diazene, N,H, with a N=N double bond, these anions were named
diazenides — note that in coordinative chemistry corresponding [N»]*" ligands constitute
diazenido intermediates (see chapter 1.3). The synthesis of this novel class of materials was
carried out using a specially developed autoclave system enabling a controlled temperature

and N, partial-pressure p(N,) adjustment.[®3127128]

Initial Synthesis of Diazenides

In more detail, the synthesis of these diazenides is starting from the elements (Sr/Ba were the
metals of choice) resulting in subnitride formation at elevated temperatures. In the case of
strontium, SroN is formed adopting the layered anti-CdCl,-type structure.>**121 Thereby,
SroN is built up by alternatingly occupied and vacant layers of SrgsN octahedra enabling the
intercalation of dinitrogen molecules by distinct pressure and temperature conditions (see
Scheme 2). In the first step of the initial N, redox-intercalation (see equation 1) at
p(N2) =1 bar, T =920 K, half of the octahedral voids in every second [001]-orientated layer
of Sro,N are occupied with [N2]* ions, which are formed by a reduction of dinitrogen
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1.5+ tO

molecules. Thereby, the electrons are formally provided by partially oxidizing “Sr
common Sr**.* This results in the formation of SryNs, the first nitride-diazenide.
Subsequently, increasing p(N,) up to about 400 bar at 920 K yields SrN by occupation of all
remaining octahedral voids of SrsN3; by diazenide units again formed upon two-electron

reduction of the dinitrogen molecule and oxidation of “Sr*>*”

(see equation 2). Finally, all-
diazenide containing SrN, was obtained by comproportionation of remanent nitride ions and
further N, molecules at p(N,) =5.5kbar (0.55GPa) and 920 K. Interestingly, SrN,
crystallizes isotypically with corresponding alkaline earth acetylenides MagC,, adopting a
tetragonally distorted NaCl structure type with the [C,]*/[N2]*" units occupying the anion site.
Evacuation of the autoclave sample chamber at about 620 K resulted again in the starting

compound Sr,N.

RTACAY
R AT
fravicy
pracay
Sr,N
-6 N,
618 K
10-¥ bar +6N,
2K
5500 bar
< SrN,
% % _axs
o %‘ .:‘ 920K
t +4N, 400 bar
20K
5500 bar
SrN

Scheme 2. Schematic representation of N, redox-intercalation in SroN host-lattice. The crystal structures of the
different strontium-nitrogen (orange-blue) compounds are illustrated next to the respective formulae. Sry;N; and
SrN are shown as a 2x2x2 super-cell. The layers of Srg3N (nitride) octahedra are represented by orange
polyhedra. The intercalated [N,]> ions between these layers are visualized by blue dumbbells. In SrN, all
octahedral voids of the layers formed by strontium ions are occupied by [N,]*> dimers. The crystal structures are
depicted in a similar manner for a better understanding of the intercalation processes.

1.5+ | [o0-

* Note that the formulation of odd oxidation states of “Sr™**" are taken from the original work by Kniep et a
*I In chapter 3.2, an alternative scenario of diazenide formation starting from Sr,N with solely Sr** ions is

presented.
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4 (S M2IN*T + N, —>  (SIM)a(Sr*)INTTa([N2]P) (1)
(SI*)a(Sr*)aIN*Ta([N2J) + N2 —>  (SPEIN*T4([NoT): 2
(Sr*")sIN*Ta([N2J )2 + 4 N, —> 8 (S)(INJ) 3)

X-ray and neutron diffraction experiments as well as highly precise elemental analysis
confirmed the presence of [N,]* ions in all strontium diazenide compounds exhibiting
specific N-N distances of about 1.22 A perfectly matching reported values for diazenido
ligands in metal complexes and protonated diazene (see chapter 1.3).[41945:52-63.90-941 14
additionally correlate the obtained N-N distances to [N,]* ions vibrational spectroscopy was
targeted. Besides low-energy translational lattice modes (< 500 cm™), distinct N-N stretching
frequencies at 1380 cm™ (SrN) and 1307 cm™ (SrN,) were recorded by inelastic neutron
scattering spectroscopy (INS) while Raman spectroscopic investigations failed — note that
infrared experiments were not attempted.®) Interestingly, as-obtained N-N stretching
frequencies are in excellent agreement with previously reported values of diazenido ligation

and infrared-active modes in NoH, (see chapter 1.3).[41945:52-62,65-67]

The existence of analogous barium diazenides is reported, but no crystallographic data are
provided for the mixed nitride-diazenides BasN3; and BaN, except for all-diazenide containing
BaN,.?2%%! Accordingly, barium diazenide has been synthesized at 5.6 kbar (0.56 GPa) and
920 K, and shows a close structural relationship to the crystal structure of SrN; although the
strontium and barium compound do not crystallize isotypically. In BaN,, the metal ions also
form a closed packing, in which the [N,]* ions (dnn = 1.22 A) occupy all octahedral voids,
whereby edge and face sharing of octahedral coordination polymers results. However, BaN;
adopts the ThC,-type structure with monoclinic symmetry. Besides electronic structure
calculations and magnetic susceptibility measurements unraveling metallic behavior of
BaN,,™ no vibrational data for the N-N stretching frequency of the [N2]° ion have been

reported, but predicted to show up at 1466 cm™ as Raman-active mode.™*”!

Prediction of further Diazenides

Since the successful synthesis of the first representatives of this class of materials in solid-
state chemistry in 2001, experimental evidence for further diazenides has not been reported

for a decade. Nevertheless, the extraordinary results of 2001 have fueled numerous theoretical
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considerations on the prediction of further hitherto unknown diazenides in the following
years. Thereby, theory claimed that LioN,, Na,N,, BeN,, MgN,, CaN,, FeN,, ZnN, and LaN,
should be thermodynamically stable at ambient conditions with respect to the elements, but
are supposed to form only at high-pressure conditions.***3! Theoretical N-N bond lengths
were reported to range from 1.22-1.30 A in good agreement with experimentally obtained
values for diazenide [N,]* ions in SrsNs, SrN, SrN, and BaN,.!***®! In fact, in 2013
lanthanum diazenide, LaN; proved existence by shockwave experiments at peak pressures of
3 GPa starting from La(NO3)s.l**®! Crystallographic analysis resulted in elongated N-N bond
lengths of 1.31-1.32 A consistent with the theoretical N-N distance of 1.30 A for predicted
La**[N,]*e~ crystallizing in the ThC,-type structure.***33138] ithin this context, Kulkarni
et al. investigated the energy landscapes of MN, compounds (M = Ca, Sr, Ba, La, Ti) at
ambient and high-pressure conditions.™*"*3 Besides a variety of hypothetical high-pressure
modifications of these compounds, he showed that the dinitrogen anion in TiN,-type phases
still represents diazenide units [N2]*" despite strongly elongated N-N bond lengths of 1.26 up
to 1.46 A according to Bader charge analysis of the metal atom, which for all modifications
resulted in Ti** formulation. However, a potential synthetic route to TiN,-type phases was not

proposed or reported.

Initial Synthesis of Pernitrides

More recently in 2006/7, related noble metal “nitrides” with an analogous formula type
MnmN2 (Mym = Os, Ir, Pd and Pt) have been synthesized in laser-heated diamond-anvil cells
(LH-DAC) starting from cryogenically loaded N, and the metals themselves at high pressures
above 50 GPa and temperatures around 2300 K.[**98 The crystallographic characterization
of these compounds resulted in N-N distances of about 1.40-1.43 A which were consistent
with theoretical enthalpy-considerations of as-obtained crystal structures. Thereby, N-N bond
lengths of around 1.4 A indicated strongly elongated N dimers compared to the diazenides of
2001. Additional theoretical calculations concerning the valence of expected divalent noble
metal ions revealed that MymN2 compounds are constituted of tetravalent noble metals
indicating the formulation of [N,]* ions.****3 |n accordance with N-N distances of about
1.40-1.43 A, in situ Raman spectroscopy in LH-DACs at various pressures (including zero
pressure) as well as phonon calculations resulted in low-energetic N—-N stretching frequencies
of about 700-1000 cm™ for the dinitrogen anions.*3%1*313%-1%81 As_mentioned characteristics

are in perfect agreement with reported values for hydrazine N,H,4 and for hydrazido ligands in
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corresponding metal complexes.?>%-"1 Accordingly, as [N2]* is isoelectronic with peroxide
[0,]° (see Scheme 1) this class of compounds has been denominated pernitrides.
Interestingly, all of these pernitrides have been reported experimentally and theoretically as
mechanically ultra-hard materials, exceeding the hardness of their constituting noble metals

d.[*%2%81 The successful synthesis of noble metal

and approaching that of c-BN and diamon
pernitrides exhibiting extraordinary materials properties has even expanded the search for
further hypothetical nitrogen-rich transition metal “nitrides”. Thereby, MymN2 (Mnm =W, Re,
Ru, Rh, etc.) have been predicted to exist representing di-nitrides, but also consisting of

pernitrides or even diazenides depending on pressure conditions.[*2%48-164]

Interestingly, already in 2003 Weihrich et al. predicted possible MN,-type structures of Group
IV elements (C, Si and Ge) — indicating anionic [N,]*" formulation — but it was not until in
2006/7 that compounds with hypothetical [N2]* ions found significant interest in solid-state
but also in materials chemistry.[**>*€! Note that also hypothetical CN, is supposed to exhibit
ultra-high hardness with a bulk modulus of By = 405 GPa exceeding even those of MywN2

pernitrides. 401651661

Later on, in 2010, finally the first molecular main group metal pernitride with an isolated
[No]* ion coordinated by six gallium atoms was presented by Uhl et al.™®” The
crystallographic N-N distance of about 1.55 A is still in accordance with neutral hydrazine
and matches perfectly the wide range of hydrazido ligation of 1.38-1.64 A 25" |n infrared
and Raman spectra the N-N stretching vibration of the central hydrazine element was
detected at 891 and 892 cm™, respectively, which is in the range characteristic of
hydrazine.l’”-"% Further two years later, in 2012, again Uhl et al. succeeded in the synthesis of
the first molecular Group 11 pernitride, namely [N-N(Me)]*", encapsulated in an aluminum
cage constituted of five atoms.[**® With 1.55 A, the N-N distance in the latter anion matches
the previous bond length in the gallium-N, cage compound.

Overview

In summary, the recent success in synthesis of reduced dinitrogen containing solid-state
compounds — none the less due to upgraded experimental techniques — has fueled
experimental as well as theoretical efforts to characterize novel hitherto unknown diazenides,
pernitrides or even — as in bioinorganic and metal-organic chemistry — odd-electron reduced

dinitrogen intermediates. A final overview of characteristic N-N bond lengths and stretching
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frequency ranges of dinitrogen anions observed in bioinorganic and metal-organic as well as

in solid-state chemistry is displayed in Scheme 3.

[N,]° [N2]~ [N]* [N]*- [N, ]*
de /A 1.06-1.12 [SENEN 1181320  1.39-1.41 ey
Von/em-' | 2200-1900 [JEBSORIEEN 1700-1300  1000-990 P

free N,: 1.097 A free N,H,: 1.21-1.25 A free N,H,: 1.47 A
2331 cm™! 1150-1650 cm™! <1000 cm™

Scheme 3. Overview of characteristic N-N bond lengths and stretching frequencies of dinitrogen ligands/anions
observed in (bio-)organo-metallic and solid-state chemistry according to the text. *Recent theoretical calculations
of TiN,-type compounds revealed N-N bond lengths of 1.26 up to even 1.46 A for diazenide units. "Different
values for N-N bond lengths and stretching frequencies due to cis- and trans-configurations as well as due to
infrared and Raman active modes. ““N-N bond lengths in [N,]* units correspond to solid-state/main group
compounds (c) and to bioinorganic/metal-organic ligation (d).

Objective of the Thesis

Except for M = Sr, Ba, La, Os, Ir, Pd and Pt, no other metal diazenides or pernitrides with
MN stoichiometry have been synthesized in crystalline form as yet, but have been predicted
by a variety of density-functional calculations to form at high-pressure/high-temperature
conditions (HP/HT). Although a HP-route using the elements is the correct choice for the
synthesis of reported compounds, their realization is hindered due to the employed techniques
which are of high-level state-of-the-art and thus not commonly *“accessible” — only very
specialized equipments were utilized for the synthesis of diazenides and pernitrides so far. An
alternative HP-synthesis is only known for BaN, starting from ionic barium azide, Ba(N3); in
a belt apparatus at HP/HT-conditions.!®® Within this context, Dronskowski et al. calculated
reaction enthalpies for azide decomposition into diazenides and molecular nitrogen, which
resulted in exothermic reactions for the synthesis of strontium and hypothetical calcium
diazenides.® For the synthesis of BaN, however, the thermal decomposition of Ba(Ns); is
endothermic, which could be and in fact was overcome by HP and HT conditions in the belt
apparatus (synthesis temperature: 600 K).[5%2

Taking these observations into account, the synthesis of hitherto unknown diazenides using
controlled decomposition of highly reactive precursors like the corresponding azides in a
multianvil device under HP/HT-conditions represents a promising route. Therefore, the
objective of this thesis is the HP/HT-synthesis and structural as well as spectroscopic
characterization of novel diazenides by controlled thermal decomposition of ionic Group |
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and Il azides. The analytical methods used for the identification and characterization
combined a manifold of different techniques to properly describe structural and spectroscopic
aspects. Structural investigations were mainly based on powder X-ray diffraction (PXRD)
while in one case it was supplemented by transmission electron microscopy (TEM). In
addition, density-functional theory was also used to verify obtained structural models and
spectroscopic aspects. Finally, compared to the classification of valencies in bound N entities
in bioinorganic or metal-organic chemistry, their adequate description in solid-state chemistry
might be hindered due to, e.g., potential metallicity in such compounds. However, as it is
shown in this work, due to complementary use of a variety of different methods including the
as-mentioned ones as well as Fourier transform infrared (FTIR), variable temperature solid-
state nuclear magnetic (NMR) and electron spin resonance (ESR) spectroscopy the

identification of the true oxidation state in [N,]*" anions remains possible.
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2. BINARY ALKALINE EARTH DIAZENIDES

Besides the synthesis of SrN, and BaN, in a specialized autoclave system at high-
pressure/high-temperature conditions (HP/HT) starting from the elements, the HP/HT-
synthesis of BaN in a belt apparatus by decomposition of Ba(N3), has already shown another
possibility of accessing (further) diazenide compounds. Therefore, we initially targeted the
reproductive HP/HT-synthesis of SrN, and BaN, by controlled thermal decomposition of
corresponding ionic azides in a multianvil device. The successful synthesis of both diazenides
encouraged further investigation of the thermal stability of the lighter group Il homologue
azides under HP/HT-conditions.
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2.1. SYNTHESIS OF ALKALINE EARTH DIAZENIDES MagN,
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ABSTRACT

The alkaline earth diazenides MaeN, with Mg = Ca, Sr and Ba were synthesized by a novel synthetic approach,
namely a controlled decomposition of the corresponding azides in a multianvil press at high-pressure/high-
temperature conditions. The crystal structure of hitherto unknown calcium diazenide (space group 14/mmm (no.
139), a = 3.5747(6), c = 5.9844(9) A, Z =2, wR,=0.078) was solved and refined on the basis of powder X-ray
diffraction data as well as that of SrN, and BaN,. Accordingly, CaN, is isotypic with SrN, (space group 14/mmm
(no. 139), a = 3.8054(2), ¢ = 6.8961(4) A, Z = 2, wR, = 0.057) and the corresponding alkaline earth acetylenides
(MagCy) crystallizing in a tetragonally distorted NaCl structure type. In accordance with literature data, BaN,
adopts a more distorted structure in space group C2/c (no. 15) with a=7.1608(4), b=4.3776(3),
c=7.2188(4) A, #=104.9679(33)°, Z=4 and WR, =0.049). The N-N bond lengths of 1.202(4) A in CaN,
(SrN, 1.239(4) A, BaN, 1.23(2) A) correspond well with a double-bonded dinitrogen unit confirming a diazenide
ion [N,]*". Temperature-dependent in situ powder X-ray diffractometry of the three alkaline earth diazenides
resulted in formation of the corresponding subnitrides MaesN (Mag = Ca, Sr, Ba) at higher temperatures. FTIR
spectroscopy revealed a band at about 1380 cm™ assigned to the N-N stretching vibration of the diazenide unit.

Electronic structure calculations support the metallic character of alkaline earth diazenides.
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2.1.1 INTRODUCTION

Synthesis and characterization of novel binary metal nitrides had a significant impact on
solid-state and materials chemistry due to a multitude of applications for such compounds.*™
In 2001, the first members of the novel class of nitrogen-rich alkaline earth compounds
MaeN2 have been discovered and structurally characterized by Kniep et al. revealing
dinitrogen anions [N,]* with N=N double bonds. The latter anions represent deprotonated
diazene N2H, units and therefore have been named diazenides. In the past SrN, and BaN,
have been synthesized from the corresponding metals at 893 K under nitrogen pressure (0.55—
0.56 GPa) in a specialized autoclave system.'>* Recently, related noble metal nitrides with
analogous formula type MymN2 (Mym = Os, Ir, Pd and Pt) have been synthesized in laser-
heated diamond-anvil cells in combination with cryogenically loaded nitrogen at high
pressure of 50 GPa and temperatures around 2200 K.'**1 According to structural and
electronic considerations, these noble metal compounds are assumed to contain fourfold
negatively charged nitrogen-dimers having the composition M*[N2]*.1>24 Unlike the
alkaline earth diazenides, the latter anions (bond length about 1.41 A)™>?4 are derived from
diazane, N,Hs containing N-N single bonds and are isosteric with peroxide [O]*.
Accordingly, these compounds M*[N2]* have been classified as pernitrides™>2% and their
remarkable properties (e.g. superconductivity, photoluminescence, magnetism and low
compressibility comparable to that of c-BN)**2# merit the investigation of the crystalline
structure, stability, elasticity and electronic structures of the diazenides. However, except for
M = Sr, Ba, Os, Ir, Pd and Pt, no other metal diazenides or pernitrides of formula type MN,
have been synthesized in crystalline form as yet, but have been predicted by density-

functional calculations to form under HP/HT-conditions.[*°]

In order to extend the class of nitrogen rich metal diazenides or pernitrides, we have targeted
new synthetic approaches for these compounds and we were successful using controlled
decomposition of highly reactive precursors like the corresponding azides. In this
contribution, we present our novel synthesis route for the alkaline earth diazenides SrN, and
BaN,. In addition, we report on the synthesis, structural, spectroscopic and electronic
characterization of the novel alkaline earth diazenide CaN, and compare its structure to the

predicted model.[?%%!
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2.1.2 EXPERIMENTAL SECTION

Synthesis of NH4N3

Phase-pure NH4N3 is obtained by the metathesis reaction of NH;NO3 (3.99 g, 50 mmol,
Sigma-Aldrich, 99.0 %) and NaN3 (3.25 g, 50 mmol, Acros Organics, Geel, Belgium, 99 %)
in a silica tube at elevated temperatures. By heating from room temperature to 473 K within
0.5 h, annealing for 12 h and cooling down again to room temperature within 6 h,*® NH4N; is
precipitated at the cold end of the silica tube separated from NaNQOg3, which crystallizes at the

hot end during the reaction.

Synthesis of Ca(N3),

Aqueous solutions of calcium azide are obtained from the reaction of Ca(OH), with excess of
NH4N; (1:4) according to the procedure reported in the literature.*Y First Ca(OH), (1.5 g,
20.1 mmol, Sigma-Aldrich, 99.995 %) is dissolved in 200 ml of water. Then an excess of
NH4N3 (4.8 g, 80.5 mmol) is added generating aqueous Ca(N3),, NH3; and H,O. Ammonia is
boiled off and calcium azide is precipitated by evaporating the water. The obtained calcium

azide is dried over CaCl, (Sigma-Aldrich, 99.99 %) using a vacuum desiccator.

Synthesis of Sr(N3), and Ba(N3):

Strontium and barium azide were obtained by the reaction of the corresponding hydroxide
(Sigma-Aldrich, 99.995 %) with an aqueous solution of HNs, as reported in the literature. 23!
The extremely dangerous HNj3 is distilled from NaN3 (Acros Organics, Geel, Belgium, 99 %)
and H,SO,4. The solid azides are dried over P,O50 using a vacuum desiccator. A general
procedure for the synthesis of the azides of the heavier alkaline earth metals is described in
the literature.*™ Caution! Due to the very low thermal and mechanical shock resistance of
HN3, hydrazoic acid should always be handled with maximum caution. Therefore, whenever
working with HN3, efficient protective clothing such as face protections, a leather coat and

steel reinforced gloves must be worn.

Synthesis of MagN2 (Mae = Ca, Sr, Ba)

The three alkaline earth diazenides were synthesized under high-pressure/high-temperature
conditions in a modified Walker-type module in combination with a 1000 t press
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(Voggenreiter, Mainleus, Germany). As pressure medium, precastable MgO-octahedra
(Cermaic Substrates & Components, Isle of Wight, U.K.) with edge lengths of 14 or 18 mm
(14/8 or 18/11 assembly) were employed. Eight tungsten carbide cubes (Hawedia,
Marklkofen, Germany) with truncation edge lenghts of 8 or 11 mm compressed the octahedra.
The three alkaline earth azides were carefully ground, filled into a cylindrical boron nitride
crucible (Henze BNP GmbH, Kempten, Germany) and sealed with a fitting boron nitride

plate. Details of the setup are described in the literature.**>®!

CaNj; (SrN2, BaN,) was synthesized in a 14/8 (18/11, 18/11) assembly which was compressed
up to 12 (9, 3) GPa at room temperature within 325 (214, 68) min, then heated up to
1073 (823, 723) K in 300 (30, 30) min, Kept at this temperature for 20 (15, 15) min and
cooled down to room temperature in 15 (10, 10) min. Subsequently, the pressure was released
over a period of 958 (623, 183) min. The recovered MgO-octahedron was broken apart in a
glovebox and the sample carefully isolated from the surrounding boron nitride crucible. A
black metallic powder of alkaline earth diazenides is obtained, extremely sensitive to

moisture.

Powder X-Ray Diffraction (PXRD), Structure Solution and Rietveld Refinement

The crystal structures of the three alkaline earth diazenides were analyzed on the basis of
powder X-ray diffraction data. The powder diffraction patterns were recorded with a STOE
Stadi P powder diffractometer (STOE, Darmstadt, Germany) in Debye-Scherrer geometry
using Ge(111) monochromated Mo and Cu K, radiation (0.7093 A and 1.54056 A). For the
alkaline earth diazenides of strontium and barium the resulting powder X-ray diffraction
patterns fit perfectly the ones reported in the literature.?®™* In the case of the novel diazenide
of calcium, the indexing resulted unambiguously in a tetragonal unit-cell with a = 3.57 and
c=5.98 A. A Rietveld refinement (Figure 1) was performed with the TOPAS packagel™”
using the structure of SrN, as starting model. The reflection profiles were determined using
the fundamental parameter approacht® by convolution of appropriate source emission
profiles with axial instrument contributions and crystalline microstructure effects. Preferred
orientation of the crystallites was described with a spherical harmonics of 5™ order. The
relevant crystallographic data for the three alkaline earth diazenides and further details of the
data collection are summarized in Tables 1 and 2. Further information of the crystal structures
may be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on
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quoting the depository numbers CSD-423721 (CaN,), CSD-423722 (SrN,) and CSD-423723
(BaNz).

08 -

06 -

relative intensity /a.u.

0.2

20 I 3:[1 40 I 50 EIG 70 I a0 ac
20F
Figure 1. Observed (crosses) and calculated (gray line) powder diffraction pattern as well as difference profile of

the Rietveld refinement of CaN,; peak positions of CaN, (first row) and of CaO (second row; side phase) are

marked by vertical lines.

Temperature-Dependent in situ X-Ray Diffractometry

In situ X-ray powder diffraction data were collected with a STOE Stadi P powder
diffractometer (Mo K, radiation (0.7093 A)) equipped with a computer controlled STOE
resistance graphite furnace. Enclosed in a silica glass capillary under argon, the samples were
heated from room temperature to 1173 K at a rate of 5 K/min in steps of 298 K. At each
heating step (after holding the temperature for 1 min), a diffraction pattern was recorded with
an IP-PSD in the range of 2° <26 < 80°.

Infrared Spectroscopy

Fourier transform infrared (FTIR) measurements were carried out on a Bruker IFS 66v/S
spectrometer. Spectra of the samples were recorded in an evacuated cell at ambient conditions
between 400 and 4000 cm™ after diluting the samples in KBr pellets (2 mg sample,
300 mg KBr, pressed with 10 KN).

Calculation of the Electronic Structure

The LMTO method in its scalar relativistic version (TB-LMTO-ASA program)"** was used to

perform the calculation of the band structure, electronic density of states (DOS) and crystal
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orbital Hamiltonian population (COHP) of CaN, and SrN,.*l Detailed descriptions of the
method are given elsewhere."** The k point set was extended to a 24x24x24 array to
properly describe the metallic compounds. The basis sets consisted of Ca: 4s/{4p}/3d,
Sr: 5s/{5p}/4d/{4f} and N: 2s/2p/{3d}
downfolded.[*! The elec-tronic structure calculations converged when the change of the total

where orbitals given in parenthesis were
energy was smaller/equal to 10 Ry. The COHP method was used for bond analysis. COHP
gives the energy contributions of all elec-tronic states for a selected bond. The values are

negative for bonding and positive for antibonding interactions. With respect to the COHP

diagrams, we pPlot  Table 1. Synthesis Conditions and Crystallographic Data for CaNa, SN,
-COHP(E) to obtain _2ndBaN:

CaN, SrN, BaN,
positive  values for Zﬂfﬂl 12GPa@1073K 9GPa@823K  3GPa@ 723K
bonding  states.  The  uiianvil

bl 14/8 18/11 18/11
structural parameters were 2™V
fw /g-mol 68.0914 115.6334 165.3534
taken from the Rietveld  space group 14/mmm (no. 139)  I14/mmm (no. 139)  C2/c (no. 15)
. . cell parameters a = 3.5747(6) a = 3.8054(2) a=7.1608(4)
refinements. The orbital /4 - ¢ = 5.9844(9) ¢ = 6.2961(4) b =4.3776(3)
¢ =7.2188(4)
character of the bands was 5= 104.9679(33)
Z [cell 2 2 4
called fat-band plots. p./gem™ 2.9572(10) 4.212(1) 5.0237(5)

. - Healc Imm™ 30.622(11) 37.068(1) 17.73(2)
Magnetic  susceptibility A /A 1.202(4) 1.239(4) 12302)
measurements and electro- Data Collection _

type of STOE Stadi P
nic structure calculations  diffractometer Debye-Scherrer
geometry
for BaN, already revealed it CuKy,
radiation, _ _
that the compound  monochromator (A = 1.54056 A), Mo Ky, (L= 0.7093 A), Ge(111)
Ge(111)
exhibits Pauli paramagnet-  T/K o 2%80)
detector linear PSD (A26 = 5°)
tism and should be 26range/ 10-90 5-90 2-80
. . number of
metallic, despite the para-  pserved 17 19 690

. . reflections
magnetic t“plet state of Structure Analysis and Refinement
the  diazenide ion.*Y  method of fundamental parameter model

] refinement TOPAS Academic
Therefore, a test spin-  program package

atomic

polarized calculation with .o erers 3 3 6
nonzero magnetic mo- ?jﬁfg;?]”/”d shifted shifted shifted
ipe Chebyshev /9 Chebyshev / 12 Chebyshev / 15
ments artificially placed parameters
] R indices GOF(") =1.200  GOF(’)=1740  GoF(y%) = 1.495
on the nitrogen atoms of Ry = 0.062 Rp = 0.044 R, = 0.037
wR, = 0.078 wR, = 0.057 WR, = 0.049

CaN, and SrN, was
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performed and converged also back to the metallic state.

2.1.3 RESULTS AND DISCUSSION

Crystal Structure Elucidation of CaN, and SrN,

Both alkaline earth  Table2. Refined Atomic Coordinates and Isotropic Displacement
Parameters (in 0.01 A?) for CaN,, SrN, and BaNs.

diazenides crystallize in the

atoms Wyckoff X y z Uiso™100
same structure type, which
} } } A CaN2
is isotypic with the a1 2a 0 0 0 3.926(96)
corresponding alkaline ™ ae 0 0 0.3995(5)  6.15(15)
earth acetylenides (MagC»), STN,

_ Sr1 2a 0 0 0 3.733(57)
namely in a tetragonally N1 4e 0 0 0.4016(4)  2.60(13)
distorted NaCl-type. There- BaN,
fore, they can be topo- Bal 4e 0 0.2006(2) ¥ 1.413(21)

N1 8f 0.3023(18) 0.1547(39) 0.0508(19)  1.99(13)

logically derived from U, = Be/(87)

SroN (anti-CdCl,-type) by occupying all octahedral voids made up by the strontium ions with
[N,]*" units aligned along [001]. Figure 2 represents a top view of the resulting unit-cell of
MaeN2 (Mae = Ca, Sr) in the (101) plane. The alkaline earth ion is coordinated side-on by
four and end-on by two diazenide units (Figure 3), giving a coordination number of
8 + 2 = 10. The dinitrogen unit occupies the octahedral voids and is coordinated by six Mag?*
ions. The occupied octahedrons are connected to each other by shared edges and faces. The
experimentally found N-N bond length of SrN, synthesized by Kniep et al. was
1.224(2) AP Here, we find a distance between the nitrogen atoms of 1.202(4) A in CaN,

and 1.239(4) A in SrNy, which is in good agreement with the former results.

As already mentioned, Wessel et al. have predicted the crystal structures of all alkaline earth
diazenides theoretically.”® For their theoretical investigation, 15 possible structural models
with atomic ratio cation to anion of 1:2 were taken into account and thereby the ground-state
structures predicted. The calculations confirm that the experimentally found structures for
SrN; and BaN; are minimum energy structures, thus being the thermodynamically most stable
structures. For CaN, however, the search for a plausible thermodynamic ground-state
structure resulted basically in five possible structure types (Table 3) within a tolerance of
AEta = 1 kd/mol relative to ZnCl..
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le e

Figure 2. Top view of the unit-cell of CaN, and Figure 3. Coordination spheres of Sr**/Ca” on the

SrN, along [010] (Ca"/Sr** orange, nitrogen blue). left, and of the diazenide on the right (Ca*/Sr**
orange, nitrogen blue).

For the reported ZnCl, structure type, the authors additionally analyzed the common
crystallographic details (space group, lattice parameters, atomic positions, interatomic N-N
distance). In this structural model, the cations are coordinated by four dinitrogen units in an
end-on and to another two units in a side-on mode which results in an effective coordination
number of 4 + 4 = 8. The coordination sphere of the diazenide unit again is octahedral. The
resulting N-N distance of 1.255 A is in good agreement with the one experimentally found.
Synthesized CaN, however, is of the MaeC; structure type. Nevertheless, the calculations
reveal that the MaegC, structure type is close to the ZnCl, type in total energy
(AEotar = 1 kd/mol).

Crystal Structure Elucidation of BaN,

BaN; shows a close structural relationship to the structure type of SrN, and CaN, although
the strontium and barium compound do not crystallize isotypically. In BaN,, the metal ions
also form a closed packing, in which the [N,]*" ions occupy all octahedral voids (Figure 4,
left). Again, edge and face sharing of octahedra results. However, due to the lower symmetry
of BaN; compared to CaN, and SrN,, the octahedral voids are occupied with nitrogen dimers
aligned horizontally along the diagonals of the Ba®* octahedra with alternating orientation
within each layer. Only along [100], the same orientation of dinitrogen units is found.
Therefore, the coordination sphere of Ba** is quite similar but slightly more distorted (Figure
4, right). Two diazenide units coordinate in an end-on and four [N.]* ions in a side-on

fashion (with two different sets of distances to Ba?"), thus resulting in a coordination number
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of 2 + 4 + 4 =10. As expected, the experimentally found N-N bond distance of the diazenide
ion 1.204(3) A is intermediate between those of a N-N single-bond and triple-bond.

Figure 4. Unit-cell of BaN, with coordination of the diazenide unit on the left; Ba** coordination sphere on the
right (Ba®* light purple, nitrogen blue, nitrogen not in unit-cell turquois).

Vibrational Spectroscopy

For SrN, and SrN £ (Sr*)a(N*)o([N2]%), a nitride-diazenide) inelastic neutron scattering
(INS) spectroscopy already revealed that an observed feature at 1380 cm™ (SrN) and
1307 cm™ (SrN,) can be assigned to the N=N stretching vibration of the diazenide ion."®!
Remaining features at considerable lower wavenumbers (< 350 cm™) were assigned to

acoustic, optic translational and librational modes of the [N,]* ion.

Concerning a free nitrogen molecule (point symmetry D..,), the only fundamental vibration
(3¢) is Raman-active and IR-inactive due to the rule of mutual exclusion.”] However, the
infrared spectra of MaeN2 (Mae = Ca, Sr, Ba), which are shown in Figure 5, exhibit clear
features at 1376.9 (CaN,), 1378.9 (SrN,) and 1375.9 cm™ (BaN,), which are assigned to the
N-N stretching vibration of the [N,]*" ion. Therefore, in comparison to the free dinitrogen
molecule with only one Raman-active mode, the corresponding site symmetry of the
diazenide ion in the solid has to be reduced to observe IR-active modes. This condition can be
verified using the correlation method./*” The reduced site symmetry for the dinitrogen unit in
CaN; and SrN, is Cyy, resulting in two possible IR-active modes (A;, E). In BaNy, there is a
D..,—C; reduction in symmetry with one IR- and Raman-active vibration (A). Applying the
correlation method,™"! the only IR-active modes for CaN, and SrN, (factor symmetry Duy) are
Ay, and Ey, and for BaN; (Can) Ay and By. Therefore, in the corresponding crystal, the solely
Raman-active mode in the free dinitrogen molecule is split into either one of those IR-active

modes for the dinitrogen units, which is clearly observed in the FTIR spectra.
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Figure 5. FTIR spectra of CaN, (black), SrN, (blue) and BaN, (green). The region of the [N,]* feature is
enlarged (bottom left).

However, there are still a number of unidentified features, which might be caused by
additional (translational, acoustic, librational) modes of the diazenide unit due to lattice
distortions. On the other hand, due to the extremely high sensitivity to moisture, these
compounds tend to hydrolyze very easily. As the KBr-sample pellet is exposed to normal
atmosphere upon transfer from the glovebox to the sample chamber of the spectrometer,
diverse intermediates could be formed resulting in a variety of possible IR vibrations due to
diverse functional groups. Our attempts to record Raman spectra failed. This may be caused

by reflection or absorption of the laser by the intensely black alkaline earth diazenides.

Temperature-Dependent in situ X-Ray Diffractometry

The temperature-dependent in situ X-ray diffraction patterns for CaN, and BaN, are depicted
in Figure 6. The temperature-dependent powder diffraction patterns of SrN, are given in the
Supporting Information, Figure S1. It is clearly seen that each alkaline earth diazenide
transforms into the subnitride Mag,N upon heating. For CaN,, the temperature of
transformation is about 100 K lower (at approx. 500 K) than for SrN, and BaN, (both at
approx. 600 K). These measurements are in good agreement with the reported value for SrN,

of 618 K upon heating SN, in vacuum. %

It is noteworthy that all three alkaline earth diazenides react analogously forming the

respective subnitrides Mag2N upon heating. In the case of strontium and barium diazenide this
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behavior seems reasonable as the stoichiometric nitrides MagsN> do not seem to exist.”® In

contrast, CasN; is a stable phase. However it is not formed during thermal decomposition of
CaN..

Temperature /°C
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b |
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Figure 6. Temperature-dependent in situ powder diffraction patterns of CaN, (bottom) and BaN, (top).

Electronic Structure

To better understand the electronic structure of the alkaline earth diazenides and their bonding
situation, first principles calculations on the electronic structure were performed. As the band
structure, density of states (DOS) and crystal orbital Hamiltonian population (COHP) of BaN,
have already been calculated,™?? we here report on the electronic structure of CaN, and
SrN,. In Figure 7 the band structures of both diazenides are depicted. As expected, the
electronic structure calculations suggest that the compound should be metallic, which is in
good agreement with the observed black metallic color of the samples. In both cases, the main
contributions of bands at the Fermi level comes from the Mag-d (Ca: 3d, Sr: 4d) and the N-p

(2p) states. The contribution of the Mag-p states (Ca: 4p, Sr: 5p) is negligible.

To illustrate the bonding situation, Figure 8 displays a scheme of the molecular-orbital
diagram of N, and [N2]*". Upon forming N by linear combination of the atomic orbitals of
elemental nitrogen, the molecular orbitals 1og, 1oy, 264, 1my, 17y and 20, are formed. The
bonding orbitals 264 and 1z, are filled up with six electrons resulting in a maximum of

bonding multiplicity of three (triple bond). Adding further two electrons into the 17rg*
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molecular orbital (red vertical lines in Figure 8), results on the one hand in [N,]*" and on the
other hand in a reduced bonding multiplicity of two which corresponds to the double-bonded
nitrogen-dimer. Notice that only 50 % of the antibonding molecular orbital 17rg* are occupied.
The [N,]* ion is isosteric to molecular oxygen and [C,]* and therefore should exhibit
paramagnetic behavior. However, magnetic susceptibility measurements and electronic
structure calculations for BaN; revealed that the compound exhibits Pauli paramagnetism and
should be metallic, despite the paramagnetic triplet state of the isolated diazenide ion.™
Thus, a test spin-polarized calculation with nonzero magnetic moments artificially placed on
the nitrogen atoms was conducted for CaN; and SrN; and converged back to the metallic state.
This implies that CaN, and SrN; should be metallic as well. Further addition of two electrons
into the molecular-orbital scheme then results in [N2]* and another reduction in bonding

multiplicity by one (single bond).

5 __-_-\--—_ — ‘\%.C ?
N z ;‘c _—
" ______/ _""'-—-..______
20— | I ._./___“‘--————/
7 r X P N Ve r X P N

Figure 7. TB-LMTO band structures for CaN, (left) and SrN, (right).
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Figure 8. Molecular-orbital scheme of the dinitrogen molecule illustrating the electron filling for N, and [N,]*.
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To elucidate the bonding situation in CaN; and SrN;, the DOS and COHP (Mag—N and N-N)
were calculated and are depicted in Figure 9 (CaN,) and Figure S2, Supporting Information
(SrNy). In the COHP plots, the bonding states are given as features to the right, whereas
antibonding states show up as features to the left. Since they share the same space groups and

crystal structures, the situation for both alkaline earth diazenides is basically the same.

The bonding states at about —20 eV are mainly based on the 1os orbitals of the dumbbell. At
about —12 eV the dinitrogen 1o, states can be found mixing with Mag-s, -p and -d states
(Ca: 4s, 4p, 3d; Sr: 5s, 5p, 4d). Above that, around -8 to -5 eV the 24 and the 1z, states of
the dinitrogen unit show up as bonding states together with an increased contribution of the
Mag-d states and a decreased one of the Mae-p and -s states. The antibonding bands in the
proximity of the Fermi level ranging from —4 to 2 eV are found to be basically built up by the
17rg* states of the dinitrogen unit, which are slightly mixed with the Mag-s and -d states. These
metal-nitrogen interactions are found to be responsible for the significant widths of the
corresponding bands in the band structure, and thus probably being also responsible for the
metallic character of these compounds. The bands above 2 eV are predominantly formed by
Mag-d states. For the Mae—N combination (Figure 9, middle; Figure S2, middle), there are
basically only bonding states up to Er. Above the Fermi level (in the region of the unoccupied
states), the antibonding Mae—N interactions are observed. The COHP plots of the N-N
combination (Figure 9, right; Figure S2, right) in the range of —4 to 2 eV are clearly
dominated by antibonding states where the Fermi level crosses these states at about half of
their antibonding character. This perfectly matches with the expected 50 % occupation of the

antibonding z-states of the diazenide ion [N,]*".

ENERGY (eV)

DOS (states/eV cell) -COHP (/cell) ~COHP (/cell)

Figure 9. Total DOS (left), COHP analysis of Ca—N (middle) and N-N (right) for CaN..
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2.1.4 CONCLUSIONS

By controlled decomposition of the alkaline earth azides of calcium, strontium and barium,
the corresponding diazenides MagN; (Mage = Ca, Sr, Ba) were synthesized in accord with the
pressure-homologue rule (isotypic structures with the heavier homologues can be synthesized
by lower pressure; lighter homologues: higher pressure). FTIR spectroscopy of these
diazenides resulted in a band at about 1380 cm™ assigned to the N-N strechting vibration of
the diazenide ion. Temperature-dependent in situ X-ray diffraction revealed that CaN,, SrN,
and BaN, transformed into the corresponding subnitrides Mag2N at higher temperatures. To
better understand the bonding situation in the diazenides, electronic structure calculations
were performed for CaN, and SrN,. As expected, the diazenides show metallic behavior
(DOS). In addition, COHP calculations revealed a 50 % occupation of the antibonding z-
states of the diazenide ion and therefore support the formulation of a double-bonded, twofold

negatively charged [N2]* ion.
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2.2 FURTHER ALKALINE EARTH DIAZENIDES

As the HP/HT-synthesis of alkaline earth diazenides MagN, (Mag = Ca—Ba) by a controlled
thermal decomposition of the corresponding ionic azides has proven to be successful, it was
also targeted to synthesize the lighter homologue MgN,. Due to the toxicity of beryllium
compounds, the synthesis of BeN, was not intended. Taking theoretical calculations into
account, the synthesis of MgN. (in all hypothetical ground-state structures) is exothermic with
respect to the elements and thus should be accessible in synthetic chemistry.™ According to
our HP/HT-route, binary Mg(N3s), is required. However, despite numerous efforts binary
Mg(Ns), could not have been synthesized up to date owing to the high acidity of Mg®* ions
which tend to form adducts with solvents like ethers or amines as observed upon recent
synthesis in liquid ammonia.”*® To avoid any oxygen-content of potential precursors for the
HP/HT-synthesis of MgN,, we targeted the synthesis of amine-containing precursors in liquid
ammonia according to the literature, namely Mg(NH3)2(N3), and ammonia reduced
Mg(N3)2-x NHs (x ~ 0.7), the latter one referred to arMg(NH3)2(Ns3),.>®

2.2.1 EXPERIMENTAL SECTION

Synthesis of Mg(NHg)g(Ng)z and ang(NHg)g(Ng)z

Diammin magnesium diazide Mg(NHs;)2(N3), was synthesized from MgsN, (70.8 mg,
0.70 mmol) and NH;Ns3 (252.8 mg, 4.21 mmol) in 100 ml liquid ammonia at 223 K.
Magnesium nitride was previously synthesized from the elements,”! whereas NH4N; is
synthesized by metathesis reaction of NHsNO; and NaN; according to the literature.! After
stirring the suspension for 3 days, the finally transparent solution was evaporated and a
colorless, moderate crystalline Mg(NHs;)2(N3), is obtained, which was subsequently analyzed
by powder X-ray diffraction and infrared spectroscopy (see Figure 1). For the synthesis of
amorphous arMg(NHs)2(Ns),, previously synthesized Mg(NHs)2(N3), (100 mg) is further
evaporated at 453 K to a minimum pressure of 2.10° mbar. Thereby, starting evacuation
temperature is set to 363 K and slowly increased over a period of one week that pressure does
not exceed 6-107° mbar. Once the minimum pressure of 2-10°° mbar is reached, no additional
release of NHjs is observed and amorphous arMg(NHs)2(N3).0btained. arMg(NH3)2(N3)2 is
analyzed by means of infrared spectroscopy exhibiting clearly reduced d.(NHN)- and
5s(NHN)-features at 1610 and 1190 cm™, respectively (see Figure 1).
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Caution! Mg(NHs)2(N3), and arMg(NH3)2(N3), powders can detonate above 453 K!
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Figure 1. Infrared spectra of Mg(NHs),(Ns), (black) and arMg(NHs),(Ns),, red). Thereby, arMg(NH3),(Ns),
exhibits clearly reduced 5,(NHN)- and 5(NHN)-features at 1610 and 1190 cm™ compared to Mg(NHs),(Ns),
indicative for the loss of ammonia. The features at about 2000 and 3500 cm™ are attributed to the stretching
vibrations of the azide units in accordance with the literature.>®!

High-Pressure/high-temperature Experiments

For the HP/HT-treatment of as-obtained magnesium azides a modified Walker-type module in
combination with a 1000 t press (Voggenreiter, Mainleus, Germany) was used. As pressure
medium, precastable MgO-octahedra (Cermaic Substrates & Components, Isle of Wight,
U.K.) with edge lengths of 10, 14, 18 or 25 mm (10/5, 14/8, 18/11 or 25/17 assembly) were
employed depending on the maximum synthesis pressure. Eight tungsten carbide cubes
(Hawedia, Marklkofen, Germany) with truncation edge lenghts of 5, 8, 11 or 17 mm
compressed the octahedra. The magnesium azides were carefully ground, filled into a
cylindrical boron nitride crucible (Henze BNP GmbH, Kempten, Germany) and sealed with a
fitting boron nitride plate. A detailed description of the setup can be found in the
literature.®®*? Compressing and decompression rates were set according to the synthesis
pressure. The recovered MgO-octahedra were broken apart in a glovebox (Unilab, MBraun,
Garching; O, <1 ppm, H,0 < 1 ppm) and the samples carefully isolated from the surrounding

boron nitride crucible. All products were analyzed by means of powder X-ray diffraction.

2.2.2 RESULTS, DISCUSSION AND CONCLUSION

In a total number of 33 attempts under various HP/HT-conditions (see Figure 2), no formation
of MgN, was observed, but of MgsN,.*®! This is probably due to the presence of residual
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ammonia in both precursors, which upon HT-conditions is released and acts as strong
reducing agent for the azide ions to produce nitride N>~ ions impeding the stabilization of the
intermediate oxidation state of —I in diazenide [N,]*" ions. It has to be noted that once
ammonia has reduced azides to nitrides, itself is oxidized to nitrogen and hydrogen gas,

whereby the latter acts again as strong reducing agent.

Taking these observations into account, novel diazenides by the HP/HT-route are so far only

accessible if the corresponding precursors constitute binary, phase-pure azides.

2000
1800 3 . Figure 2. HP/HT-conditions for the synthesis of
MgN, starting from Mg(NH;),(N3), (black) or
arMg(NH3)2(N3), (red). In a total number of 33
14005 experiments, no diazenide containing compound was
observed. Some experiments have been conducted
twice at the same temperature and pressure, but with
i different heating, holding and cooling rates. A
detailed description of the HT/HP-experiments can
. be found in chapter 2.1.
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3. BINARY ALKALI DIAZENIDES

As the synthesis of novel alkaline earth diazenides by controlled thermal decomposition of the
corresponding ionic azides in a multianvil device under HP/HT-conditions turned out to be
the method of choice, it was decided to investigate the thermal decomposition of alkali azides
at extreme conditions. Despite the fact that initial attempts in the synthesis of the heavier
alkali diazenides with M = Na—Cs were truly disappointing, the HP/HT-synthesis of the first
alkali diazenide of the lightest alkali metal, namely Li;N,, was even more pleasant but
surprising at the same time as described in the following chapter.
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ABSTRACT

Uberraschung beim Diazenid: Beim ersten bekannten Alkalimetalldiazenid, Li,N,, wurde ein fiir
Verbindungen der Zusammensetzung A,B, neuartiger Strukturtyp gefunden. Spektroskopische Untersuchungen
zeigen bei 1328 cm™' eine signifikante Schwingung, die der Diazenideinheit zugeordnet wird. Die Berechnung
der elektronischen Struktur unterstreicht den metallischen Charakter und bestitigt die Besetzung der

antibindenden z-Zustande in [N,]*~ zu 50 %.

Diazenide surprise: Synthesis of the first alkali diazenide, namely Li,N; is presented. Lithium diazenide adopts
an unprecedented structure type for compounds with A,B, composition. Spectroscopic analysis shows a
significant feature at 1326.8 cm™ which is assigned to the stretching vibration of the [N,]* ion. In addition,
electronic structure calculations underline the metallic character and confirm the 50 % occupation of the
antibonding z-states in [N,]*".


http://onlinelibrary.wiley.com/doi/10.1002/ange.201108252/abstract�
http://onlinelibrary.wiley.com/doi/10.1002/anie.201108252/abstract�

Chapter 3: Binary Alkali Diazenides 51

3.1.1 INTRODUCTION WITH RESULTS AND DISCUSSION

In comparison with the versatile chemistry of oxides and their extraordinary impact on
mineralogy, materials science, and fundamental research, the chemistry of nitrides appears
less varied and their syntheses are usually more elaborate. This observation may be a direct
consequence of the high partial pressure of oxygen and the omnipresence of water on our
planet. Furthermore, most solid oxides are more stable than nitrides, because chemical bonds
to nitrogen are typically weaker than bonds to oxygent*! And additionally, the electron
affinity of nitrogen is significantly lower than that of oxygen, rendering N** much more
endothermic than O?"; both anions require stabilization by counterions in the solid state./”
Accordingly, a broad systematic investigation of nitrides had not been pursued before the last

decades.[*!

A similar trend is observed in the variability of homonuclear molecules and ions of oxygen
and nitrogen. Besides the allotropes O, and Os, there are peroxides [O,]*", hyperoxides [02] ",
ozonides [Os]", and the dioxygenyl cation [02]*.24* In contrast, only the nitrogen allotrope
N,, nitrides N*", and azides [N3] have been long Known.™ It was not until 2001 that Kniep et
al. proved the existence of the homonuclear dinitrogen anion [N2]*~, which is a deprotonated
diazene N,H, with a N=N bond.**1 These anions were accordingly named diazenides.
Unexpectedly, no other binary diazenides except SrN, and BaN; have been synthesized thus
far. Lately, however, the existence of the paramagnetic dinitrogen anions [N2] ™~ and [N2]*", as

well as compounds containing the pernitride ion [N,]*, have been reported.*-3¢

We have been able to extend the range of diazenide composition through a novel synthetic
approach employing controlled thermal decomposition of ionic azides in a multianvil device
under high-pressure/high-temperature (HP/HT) conditions.®” We thereby obtained calcium
diazenide CaN,, which is isotypic with SrN, and alkaline earth acetylenides crystallizing in a
tetragonally distorted NaCl-type structure. To further extend the compositional range of
simple metal diazenides, we turned to the investigation of the thermal decomposition of alkali
azides under extreme conditions. With respect to the observation that peroxides M,0O, and
hyperoxides MO, are more stable with the heavier alkali metals (M = K, Rb, and Cs),®?°! we
initially targeted synthesis of diazenides in combination with these elements. Surprisingly, we

were ultimately successful with the synthesis of a diazenide of the lightest alkali metal, Li,N,.
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Lithium diazenide was obtained under HP/HT-conditions (9 GPa, 750 K) in a Walker-type
multianvil assembly by decomposition of LiNs. It is a black powder with a metallic luster and

is extremely sensitive to hydrolysis.

The crystal structure of Li;N, (Table 1) was determined on the basis of powder X-ray
diffraction data (Figure 1).®
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Figure 1. Observed (crosses) and calculated (gray line) powder diffraction pattern (Cu K, radiation
(1.54056 A)) as well as difference profile of the Rietveld refinement of Li,N,; peak positions are marked by
vertical lines.™

Extraction of the peak positions, pattern indexing, structure solution, Fourier calculations, and

Rietveld refinements were carried out with the TOPAS software package.®! The reflections

of the powder pattern were  Taple 1. Refined Atomic Coordinates and Isotropic Displacement
H 2 H a
indexed in the orthorhombic _Factors in 0.01 A%of LizN,.

Atoms  (Wyckoff) x y z Ui’
crystal system and the space i1 2a 0 0 0 0.047(13)
. i 1 1
group Immm was derived. Li2 2¢ N 0 0.057(14)
Li3 4 VR 0.2510(6)  0.022(11)
N1 8l ¥ 0.1466(5) 0.62321(19) 0.0079(15)

Li,N,, the first alkali metal

3space group Immm (no. 71), a = 3.1181(4), b = 4.4372(4), c = 10.7912(16) A,
diazenide, represents an = Z=4; Ui By/(87).

unprecedented structure type. The diazenide units are oriented along [010] (Figure 2) and
have a bond length dyn = 1.301(3) A, which is between a single- and triple-bonded dinitrogen
unit. In contrast to diazene itself and the alkaline earth diazenides CaN,, SrN,, and BaNy,
which have N-N distances in the range of 1.20-1.24 A 1372037 the observed bond length in
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Li,N; is slightly longer. This might be a direct consequence of the metallic character of this

compound, as is also predicted for LaN, and FeN,.334

The [N2]* ions are coordinated in a rhombic prism made up of eight Li atoms. Furthermore,
each Li site is coordinated by the diazenide units in a different way: Lil is coordinated in a
square planar shape by four end-on diazenide units. Li2 is coordinated by four [N2]*~ ions in a
side-on manner, resulting in an eightfold coordination, while Li3 is coordinated by two side-
on and two end-on diazenides, resulting in a coordination number of six. The overall Li—Li
and Li-N distances match with reported values.[**? According to Shannon!®, to compare the
obtained Li-N distances with the sum of the ionic radii, the radius of the diazenide ion has to
be evaluated first, as the ionic radii of Li* depends on its coordination. Starting from the
structural data of the alkaline earth diazenides CaNy, SrN,, and BaN,®" we estimated the
average radius of one nitrogen atom in the diazenide ion to be 1.27 A. Based on this empirical
value, the Li—N distances obtained correspond well with the sum of the ionic radii:
r(Li*cn)=0.59, r(Li*cne)=0.76, and r(Licne)=0.92 A.

® L J
. % - 5 k‘

== ‘ =
R

Figure 2. Unit cell of Li,N,, view along [100]. Polyhedra around Li atoms marked in blue, around diazenide unit
marked in yellow; Liyellow, nitrogen blue.

Recently, Zhang et al. attempted to predict the ground-state structure of Li,N,, but the

reported data do not match with our experimental results.!*4

Infrared spectroscopy revealed a significant feature at 1326.8 cm™, which was assigned to the
N-N stretching vibration of the diazenide ion, in accordance with previous vibrational

spectroscopic measurements on CaN,, SrN (a nitride-diazenide), SrN,, and BaN,.!3"#

To better understand the electronic character of Li;N, and its bonding situation, first-

principles calculations on the electronic structure were performed using the LMTO



54 Chapter 3: Binary Alkali Diazenides

method.[*®) As expected, the electronic band structure calculations suggest that the compound
is metallic, which is in good agreement with the black color of the sample. The crystal orbital
Hamilton population (COHP) plot of the N-N combination clearly shows the expected
situation for the [N>]*" ion: it is not surprising that, on the one hand, the states near the Fermi
level are antibonding and that, on the other hand, the Fermi level crosses these states at about
half of their antibonding character. These observations match well with the 50 % occupation

of the antibonding =z states in the isolated diazenide ion.

In summary, the structural, spectroscopic, and electronic characterization of Li,N, confirm it
to be the first alkali diazenide and show that it crystallizes in an unprecedented structure type.
Furthermore, the experimental approach that is used to generate this class of diazenides is
very promising for the synthesis of even more binary compounds in the alkali-nitrogen

system.
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3.2 FURTHER ALKALI DIAZENIDES

In contrast to the elaborated alkali-oxygen chemistry, where homonuclear anions like
peroxides M,0, and hyperoxides MO, are more stable with the heavier alkali metals (M = K,
Rb, and Cs),'™¥ the existence of corresponding homologue alkali compounds with
homonuclear dinitrogen anions still leaks evidence. With Li;N,, the first representative of
related peroxide composition with [N»]*~ ions was obtained by thermal decomposition of LiN3
under extreme conditions. To extend the compositional range of Mj;N, (M = Na-Cs)
diazenides, we also targeted the investigation of thermal behavior of the heavier alkali azides

under extreme conditions.

3.2.1 EXPERIMENTAL SECTION

Synthesis of Alkali Azides MN3 (M = Na—Cs)

Besides sodium azide, which was purchased commercially from Acros Organics (Geel,
Belgium, 99 %), the heavier homologue alkali azides have been synthesized according to the
literature.""! Potassium, rubidium and cesium azides are obtained by the reaction of the
corresponding hydroxides (Sigma-Aldrich, 99.995 %) with an aqueous solution of HN3. The
extremely dangerous HNs is distilled from NaN3; and H,SO,4. The solid azides are dried over
P4010 using a vacuum desiccator. A general procedure for the synthesis of the azides of the
heavier alkaline earth metals is described in the literature.**! As-obtained azides can be

handled without special precautions.

Caution! Due to the very low thermal and mechanical shock resistance of HNs, hydrazoic
acid should always be handled with maximum caution. Therefore, whenever working with
HNs, efficient protective clothing such as face protections, a leather coat and steel reinforced

gloves must be worn.

Ex situ High-pressure Investigations

According to the synthesis of Li,N, the thermal behavior of the heavier alkali azides has also
been investigated under HP/HT-conditions. For the HP/HT-treatment of as-obtained azides a
modified Walker-type module in combination with a 1000 t press (\Voggenreiter, Mainleus,

Germany) was used. As pressure medium, precastable MgO-octahedra (Cermaic Substrates &
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Components, Isle of Wight, U.K.) with edge lengths of 10, 14, 18 or 25 mm (10/5, 14/8,
18/11 or 25/17 assembly) were employed depending on the maximum synthesis pressure.
Eight tungsten carbide cubes (Hawedia, Marklkofen, Germany) with truncation edge lenghts
of 5, 8, 11 or 17 mm compressed the octahedra. The alkali azides were carefully ground, filled
into a cylindrical boron nitride crucible (Henze BNP GmbH, Kempten, Germany) and sealed
with a fitting boron nitride plate. A detailed description of the setup can be found in the
literature.’® % Compressing and decompression rates were set according to the synthesis
pressure. The recovered MgO-octahedra were broken apart in a glovebox (Unilab, MBraun,
Garching; O, < 1 ppm, H,0 < 1 ppm) and the samples carefully isolated from the surrounding

boron nitride crucible.

In situ High-Pressure Investigations

In addition, the thermal behavior of MN3; azides (M = Na and K) under extreme conditions
was also investigated in situ at the Hamburger Synchrotronstrahlungslabor (HASYLAB,
Beamline F2.1 operated by the Geoforschungszentrum (GFZ) Potsdam until 2012). Energy-
dispersive diffraction patterns were recorded using white X-rays from the storage-ring DORIS
I11. The pressure was measured by using the high-pressure equation of state for admixed NaCl
by Decker.™! The beamline was equipped with a Ge solid-state detector, situated at the press
frame and tracking the adjustment of the whole apparatus in relation to the X-ray beam. The
multianvil apparatus is equipped with six tungsten carbide anvils, which are driven by a
2.5 KN uniaxial hydraulic ram. The top and bottom anvil are driven directly, the lateral anvils
by two load frames and four reaction bolsters. The maximum pressure for the 8 mm cube
setup is approximately 9 GPa with temperatures up to 1900 K, which are produced by an
internal graphite heater. The high-pressure cell consists of a cube made of boron epoxy resin.
The gaskets between the anvils are formed from the boron epoxy cube material during the
runs. The boron nitride high-pressure cell itself is filled with the ground alkali azides, the
graphite heater, the pressure standard (NaCl) and the thermocouple, which is insulated by
boron nitride. All sample preparation was done in a glovebox (Unilab, MBraun, Garching;
0,< 1 ppm, H,0 < 1 ppm). Rings made from heated pyrophyllite provide electrical insulation
and act as a quasi-hydrostatic pressure transmitting medium. Copper rings contact the heater

at the top and bottom anvils.
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3.2.2 RESULTS, DISCUSSION AND CONCLUSION

Surprisingly, independently of the synthesis conditions as well as of the investigated alkali
azides, the products of each ex situ HP/HT-experiment (see Figure 1) showed typical
properties of elemental alkali metals, namely metallic brilliance and ductility, indicating a
decomposition of the heavier alkali azides into the elements in contrast to the synthesis of
LioN,.
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Figure 1. Conditions of the HP/HT-experiments with sodium (black), potassium (red), rubidium (green) and
cesium (blue) azide. In a total number of 27 experiments, no diazenide was formed, but always the
corresponding elemental alkali metal indicating the decomposition of the azides into the elements. Some
experiments have been conducted twice at the same temperature and pressure, but with different heating, holding
and cooling rates.

The in situ experiments are in accordance with previous ex situ results, as the investigated
alkali azides do not transform into another product but the alkali metal itself upon HP/HT-
treatment (see Figure 2), which indicates again a decomposition of the alkali azide into the

elements.

In the case of NaN3 a pressure-induced phase-transition from rhombohedral f-NaN3 (R-3m,
no. 166) to monoclinic a-NaN3; (C2/m, no. 12) is observed at pressures < 1 GPa in good
agreement with the literature (data not shown). Once the assembly-dependent final pressure
of e.g. 3.5 GPa (see Figure 2, red squares) is reached, the temperature is slowly raised. Up to
523 K, the reflection profile of a-NaNjs is still observed. At 523 K a-NaN3 rapidly transforms
into body-centered metallic sodium, which after a further increase in temperature melts at

about 823 K in agreement with literature data.>'® An in situ investigation of NaN; at
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4.9 GPa shows the same features as the experiment at 3.5 GPa. For KN3 no pressure-induced
phase-transition is observed up to a maximum investigated pressure of 3.9 GPa.l'"! Like
NaNs, potassium azide first decomposes to elemental potassium which finally melts upon
increasing temperature. Corresponding melting points of potassium are also in good
agreement with the literature.[*®!
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Figure 2. Conditions of the in situ HP/HT-experiments with sodium (black, red) and potassium (blue, magenta)
azide. Hollow squares represent the onset of azide-metal transition. A further rise in temperature (arrow) finally
results in a total melting (squares) of the assembly.

Summarizing, the (di-)nitrogen-chemistry of the heavier alkali metals does not follow the
trend as observed in oxygen-rich alkali compounds, namely in the formation of
representatives with homonuclear anions of M;X; or MX; stoichiometry (M = alkali, X = O,
N). Corresponding azides rather decompose into the elements upon temperature increase at a
given pressure. So far, Li,N, represents the only known alkali diazenide accessible by thermal
decomposition of the ionic azide under extreme conditions. A reason for this observation
might be the following, however rather hypothetical scenario (see Scheme 1). Upon the
synthesis of Li,N;, once LiN3 decomposes into the elements (as observed for NaN3 and KN3),
lithium and molecular nitrogen can rearrange to form thermodynamically stable LisN as it is
commonly observed for the elements at high temperatures.*® According to LeChatelier’s
principle, the chemical equilibrium further shifts to the site with less gaseous components at
high-pressure conditions, which then is the comproportionation of nitride ions and dinitrogen
molecules to diazenide entities formally represented by the reaction of intermediate LisN to
Li,N,. Note that this comproportioning has already been proposed by Kniep et al. (see
equations 1-3) for the final step upon initial synthesis of SrN, (see also scheme 2 in

chapter 1.4).221 However, Kniep’s redox-intercalation precess of molecular N, into various
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host lattices remains questionable as uncommon oxidation states of strontium differing from

+11 are involved.

ApAT

M=Li
ApAT - —
6NI—N3 (1_ ”6M+9N2“ P a— ApAT

M=Na-Cs

Y

Scheme 1. Hypothetical intermediates upon thermal decomposition of alkali azides. Due to the minor gaseous
contributions at the right side of the chemical equilibrium, the synthesis of the product Li,;N, is favoured upon
HP/HT-treatment of LiNs. In contrast, the formation of a diazenide of the heavier alkalis is not observed at all.

4(Sr"IN"T+ N, —> (S8 aNTu(INT) @
(Sr1'5+)4(Sr2+)4[N3_]4([N2]2_) +N, —» (Sr2+)8[N3_]4([N2]2_)2 )
(SPNINT(NT o + 4N, —> 8(SP)(INI) ®)

On the other hand, if strontium exhibits the common oxidation state +11 for all intermediate
reactions, the corresponding equations 4—6 for the formation of SryN3, SrN and SrN, starting

again from Sr,N could be formulated as follows:

4 (Sr**)[N*T-€ + N, —> (Sr")eIN*Ta([N2]*)-26 (4)
(S*)8[N*Ta(IN2J*)-2™ + N, —> (SPP)E[N*T4([No]%): (5)
(S*)e[N*Ta(IN2J)2 + 4 N, —> 8(S”*)(INJ) (6)

Thereby, N, molecules ions are reduced to [N2]* entities, whereby the electrons are most
probably provided by SroN-e” itself. Nevertheless, in both scenarios the last step of SrN,
formation involves comproprotioning of remanent nitride ions in SrgN4(N,). and dinitrogen

molecules to yield solely [N2]*~ containing compounds.

Coming back to the question of missing representatives of the heavier alkali diazenides,
lattice energies of MsN nitrides (M = Li, Na, K) have to be taken into account. Thereby, the
lattice energy of LisN mounts to about 6330 kJ/mol, and shows an enormously decreased
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value for NasN and KsN, which is only of 5250 and 4200 kJ/mol, respectively.® This clearly
indicates the difficulty in nitride formation of the heavier alkali homologues — note that the
synthesis of NasN or K3N starting from the elements is only observed for extraordinary
extreme conditions with specialized equipments.”®?” In addition, the existence of CssN and
RbsN still leaks evidence. In accord with Scheme 1, the in situ investigations for NaN3; and
KN3 did not show any nitride formation upon HP/HT-treatment, thus possibly impeding a
further reaction to potential diazenides by comproportionation recations. However it has to be
stated that the true behavior of LiN3 under HP/HT-conditions is yet not known, as LiN3; was
not investigated by in situ experiments. Thus, the postulated nitride formation remains
hypothetic. Electrostatic conditions might also play the crucial role upon diazenide formation,
which are so far completely unidentified. Moreover, it has to be stated that the necessity of

nitride formation is also not proven.

In addition, transferring the as-postulated reaction scheme to the successful HP/HT-synthesis
of alkaline earth diazenides MaeN2, (Mag=Ca, Sr and Ba) starting again from the
corresponding azides, it further remains questionable. Up to date there are no in situ
investigatins of the thermal behavior of alkaline earth azides upon HP/HT-conditions. Thus
their decomposition into the elements and the recombination into nitrides still leaks evidence,
especially as strontium and barium nitrides, SrsN; and BasN2, are not unambiguously known
to exist so far. In fact, the synthesis of MagN starting from the corresponding azides also has
to be investiged in situ to prove the postulated reaction meachnism as nitride-diazenides
synthesized by Kniep et al. can constitute possible intermediates.[?>**?] [f decomposition into
the elements and formation of nitrides do not constitute any intermediate steps, another
mechanism for diazenide formation has to be formulated possibly involving the direct

recombination of azide ions themselves into dinitrogen molecules and [N,]*" entities.
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4. MATERIALS PROPERTIES OF BINARY DIAZENIDES

In the following chapters, as-synthesized binary diazenides are investigated regarding their
materials properties, such as electronic, ionic and pressure-dependent mechano-physical
characteristics. Whether the alkaline earth diazenides MagN2 (Mae = Ca, Sr, Ba) and Li;N;
despite their rather ionic characteristics show true metallic behavior in accordance with
density functional considerations or insulating and therefore ionic properties, can be found out
in the first chapter. Again, it is the alkali diazenide Li;N, that proves another exciting

characteristic.



Chapter 4: Materials Properties of Binary Diazenides 67
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ABSTRACT

Electrical conductivity measurements of alkaline earth diazenides SrN, and BaN, revealed temperature-
dependent metal-like behavior. As CaN, is isotypic with SrN, its electronic properties are supposed to show
similar characteristics. For the alkali diazenide Li,N,, the corresponding measurement shows not only the typical
characteristics of metallic materials but also an unexpected rise in electrical conductivity above 250 K, which is
consistent with an ionic contribution. This interpretation is further corroborated by static °Li and “Li nuclear
magnetic resonance measurements (NMR) of the spin-lattice relaxation time (T,) over an extended temperature
range from 50 to 425 K. We observe a constant Heitler-Teller product (T,T) as expected for metals at low
temperatures and a maximum in the temperature-dependent relaxation rates, which reflects the suggested ionic
conductivity. A topological structural analysis indicates possible 3D ion migration pathways between two of the
three crystallographic independent Li positions. A crude estimate of temperature-dependent self-diffusion

coefficients D(T) of the lithium motion classifies Li,N, as a mixed electronic/ionic conductor.
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4.1.1 INTRODUCTION

Due to numerous applications of binary metal-nitrogen compounds, their synthesis and
characterization had and still has a remarkable impact on solid-state and materials
chemistry.'™®) Besides the long known nitrides and azides with N*~ and [Ns]™ anions,
respectively, a third class of nitrogen based anions proved their existence only very recently,
the latter consisting of homonuclear dinitrogen units, namely [N2]*" (x = 1-4).1%*® Besides the
paramagnetic dinitrogen anions [N,]” and [N,]*", which so far have only been observed in
molecular complexes,™ ™ it was [N,]*~ and [N,]*" ions that could have been synthesized in
solid-state compounds.*”"¥! The 14 electron ion [N,]*" is isosteric with peroxide [0,]° and
thus was named pernitride,’**** whereas [N2]*", representing a deprotonated diazene N,H,

with a N=N double bond has been denominated diazenide.""*!

The first binary representatives containing [N,]>~ anions were SrN, and BaN,, which have
been synthesized under nitrogen pressure in a specialized autoclave system.'”?! In order to
further extend this class of metal diazenides, we recently have targeted new synthetic
approaches and were successful employing controlled thermal decomposition of ionic azides
in a multianvil device under high-pressure/high-temperature (HP/HT) conditions.[?2%%
Besides the two known diazenides, we obtained and characterized novel CaN, and the first

alkali diazenide, namely Li,N,.[?%!

With a high difference in electronegativity between cations and anions, these diazenide
compounds suggest rather ionic behavior, although having a black metallic luster. In addition,
corresponding theoretical calculations on their electronic structure revealed that these
compounds should exhibit metallic characteristics.*®?>%*4 This is somehow surprising as
simple compounds containing corresponding homonuclear anions made up of elements on
either side of the element nitrogen in the PSE, namely acetylenide [C,]*or peroxide
compounds clearly show ionic and thus insulating or at least semiconductive behavior.2>"]
In addition, stretching vibrations of the double-bonded dinitrogen anions were observed in
FTIR measurements of the mentioned diazenides as distinct features at about 1325-1375 cm™*
(see Figure S1 in the Supporting Information, SI).?2%%! In fact, applying the correlation
method®® for allowed vibrations of the diazenide ions in the corresponding crystal structures,
we were successful by predicting infrared-active modes for all of these diazenides.’?? This
observation rather contradicts metal-like behavior as for metallic compounds infrared-active

features at such high energies usually do not occur. Additional theoretical considerations on
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the existence of hitherto unknown diazenide compounds revealed that FeN,, ZnN; and LaN,
should be thermodynamically stable at ambient conditions and exhibit again
metallicity.3%4% However, the true character of an either metallic or ionic formulation of

diazenides based on experimental data still leaks evidence.

In the case of Li,N, potential lithium ionic conduction is however thought to interfere with
assumed metallic, electronic conductivity. As the interest in and demand for Li* ion
conductors still increase due to their industrial applications such as solid-state batteries,**!
it is important to fully characterize LioN,. In order to investigate a potential ionic conduction
lithium nuclear magnetic resonance (NMR) is a suitable tool.** As it already has been
shown for LisN and various Li* containing compounds,®’ % it is possible to estimate
activation energies En and diffusion coefficients D(T) for the lithium migration from

temperature-dependent °Li and ‘Li spin-lattice relaxation (SLR) experiments.

In the present work we report on an experimental study of unsettled metal-like behavior in
diazenide compounds. Conductivity measurements between 3.5 and 300 K are presented and
measured specific conductivities are classified and discussed with respect to those of metals,
semiconductors and insulators. lonic and electronic contributions to the electrical conductivity
in LioN, were further investigated from temperature-dependent °Li and "Li NMR. The results
obtained with different experimental techniques combined with a topological analysis of
lithium migration pathways allow us to estimate a activation energy Ea, the dimensionality
and temperature-dependent self-diffusion coefficients D(T) of the lithium motion.

4.1.2 EXPERIMENTAL SECTION

Synthesis of Azides

Nondoped LiN3 was obtained by precipitation from its aqueous solution (Sigma-Aldrich,
20 wt% solution in water) by evaporation in vacuum, whereas °LiN; was precipitated in
diethylether by addition of excess NaN; (Acros Organics, 99 %) to a suspension of °LiCl
(Sigma-Aldrich, 95 atom% °Li, 99 %) in absolute ethanol as described in the literature.®*>%
Strontium and barium azide are obtained by the reaction of the corresponding hydroxides
(Sigma-Aldrich, 99.995 %) with an aqueous solution of HNs, as reported in the literature.>**°!
The extremely dangerous HNj3 is distilled from NaN3 (Acros Organics, Geel, Belgium, 99 %)

and H,SO,. The solid azides are dried over P4O19 using a vacuum desiccator (24 h). A general
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procedure for the synthesis of the azides of the heavier alkaline earth metals is described in

the literature.[®®

Caution! Due to the very low thermal and mechanical shock resistance of HNs, only very
small quantities should be used. Therefore, whenever working with HN3, efficient protective

clothing such as face protection, a leather coat and steel reinforced gloves must be worn.

Synthesis of Diazenides

®Li,N,, nondoped Li,N,, SrN, and BaN, were synthesized at distinct HP/HT-conditions in a
modified Walker-type module in combination with a 1000t press (both devices from the
company Voggenreiter, Mainleus, Germany) according to literature.”>?! The as-obtained
azide was carefully ground, filled into a cylindrical copper (Li,N;) or boron nitride (MagN,)
crucible (Henze BNP GmbH, Kempten, Germany) and sealed with a fitting boron nitride
plate. As pressure medium, precastable MgO-octahedra (Ceramic Substrates & Components,
Isle of Wight, U.K.) with edge lengths of 18 mm (18/11 assembly) were applied. Eight
tungsten carbide cubes (Hawedia, Marklkofen, Germany) with truncation edge lengths of
11 mm compressed the octahedra. Details of the setup can be found in the literature.’*
LiN2 (SrN2, BaN;) was synthesized in a 18/11 (18/11, 18/11) assembly which was
compressed up to 9 (9, 3) GPa at room temperature within 217 (214, 68) min, then heated up
to 750 (850, 750) K in 10 (30, 30) min, kept at this temperature for 50 (15, 15) min and
cooled to room temperature in 10 (10, 10) min. Subsequently, pressure was released over a
period of 633 (623, 183) min. The recovered MgO-octahedron was broken apart under inert
conditions in a glovebox (Unilab, MBraun, Garching; O, < 1 ppm, H,O < 1 ppm) and the
sample was carefully isolated from the surrounding boron nitride crucible. A black metallic
powder of the corresponding diazenide is obtained, extremely sensitive to moisture. Each
diazenide was analyzed by means of powder X-ray diffraction patterns which were recorded
with a STOE Stadi P powder diffractometer (STOE, Germany) in Debye-Scherrer geometry
using Ge(111) monochromated Mo and Cu K, radiation, respectively (0.7093 A and
1.54056 A).

LioN, crystallizes in space group Immm (no. 71) with a=3.1181(4), b =4.4372(4),
c=10.7912(16) A, V =149.31(3) A% and Z=4; Lil in (2a), Li2 in (2c), Li3 in (4i) with
z = 0.2510(6) and N1 in (81) with y = 0.1466(5) and z = 0.62321(19).%% SrN; crystallizes in a
tetragonally distorted NaCl-type structure in space group I4/mmm (no. 139) with
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a=3.8054(2), ¢ = 6.8961(4) A, V=91.17(1) A® and Z=2; Srl in (2a) and N1 in (4e) with
z = 0.4016(4).2 The crystal structure of BaN is of monoclinic symmetry (C2/c no. 15) with
a=7.1608(4), b=4.3776(3), c=7.2188(4) A, p=104.9679(33)°, V=218.61(2) A’ and
Z =4; Bal in (4e) with y =0.2006(2) and N1 in (8f) with x = 0.3023(18), y = 0.1547(39) and
z = 0.0508(19).[%! The crystallographic data of the corresponding diazenides are taken from

literature.[?%%

Conductivity Measurements

For the measurements of SrN, and BaN,, two reaction batches of each diazenide were
combined, whereas for the measurement of Li,N; an overall of eight batches had to be merged
due to the small sample amount obtained upon synthesis. In addition, each product of a
HP/HT-synthesis was analyzed separately by means of powder X-ray diffraction to rely on a

successful synthesis of the corresponding diazenide.

The electrical measurements were performed with a self-built susceptometer consisting of a
Janis shi-950 two-stage closed-cycle Cryostate with “He exchange gas (Janis Research
Company, Wilmington, U.S.A.) and a dual-channel temperature controller (model 332 by
LakeShore, Westerville, U.S.A.). A Keithley Source-Meter 2400 (Cleveland, U.S.A.) was
available as current source, which was used to create square waves with amplitudes of 2 pA
to 5 mA and frequencies of either 2 or 0.4 Hz (1 or 5 PLC, respectively). The differential
voltage drop between signal-high and signal-low was recorded with a Keithley 2182 Nano-
Voltmeter and used to calculate the sample resistance in one direction according to Ohm’s

law and the specific resistance according to the Van-der-Pauw approximation.®

For the measurements cold pressed (10 kN) pellets of nonsintered diazenides (diameter:
4.0 mm, thickness: 0.5-0.9 mm) were produced. Applying the four-probe method, the pellet
was contacted with four equidistant probes using silver conducting paint. As the diazenides
were extremely sensitive to moisture, all preparations had to be done under inert atmosphere
in a glovebox. A current of 0.15-0.3-10 A was applied and the potential difference was
measured as a function of the temperature upon cooling and heating (300 to 3.5 K) yielding

the specific conductivity. No superconductivity was observed.



72 Chapter 4: Materials Properties of Binary Diazenides

®Li and "Li solid-State Nuclear Magnetic Resonance

The static ‘Li and °Li NMR spectra were recorded with a Bruker Avance Il NMR
spectrometer at a frequency of 194.37 and 73.60 MHz, respectively which corresponds to an
external magnetic field of 11.7 T. For temperature-dependent measurements, the spectrometer
was equipped with different commercial static variable-temperature probes. For temperatures
above approximately 160 K a double-resonance SOL5 probe from Bruker Biospin was used,
for temperatures below 160 K a probe from the same company was used which consists of a
He continuous flow cryostat (model STVP-XG, Janis Research Company, Wilmington, MA,
U.S.A.) and a single channel probe with two CERNOX temperature sensors and self-made
coils. The sample was inserted into the coils made of manganin wire for the low-temperature
"Li experiments and silver plated copper wire in case of the °Li experiments. The sample was
sealed in an airtight glass tube under vacuum. Ty spin-relaxation times were measured with a
saturation recovery experiment. The one-dimensional "Li static NMR spectra were acquired
with a z/2 pulse length of 1.5 us and a recycle delay minimum three times bigger than T;. The
solid-echo °Li static NMR spectra were acquired with a z/2 pulse length of 1.31 us and a

recycle delay minimum three times bigger than T4.[**]

4.1.3 RESULTS AND DISCUSSION

Conductivity Measurements

For metals, resistance is temperature-dependent and supposed to decrease with decreasing
temperature. The resistance of a semiconductor decreases with increasing temperature and
shows an abrupt decay, once the electrons can be excited from the valence band into the
conductive band. Insulators only become conductive at very high temperatures and show
exceptional high specific resistances at ambient temperature. Taking these classifications into
account and comparing them to the observed conductivity curve of the diazenides, the
ambiguity whether there is metallicity in diazenides or not can now be referenced.

Figure 1, parts a, b and ¢ show the specific resistance curves for SrN,, BaN, and Li,N,
respectively, obtained upon cooling the prefabricated pellets. Figure 1d depicts the pellet of

black colored Li;N, mounted onto the sample holder for conductivity measurements.
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SrN; and BaN; show a decrease of specific resistance with decreasing temperature, typical for
metals. However, it has to be stated that the pellets have not been sintered before the
measurements but were only cold pressed to avoid any oxidation of these highly moisture-

sensitive compounds.®¥

For Li,N,, the specific resistance increases up to a maximum temperature of about 250 K and
finally decreases with a further decrease of temperature as expected for metals. Thus, true
metal-like behavior is only observed at temperatures below 250 K. The change in
conductivity from 250 K to higher temperatures needs a different explanation, for example
Li* ion conductivity, thermal activation across a band gap (intrinsic doping), or a phase
transition (1 or 2" order). However, the latter explanation of unexpected resistivity in Li,N,
can be excluded as previous temperature-dependent in situ powder X-ray diffraction already
revealed no phase transition below ambient conditions.!”? Interestingly, it is only the Li* ion

containing diazenide showing such a distinct feature in its specific resistance.
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Figure 1. Specific resistance for SrN, (a), BaN, (b), and Li,N, (c) with temperature; experimental setup for the
measurements illustrating the pellet placed between four electrodes (d).
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Table 1 lists the obtained resistivity values for SrN,, BaN, and some selected elements!®>®® at
ambient temperature (300 K) and for Li;N; at 250 K.

Obviously, the specific values of the diazenides are intermediate to those of pure metals and
semiconductors. However, as the pellets have not been sintered for the measurements, they
definitively do contain a large number of grain boundaries inhibiting perfect conductivity
properties. In addition, the products upon HP/HT-synthesis still show oxide impurities in case
of the alkaline earth diazenides and an unknown minor side phase with Li,N.*>?! Taking all
these facts into account, the true values of resistivity are thought to match better with pure

metals. Thus, it is the curve progression indicating true metal-like behavior for all diazenides.

Table 1. Specific Resistance of Diazenides (SrN, and BaN, at SLi and “Li solid-State Nuclear

: C s [65,66] .
Ambient Temperature; Li,N, at 250 K) and Selected Elements Magnetic Resonance

As Well As Their Corresponding Color and Resulting Electronic

Behavior. In order to investigate the
Compd. Pspecific [2m] color characteristics hypothesis of a beginning Li+
LizN; 5.33:10°* black this work ion conduction at elevated
SIN, 2.32:10* black-bronze  this work temperatures being responsible
BaN, 0.23-10"4 black-bronze  this work for the unexpected change in
£l5] Lo10” gray-metallic  metallic resistivity ~ with  temperature,
variable temperature measure-
Phee] 2.2:1077 gray-metallic  metallic _ )
ments of the spin-lattice
[66] . steelwhite- . . .
Mn 143:10 metallic metallic relaxation (SLR) times (T:) of
ig]rggws%ﬁjs ~6-10° black semiconductive Liand Li nuclei were
performed from 170 to 390 K
[66] n1n3 silverwhite- . .
Te 3-10 metallic semiconductive and from 50 to 425K,
diamond®  >0.1.10° transparent insulating respectively. In the following,

we will first discuss the low-
temperature regime which, consistently with the macroscopic electrical conductivity
measurements, gives evidence of the metallic character of Li,N,. Then we will discuss the
observed anomaly at increased temperatures reaching up to the decomposition point at about
385 K (depending on synthesis conditions).l®”

Metals at low temperatures have a characteristic relaxation behavior due to the unpaired

electrons close to the Fermi level which leads to a constant Heitler-Teller product T,T.87®
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Often this is accompanied by a drastic change of the chemical shift. The difference in
chemical shift to diamagnetic materials is termed Knight shift K and often specified in %
because of its enormous size in some cases. In case of metallic Li the Knight shift K is small
and only of the order of 400 ppm. Even with modern quantum chemical methods it is difficult
to predict the Knight shift. Korringa® ™ derived a formula that relates the Knight shift K to
the Heitler-Teller product T;T (see equation 1) given the conduction electrons form a free
electron gas, where y. and y, refer to the electron and nuclear gyromagnetic ratios,

respectively.

T,T = — % 1)

In the case of Li,N,, we obtained temperature SLR time constants both for ®Li and for ‘Li
('Li, Figure 2; °Li, Figure S2). As expected, we observe constant Heitler-Teller products T,;T
in the low-temperature region. The Korringa formula (see equationl) predicts a quotient of
the Heitler-Teller products

7. 6. \\ 2
Al - (V( “)) ~ 0.14 2)

7,7 L)) \y(Li)

which is within the range of the experimental value of 0.12 (see Supporting Information, SI).

1000/T 1K

Figure 2. Experimental inverse-temperature dependence of the ‘Li (circles) NMR SLR rates on a logarithmic
scale. The fit (solid line) to the experimental data is given by the extended BPP relation (see equation4). The
dashed curves below refer to three different relaxation processes (individual terms in equation4). The inset
shows an overview over the complete data set including the low-temperature region. Decomposition of Li,N, is
observed at about 1000/T =2.6 K™ (385 K) marked by a dotted line, in good agreement with previous
temperature-dependent in situ X-ray diffraction analysis.??
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Because of the documented deviations!"! between observed and calculated Knight shift K we
consider it to be a fitting parameter which here amounts to 80 ppm. We conclude that the °Li
and ‘Li SLR NMR data in the low-temperature regime are consistent with the macroscopic

metallic properties of LioN,.

In the temperature-dependent T relaxation rate diagram (see Figure 2), we observe a flat low-
temperature regime in agreement with metallic relaxation; then, we pass through a maximum
at about 300 K which is followed by another rise caused by the decomposition of Li;N; to a-
LizN. The decomposition product a-LisN was confirmed by powder X-ray diffraction after the

NMR experiments, in line with previous observations.??

We interpret the maximum at 300 K as a consequence of Li ion conduction because other
explanations such as decomposition to other products because of humidity or temperature can
be ruled out on the basis of IR spectroscopy and XRD diffractometry, which show no
evidence of decomposition of Li>Na.

In the following, we analyze the presented relaxation rates for activation energies and jump
rates. In good approximation, the relaxation rates 1/T; for ®’Li of different relaxation

mechanisms add up to the observable relaxation rate 1/T;:

1 1 1 1

= + e + =+ 3)
T, quuadrupolar Tldlpolar Tlparamagentlc

The most important mechanisms, which are commonly considered for ®’Li NMR of dielectric
materials, are relaxation by dipolar, quadrupolar, and paramagnetic mechanisms. The
temperature dependence of the first two terms can be estimated from a theory suggested by
Bloembergen, Purcell, and Pound (BPP theory).l”? In the low temperature regime, we already
realized that an extra term will be necessary, which takes into account the relaxation caused
by the random field caused by the conduction electrons. This extra term can be derived from
equationl. For least-squares fitting we neglected the paramagnetic term, we used the
following equation which describes quadrupolar/dipolar relaxation through two different

terms!”®! and added a last term for relaxation through the conduction electrons

ool e e ) ) e

2.2 2.2 2.2 2.2 2
1+wgtey 1+4wQT5 1+wgTe, 1+4wgTs, Yeé
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where 7., and ., are the correlation times of two motional processes, which can be justified
for example by motional heterogeneity.l”®! We achieve good agreement (see Figure 2) with
the experimental data by assuming that these processes are thermally activated and follow an
Arrhenius law 7. =10exp(Ea/ksT). Clearly this is a crude approximation neglecting for
example the existence of different crystallographic orbits for Li in the crystal structure of
Li,N,, biexponential longitudinal relaxation, relaxational anisotropy, correlated motion,

different relaxation rates in the satellite and central transitions.

From least-squares fitting of the 'Li NMR SLR experiments, we obtain two different
activation energies of 0.57 and 0.34 eV (Table 2), which could reflect the mentioned motional
heterogeneity of the Li atoms migrating through the complex structure of Li,N,. We note that
such a two-component fit yields rather uncommon values z,. For comparison, a single
component fit yields an activation energy Ea of 0.36eV, a 7 of 1.3.10 °s, and a C of
13.5:10° s 2. A corresponding analysis
of SLR rates of °Li NMR

measurements (see SI Figure S2) is

Table 2. Resulting Refined Parameters of the Analysis of "Li
SLR Rates According to Equation 4.

parameter i=1 i=2
Y o5 53 hampered by the poor signal-to-noise
A . .
S ratio, due to the small amount of
Cils 9.8:10° 5.4-10° . . o .
available material, despite isotopic
Toi /s 2010 9.9:10°"

labeling and a handmade sample-

container-adapted coil. However we
can use the obtained °Li SLR data set to check whether relaxation is dominated by a

quadrupolar or dipolar mechanism. The isotope-dependent factor in the prefactor C in

21+3

—] for a homonuclear dipolar or
12(21-1)

equation4 is proportional to [I(I + 1)] y* and QZ[

quadrupolar mechanism, /" respectively, where | refers to the spin-quantum number, Q to
the quadrupolar moment and y to the gyromagnetic ratio, as tabulated by ITUPAC." For a

dipolar relaxation mechanism neglecting isotope effects the prefactor ratio becomes

c( °Li)
c("Li)

~ 0.011 (5)

and for quadrupolar relaxation

c( °Li)
c("Li)

~ 0.0015 (6)
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Thus the SLR of °Li can be predicted on the basis of the ‘Li least-squares fitting results for the

two limiting cases. The resulting comparison with the experimental °Li SLR data (see

Supporting Information Figure S3) indicates that the dominating mechanism is dipolar in

nature.

Dimensionality of the Motional Process

a)

Figure 3. [010]-doubled crystal structure of Li,N, (Li
white, N black) illustrating the calculated possible Li* ion
pathways (thick dark gray) according to the voids in the
structure obtained by topological analysis. Polyhedra (gray)
around Li sites illustrate the coordination spheres of the Li*
ions. Cell edges of the unit-cells are marked by black lines.

Efficient ~ macroscopic Li ion
conduction requires three-dimensional
(3D) motion of the ions which is
further supported by topological
analysis of possible lithium migration
pathways inside the Li;N, structure, as
implemented in the software package
TOPOS.®E8  Lithium ions are
assumed to be able to jump between
different sites if open channels between
two sites exist. Formally, a channel is
considered accessible for lithium
motion if the sum of radii of a lithium
ion and a framework atom does not
exceed the channel radius more than by
10-15%."" The TOPOS software
allows to calculate channels and voids
with the help of Voronoi-Dirichlet
polyhedra. On the basis of such an
analysis of the LioN, crystal structure
(see Figure 3) it is clear that migration
pathways in all three dimensions exist.

Interestingly, only two of the three

crystallographic independent Li sites (Li2 and Li3) contribute to possible pathways, whereas

Lil is not free to leave its position (see Figure 3) and thus does not contribute to charge
transport. This is due to the fact, that the Lil-N distance of 2.055(1) A is the shortest of all

Li-N distances (2.055-2.180(1) A), whereby Lil seems to be trapped at its crystallographic
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site by [N2]*~ ions.[?? Due to the limited resolution power of the static 'Li NMR experiments,

however, only a single, averaged activation energy can be resolved.

Temperature-Dependent Self-Diffusion Coefficients

In case of an material with a single Li site only the inverse correlation time z, * corresponds to
the Li* jump rate, which allows for an estimate of the self-diffusion coefficient D(T) of the Li

ions according to the Einstein-Smoluchowski relation:[#2%!

l2

D(T) = 3o @)

We use this equation to obtain a crude estimate for the self-diffusion of lithium diazenide. To
this end we assume an average jump length | for the lithium ions between Li sites exists,
which contribute to ionic conduction (see Sl Figure S4). In addition, each Li* jump is
assumed to have the same activation energy, which is actually supposed to vary concerning
the topostructural analysis. With 1=2.25(1) A and three-dimensional lithium migration
(d = 3), the calculated self-diffusion coefficients for lithium motion according to the single fit
of SLR rates are of the order of 10 ™ to 10 ** m%s within the corresponding Li* ion
conductive temperature range. As-obtained self-diffusion coefficients are approximately
within the range of typical cathode and electrolyte materials for Li-ion batteries
(LiCoO, ~ 10 m%s, LiBF4 ~ 10 3 m?/s, (LiS)7(P2Ss)s ~ 1072 m%/s).[84-8¢]

4.1.4 CONCLUSION

With our experimental study of the unsettled electronic behavior of diazenide compounds, we
have shown that alkaline earth diazenides are of true metallic nature. For Li,N; the electrical
conductivity, unusually, has both electronic and ionic contributions, especially in the high
temperature regime. Our investigations concerning lithium ionic conductivity in Li;N, reveal
that lithium diazenide is a potential 3D ionic conductor with high Li self-diffusion
coefficients. Analysis of spin-lattice relaxation data from °Li and 'Li NMR experiments is
consistent with contributions from different relaxational mechanisms, namely an electronic
contribution describable with the Korringa equation and an ionic contribution of dipolar

origin.
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4.2 HIGH-PRESSURE BEHAVIOR OF BINARY DIAZENIDES

The effect of pressure on the structural and mechano-physical properties of binary diazenides
has been examined in situ at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) in diamond-anvil cells at room temperature. The results of these investigations are

presented in the following chapter.

4.21 INTRODUCTION

The most common homonuclear diatomic anion with carbon is the acetylenide [C,]* with a
C=C triple bond representing deprotonated acetylene C,H,. The first synthesis of the most
prominent member of this class of materials, namely CaC, (I14/mmm, no. 139), goes back to
the year 1890.™ In the first structural investigation a body centered tetragonal unit-cell was
found,’” which was confirmed later on by neutron powder and X-ray single crystal diffraction
experiments, thereby referred to as CaC,-I structure-type.[3'4] Although the main structural
aspects of binary to even quarternary acetylenides have been long established, their crystal
structures have been characterized in more detail only a few years ago.®™ Thus, structural
transformations in alkali and alkaline earth acetylenides were studied as a function of
temperature and revealed the stability ranges of an enormous diversity of further low- and
high-temperature phases with Ma»C, and MagC, stoichiometry (Ma/ae = alkali or alkaline

earth metals).

While temperature-dependent structural phase-transitions have been observed for several
binary acetylenides,® " the effect of pressure on the crystal structures with homonuclear
dimeric anions has not been investigated thoroughly despite a few experimental exceptions.
Thereby, it has only been shown for LaC,,® UC,,®! CaC,,M? BaC,*" and Li,C,*” that at
high-pressure conditions the structural variability of homonuclear dimeric compounds is even
enlarged. Note that except for Li,C, (Immm, no. 71, Rb,O,-type), as-investigated acetylenides
crystallize in the CaC,-I-type structure at ambient conditions. Upon in situ high-pressure
studies, acetylenides transform into well established crystal structures, which have already
been observed in temperature-dependent investigations,®® but also yet unidentified and

unprecedented crystal structures are observed upon HP-investigations.*"
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Recently, also the structural and vibrational behavior of barium peroxide, BaO;, at high
pressures has been reported, which crystallizes at ambient conditions also in the CaC,-I-type
structure.'? These experiments represent the first HP-investigations of compounds with
homonuclear dimeric oxygen anions, namely [O.]* ions. Again, the crystal chemistry of
structures with homonuclear dianions could be enriched by these findings.

Interestingly, at very high pressures of 20-30 GPa, yet unidentified high-pressure phases
might even constitute polymeric anionic structural motifs such as graphitic layers or sulfidic

chains of homonuclear atoms as considered for CaC,, BaC,, Li,C, and BaOz.[1°‘13]

In addition, besides the identification and structural characterization of novel high-pressure
phases, mechano-physical properties such as the bulk modulus of investigated ambient and
high-pressure phases could be obtained supporting a further insight into the crystal chemistry

of homonuclear dimeric anions.’*%

As no in situ high-pressure experiments for alkaline earth diazenides MaeN; (Mae = Ca—Ba)
and LioN, have been conducted up to date, and as corresponding investigations for
acetylenides and peroxides already revealed interesting observations, we targeted the
structural and mechano-physical characterization of [N2]*" ion containing compounds at in
situ high-pressure conditions for the first time at the European Synchrotron Radiatin Facility
(ESRF, Grenoble, France). The results of as-obtained data are presented in the following

chapters.

4.2.2 EXPERIMENTAL SECTION

In situ High-Pressure X-Ray Powder Diffraction

In situ powder X-ray diffraction experiments at high pressure for CaN,, SrN, and Li,N, were
carried out on beamline 1D27 at the ESRF.*Y Membrane driven diamond-anvil cells equipped
with 150- (CaNy) and 250-um (SrN2 and Li;Ny) culet diamonds and rhenium gaskets were
used with an automated pressure drive.'™™ The gaskets were pre-indented to 40 xm and 70-
(CaNy) and 120-um holes (SrN and Li;N5) working as a sample chamber were drilled into the
gasket using a Nd:YAG laser. Helium (gas loading) served as the pressure transmitting
medium (PTM) for the investigations of CaN, and SrN,, whereas no PTM at all was used for
Li,N,. The pre-synthesized samples™®*” were loaded onto a bedding of three ruby spheres.

As the diazenides are extremely sensitive to moisture, the entire loading procedure had to be
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performed in an argon filled glovebox (Unilab, MBraun, Garching; O, <1 ppm,
H,0 < 1 ppm). The pressure was determined by the ruby fluorescence scale according to the
calibration (Ne) described by Mao et al..*® For the high-pressure experiment monochromatic
radiation with a wavelength of 2 =0.3738 A (E =55.04 keV) was selected. The beam was
focused on a 3x3 um? area and diffraction images were collected at pressures ranging from
about 0.2 to 50 GPa. The pressure at each diffraction image was measured before and after the
data collection and averaged to its final value. Diffracted intensities were recorded with a
MAR165 CCD detector. Exposure time was typically 10 to 60 seconds, depending on
saturation of the detector. To average on texture and strain effects for selected images, the cell
was oscillated in general by + 5° relative to the beam. A precise calibration of the detector
parameters was performed with LaBg powder as reference material. The diffraction images
were processed and integrated using the program Fit2D.*! Individual single diffraction spots
from the diamond-anvils were masked manually and excluded from integration. All attempts
to record the high-pressure behavior of BaN, failed as it hydrolyzed immediately once it

touched the diamond-anvils.

Rietveld refinement for investigated diazenides was performed with the TOPAS package.!*”
The crystallographic data at ambient conditions!*®*”) were taken as starting values for
stepwise Rietveld refinement up to higher pressures. The reflection profiles were determined
using the fundamental parameters approachf® by convolution of appropriate source emission
profiles with axial instrument contributions and crystalline microstructure effects. Preferred
orientation of the crystallites was described with a spherical harmonics function of 8" order.
For each investigated diazenides at least one structural phase-transition at high-pressure
conditions was observed. However, due to an extreme peak broadening observed for all
diazenides at high pressures an unambiguous indexing of as-obtained diffraction patterns was
not possible. Thus, structure solutions did not yield a satisfactory model for the high-pressure

phases.

Equation of state

The isothermal bulk modulus By and its pressure derivative B” for CaNy, SrN; and Li;N, were
obtained from fits of a second- and third-order Birch—-Murnaghan (BM) equation of state
(E0S)¥?*%! to the p-V data at 298 K:

p=3Bof(1+2/):[1+2 (B' - 4)f] 1)
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V)_z
Z) 31

where f = (V"T 2
represents the Eulerian strain, where V is the volume at zero pressure, so
7 _5 2
=3 Ve _ (XY 31 =3@-pn(L) -
=35~ ()| S or) - ®

For B” fixed to 4, the second-order BM-E0S is obtained. To check the quality of the EoS fit,

the BM-EoS was also expressed in terms of the Eulerian strain f and the normalized

pressure F:
F=—t— (4)
3f(1+2f)2

The compression data are therefore additionally presented in a F(f)-plot,”” where the
intercept with the F-axis yields Bo, whereas the slope is 3xBy(B’-4)/2 and thus provides B:

F = By + 2207 5)
The F(f) form of representation of the p—V data is very sensitive to scattering of data and to
experimental uncertainties as the bulk modulus and its first pressure derivative are obtained
by a linear fit.®! All expressions of By and B’, the second- and third-order BM-EoS fits and
the F(f)-plot calculations were done using the software Origin.!® For all calculations the error
in pressure was set to 0.5 GPa.

4.2.3 RESULTS AND DISCUSSION

High-Pressure Behavior of CaN;, and SrN;

In general, both CaN, and SrN, transform into yet unknown high-pressure polymorphs (see
Figures 1 and 2, respectively). For CaN,, the phase transition starts at 14.7 GPa and is
completed at about 17 GPa as the intensity of reflections of ambient CaN, continuously
diminishes and additional reflections appear (see Figure 1a and 1b as well as Table 1). The
high-pressure polymorph of CaN, remains stable up to the maximum applied pressure of
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41.8 GPa. Diffraction patterns upon further decompression to 15.2 GPa still indicate the
presence of the high-pressure phase.

a) b)
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Figure 1. Diffraction patterns at various pressures illustrating the phase transition from ambient CaN, to a yet
unknown high-pressure polymorph starting at 14.7 GPa (asterisks) and completed at 17.1 GPa (red). The
pressure increases from 0.4 GPa (bottom) to an applied maximum of 41.8 GPa (top). Rhombs indicate the
reflection profile of Ca(OH), which originates from the hydrolysis of CaN,. To better illustrate the phase
transition, the corresponding diffraction patterns in a) are depicted in b) from only 6 to 10° 26.

Ambient SrN, starts to transform into a high-pressure polymorph at 25.2 GPa as additional
reflections emerge, which continuously gain intensity while the reflections of ambient SrN,
disappear upon further pressure increase (see Figure 2a and 2b as well as Table 1). The
pressure-induced phase transition is completed at approximately 32 GPa and no further
transformation is observed up to the maximum applied pressure of 53.4 GPa. Upon
decompression to 6.4 GPa, ambient SrN, could be recovered, indicating a reversible high-
pressure phase transition. For both experiments, a further decompression to ambient

conditions was not possible due to a mechanic defect of the diamond-anvil cell.

Interestingly, if diffraction profiles of both high-pressure phases are compared to each other,
yet unidentified crystal structures of both polymorphs might be isotypic with each other (see
Figure 3) due to a similar reflection profile. On the one hand, this is not surprising as both
diazenides crystallize at ambient conditions in the same crystal structure which is of CaC,-I-
type and therefore might behave similar upon extreme conditions. On the other hand, as
recent in situ high-pressure investigations of CaC,-I-type structures with [C,]* and [0,]*
ions already revealed, a variety of complex, unprecedented and different crystal structures
were obtained.®*! However, due to the low intense and extremely broad reflections of both



Chapter 4: Materials Properties of Binary Diazenides 91

high-pressure polymorphs, especially those of HP-CaN_, the identification of their crystal

structures remains an open question (see next section).

a) b)
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Figure 2. Diffraction patterns at various pressures illustrating the phase transition from ambient SrN, to a yet

unknown high-pressure polymorph starting at 25.2 GPa (blue) and completed at 31.8 GPa (red). The pressure

increases from 0.4 GPa (bottom) to an applied maximum of 53.4 GPa (top). To better illustrate the phase

transition, the corresponding diffraction patterns in a) are depicted in b) from only 6 to 10° 26.

28/°

Figure 3. Diffraction patterns of HP-CaN, at 17.1 GPa (red) and of HP-SrN; at 40.2 GPa (black). With respect
to the shift in 26 and the low intensity of reflections of the diffraction pattern of HP-CaN,, both high-pressure
phases might be isotypic with each other as they show the same basic reflection profiles.

High-Pressure Behavior of Li,N;

Li,N, transforms into two yet unknown high-pressure polymorphs, thereby referred to as S-
and p-LioN, (see Figure 4). Ambient Li,N; starts to transform into g-LioN, at 6.8 GPa as
additional reflections emerge, which continuously gain intensity while the reflections of
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ambient Li,N, disappear upon Table 1. Starting and Final Pressure of the Phase Transition

. . Observed for CaNy, SrN, and Li;N,.
further pressure increase (see Figure Sl G

Phase transition p(start) / GPa p(final) / GPa
4a and Table 1). The completion
pressure of the pressure-induced ambient CaN, — HP-CaN,  14.7 ~17
phase transition is found to be
) ) ambient SrN, — HP-SrN, 25.2 ~32
13.2 GPa as the reflection profile
contains no more reflections of ambient Li,N, — g-Li;N, 6.8 13.2
ambient  LipN,.  Upon  further
ﬂ'Li2N2—> y-LizNz 19.3 ~30

pressure increase, a second phase
transition from p-LioN, into yp-LipN, is observed (see Figure4b and Table 1). The
transformation starts at 19.3 GPa and is completed at pressures around 30 GPa. However, the
true identification of the completion pressure is hindered due to the fact that the first visible
reflection of S-Li;N, at about 6° 26 still is part of the reflection profile of y-LiN,. Thus it is
the especially the reflection profile of p-Li;N; at about 8-9° 26, which continuously changes
at up to around 30 GPa, that enables a rough determination of the final transformation
pressure. Up to the maximum applied pressure of 45.4 GPa no further pressure-induced phase
transition is observed. Decompression data show that all phase transitions are reversible.
Thereby, the y-p re-transformation is complemented at 11.4 GPa. The final diffraction pattern
upon decompression obtained for the lowest accessible pressure at 9.4 GPa shows the
presence of f-LioN, and the ambient pressure phase. Decompression to ambient conditions

was not possible due to a mechanic defect of the diamond-anvil cell.

a) b)

281° 28/ °

Figure 4. a) Diffraction patterns at various pressures illustrating the phase transition from ambient Li,N,
(bottom, 0.2 GPa) to a yet unknown high-pressure polymorph, referred to as g-Li,N, starting at 6.8 GPa (red)
and completed at 13.2 GPa (top). b) Diffraction patterns at various pressures illustrating the phase transition
from g-Li,N, (bottom, 17.9 GPa) to a second high-pressure polymorph, named y-Li,N, starting at 19.3 GPa
(blue) and completed at 30.4 GPa (magenta).
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Attempts of Crystal Structure Solutions

An unambiguous identification of the crystal structures of HP-CaN,, HP-SrN, as well as of -
and y-LioN, was extremely impeded as indexing and subsequent structure solutions always
resulted in a complex variety of different hypothetical models, which could not be fitted to
experimental data. This was due to the very broad and low intense reflection profiles of
diffraction patterns of as-obtained high-pressure polymorphs inhibiting the true identification
of reflection singlets or multiplets. As no distinct structural models could be obtained, the
question arises whether the change in the diffraction patterns is due to pressure-induced phase
transitions or due to decomposition of ambient diazenides. However, as no decomposition
products (elements, nitrides, subnitrides) could be identified upon high-pressure conditions
and due to the reversibility of the phase transitions, the presence of high-pressure polymorphs

of CaN,, SrN; and Li,N, seems probable.

In addition, for the high-pressure polymorphs of MaeN, diazenides the corresponding
diffraction profiles were compared to those of well characterized crystal structures with
homonuclear dianions!®"2= but were not consistent or at least similar with those. Recent in
situ investigations of the high-pressure behavior of as-mentioned CaC,-I-type structures®?
did also not result in structural hints for the crystal structure solution of HP-CaN, and HP-
SrN,. Finally, experimental diffraction profiles of the high-pressure polymorphs were
compared to recently predicted promising structural candidates,'®™ but again no analogy was
observed.

For the high-pressure polymorphs of Li;N,, a systematic search of matching diffraction
profiles of well characterized A,B, (A = alkali metal, B = C, O) structure types®™?**% as well
as of predicted Na,N, (n =2, 6) diazenides® did also not succeed in the crystal structure

determination of - and y-Li,Na.

Furthermore, the diffraction patterns of HP-CaN,, HP-SrN; as well as of - and y-Li,N, do not
agree with corresponding patterns of recently considered and predicted polymeric crystal

structures in lithium and calcium acetylenides observed upon high-pressure conditions.!%**!

EoS Analysis and Structural Aspects of Ambient CaN, and SrN;

To obtain appropriate lattice parameters and unit-cell volumes of the ambient pressure phases

at high-pressure conditions, only those diffraction patterns were taken into account, in which
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no high-pressure polymorph was observed. Thereby, the maximum pressure for the bulk
moduli calculations was found to be 13.4 GPa for CaN, and 23.1 GPa for SrN,. Fits of a
second- and third-order Birch-Murnaghan equation of state to the experimental p-V data are
presented in the Supporting Information in Figure Sla and S1c (CaN;) as well as in S1b and
S1d (SrNy) in the Supporting Information (see chapter 8.1.4). The corresponding linear fits of
the F(f)-plots are illustrated in Figure Sle (CaNy) and S1f (SrN). The results of all fits are
summarized in Table 2. For CaN,, the experimentally obtained bulk moduli for all fits range
in between 89-115 GPa. However, the strong scattering and huge error bars of the data in the
F(f) plots and the deviation of the value of the first pressure derivative B” from 4 after fitting a
BM-EoS of third-order to the experimental p—V data, might be a direct consequence of non-
hydrostatic conditions and demand theoretical confirmation of the calculated bulk moduli.

Within this context, Kulkarni et al. recently predicted the bulk modulus of ambient CaC,-I-

type CaNp, which is roughly in the  Taple 2. Bulk Moduli B, and First Pressure Derivatives B” of
same range as experimental values CaN, and SrN, Obtained from. Second-.and.Thlrd-Order.Blrch-

Murnaghan EoS and Normalized Strain Fits to Experimental
and gives a bulk modulus of 81- p-vdata.

82 GPa (PBE and GGA calculations, BM 2™ BM 3 Natural
) [31] Strain 3

respectively). Therefore,  the

CaN,
experimental bulk modulus can be g, (GPa) 89(1) 106(2) 115(3)
considered as appropriate. B’ 4 (fixed) 3() 2.7(4)
Since the differences in Bp and B” for SN,
SrN; obtained from EoS analysis and Bo (GPa) 782) 74(8) 811

B’ 4 (fixed) 4(1) 1.8(5)

the linear fit of the F(f)-plot have the
same order of magnitude and range between 74 and 81 GPa, the EoS fit of SrN, can be
considered of good quality, especially as the experimental values are in good agreement with
predicted ones (64 and 65 GPa).E* Interestingly, predicted bulk moduli for experimentally
synthesized (Ca—Ba) and theoretical predicted (Be, Mg) alkaline earth diazenides follow a
distinct trend, which is a steadily reduction of bulk moduli from the lighter to the heavier
homologues.**¥ In our study, we obtained the first experimental data for bulk moduli of
alkaline earth diazenides, which show the same trend as already theoretically observed,

although representing in general higher values for bulk moduli.

As-obtained values are in the same range as observed for other binary compounds with
homonuclear dianions crystallizing in the CaC,-I-type structure at ambient conditions (LaCy:
76 GPa®!, BaO,: 105 GPal*?). Compared to noble metal pernitrides MywN2 (Mam = Os, I,
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Pd, Pt) with [N2]* anions, which have bulk moduli of By > 250 GPa, alkaline earth diazenides
lack mechanical hardness.®**¥! The higher hardness of the pernitrides is thereby attributed to
the stiffer [N»]* anions consisting of completely filled 7z~ antibonding orbitals impeding a

massive contraction of the N—N bonds.

Lattice parameters and unit-cell volumes of ambient CaN; and SrN, decrease with increasing
pressure (see Figure S2 in the Supporting Information). Thereby, the unit-cell volumes shrink
by about 12 (CaN;) and 19 % (SrN,) compared to the initial unit-cell volumes at zero
pressure. Interestingly, also the N-N distances in both diazenides decrease continuously. For
CaN,, up to the investigated pressure of 13.4 GPa, the dyn decreases from 1.206(13) to
1.099(13) A, which is about 9 % compared to the initial bond length. The interatomic distance
in the diazenide units in SrN, shrinks for about 8 % from 1.231(19) to 1.141(23) A up to
23.1 GPa. These observations are in good agreement with the predicted low stiffness of the
[N2]* ions®¥ compared to the extremely inflexible pernitride anions. Hereby, the N-N
distance of the latter ions is reported to change only within about 3 % up to 18 GPa compared
to its initial distance at ambient pressure.[*?

EoS Analysis of and Structural Aspects of Ambient Li;N;

To obtain correct lattice parameters and unit-cell volumes of the ambient Li;N, at high-
pressure conditions, only those diffraction patterns were taken into account, in which no high-
pressure polymorph was detected. Thereby, the maximum pressure for the bulk modulus
calculations was found to be 5.5 GPa. As the investigated maximum pressure is only at the
lower border of true high-pressure conditions (below 10 GPa), we restricted to a second-order
equation of state analysis. Fits of a second-order Birch-Murnaghan equation of state to the
experimental p—V data are presented in Figure S3a. The corresponding linear fit of the F(f)-
plot is illustrated in Figure S3b. As-obtained bulk moduli of ambient Li,N, are found to be
92(1) GPa with B’ = 4 (fixed) using the second-order BM-EoS and 94(2) GPa with B’ = 3(2)
if the F(f)-plot is considered. Since the differences in By and B” for Li,N; obtained from EoS
analysis and the linear fit of the F(f)-plots are in the same range, the EoS fit of Li,N, can be
considered of high quality. The calculated bulk moduli of Li,N; are in good agreement with
the corresponding values of CaN, and SrN,, again revealing the low hardness of diazenides.
In addition, both the rapidly decreasing unit-cell volume of about 5% up to only 5.5 GPa

compared to the unit-cell volume at zero pressure (see Figure 3c) as well as the shrinking N-N
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distances of the diazenide units (1.3089(49) A at ambient conditions; 1.193(70) A at 5.5 GPa)
further support this observation.

4.2.4 CONCLUSION

By in situ high-pressure experiments on MaeN, (Mag = Ca and Sr) and Li;N; in diamond-
anvil cells, we were able to identify reversible, pressure-induced phase transitions from the
ambient diazenide phases to overall four high-pressure polymorphs. However, due to stressed
reflection profiles including very broad and low intense reflections, the identification of the
crystal structures of these high-pressure polymorphs was hindered. Additionally, we were able
to determine the bulk moduli and first pressure derivatives of the ambient pressure phases by
fitting a second- and third-order BM-E0S to the experimental p-V data. These data were
compared to the values obtained from an Eulerian strain versus normalized stress plot
resulting in overall bulk moduli of 80-100 GPa for investigated diazenides. As-obtained
values are in good agreement with previously reported bulk moduli of binary acetylenides or
peroxides also crystallizing in the CaC,-I-type structure at ambient conditions. For CaN, and
SrN, as-obtained bulk moduli perfectly match the predicted trend in alkaline earth diazenides.
In addition, analyses of the behavior of N-N bond lengths of investigated diazenides at high-
pressure conditions renders them far more compressible than pernitrides [N,]*, in which the

higher electron count is responsible for their extremely high hardness.
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5. TERNARY DIAZENIDES

The controlled thermal decomposition of solely alkali or alkaline earth azides in a multianvil
device under HP/HT-conditions has proven to be an excellent strategy in the synthesis of
hitherto unknown binary diazenides with intriguing properties. The synthesis of even ternary
diazenides has not yet been attempted, and thus was part within this thesis. If the combination
of alkali and alkaline earth azides for the HP/HT-synthesis of even ternary diazenides was
equally successful as for their famous binary representatives can be read in the following two

chapters.
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5.1. HIGH-PRESSURE SYNTHESIS AND CHARACTERIZATION OF
L1,CA3[N,]s — AN UNCOMMON METALLIC DIAZENIDE WITH
[N,]*" IoNS

Sebastian B. Schneider, Markus Seibald, Volker L. Deringer, Ralf P. Stoffel, Rainer
Frankovsky, Gina M. Friederichs, Henryk Laqua, Viola Duppel, Gunnar Jeschke,
Richard Dronskowski and Wolfgang Schnick

published in J. Am. Chem. Soc. 2013, 135, 16668
DOI: 10.1021/ja408816t
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ABSTRACT

Dinitrogen (N,) ligation is a common and well-characterized structural motif in bioinorganic synthesis. In solid-
state chemistry, on the other hand, homonuclear dinitrogen entities as structural building units proved existence
only very recently. High-pressure/high-temperature (HP/HT) syntheses have afforded a number of binary
diazenides and pernitrides with [N,]*" and [N,]*" ions, respectively. Here, we report on the HP/HT-synthesis of
the first ternary diazenide. LiyCa3[Ny]z (space group Pmma, no. 51, a=4.7747(1), b=13.9792(4),
¢ =8.0718(4) A, Z = 4, wR, = 0.08109) was synthesized by controlled thermal decomposition of a stoichiometric
mixture of lithium azide and calcium azide in a multianvil device under a pressure of 9 GPa at 1023 K. Powder
X-ray diffraction analysis reveals strongly elongated N-N bond lengths of dyn=1.34(2)-1.35(3) A exceeding
those of previously known, binary diazenides. In fact, the refined N-N distances in Li,Cas[N,]z would rather
suggest the presence of [N,]*~ radical ions. Also, characteristic features of the N-N stretching vibration occur at
lower wavenumbers (1260-1020 cm™) than in the binary phases, and these assignments are supported by first-
principles phonon calculations. Ultimately, the true character of the N, entity in Li,Cas[N,]s is probed by a
variety of complementary techniques, including electron diffraction, electron spin resonance spectroscopy
(ESR), magnetic and electric conductivity measurements, as well as density-functional theory calculations
(DFT). Unequivocally, the title compound is shown to be metallic containing diazenide [N,]* units according to
the formula (Li*),(Ca?")s([N2]*)s(€)-.
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5.1.1 INTRODUCTION

Among the most important processes in modern chemistry is the conversion of dinitrogen
molecules (N,) into environmentally sustainable intermediates or products. This process is
referred to as “nitrogen fixation”. In industry, this process is named after its inventors Fritz
Haber and Carl Bosch, the Haber—Bosch cycle,!! which offers rapid access to synthetic
fertilizers and has become essential for the nutrition of a large amount of the world
population. In nature, this enormously expensive and complex industrial process is replaced
by the enzyme nitrogenase, whose crystal structure has been determined only recently.®
Nitrogenases can cleave the NeN triple bond already at ambient conditions and transform it
into ammonia, which however consumes huge amounts of energy (adenosine triphosphate,
ATP).B4 Nitrogenase fixes atmospheric dinitrogen through an inimitable class of various
metal clusters.***) However, despite detailed knowledge of these structural motifs, a basic
mechanism for the biological process still lacks evidence. Hence, the activation and
conversion of free N, to ammonia including the characterization of a diversity of
intermediates with bound dinitrogen is one of the major challenges in bioinorganic and

organo-metallic chemistry, to finally unravel nature’s mystery.*”

Synthetic nitrogen fixation focuses on the binding, activation, and reduction of N, on mono-,
di-, and polynuclear transition metal centers coordinated by capacious steric ligands. Mono-
and dinuclear transition metal complexes have long been known to activate dinitrogen in
various ways: they enable protonation, reduction, functionalization, and even N-N bond
cleavage steps. Besides a handful of examples of transition metal complexes with trapped and
activated N, up to date only two distinct classes of molybdenum- or tungsten- based model
systems have emerged, involving a full set of well-defined intermediates, such as diazenido,
hydrazido, nitrido, imido, amido, or amine intermediates, on the way from N, to NH3. These

systems form the basis of the Chatt and the Schrock cycles.™!%

However, true mimicry of the multielectron reduction process still proves difficult because
both cycles explain the sequence of reactions involved in biological dinitrogen reduction, on
the one hand, but only a low yield catalytic reaction is observed in one of those systems, on
the other hand.™2*! The monometallic model systems of Chatt and Schrock cycles bind N5 in
an end-on manner and therefore lead to only weakly or moderately activated No-
intermediates, which might be the crucial factor for the absence of a catalytic reaction. The

binding of N in a side-on manner is usually accessed by homonuclear bimetallic complexes.
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Common oxidation states for side-on bound N, when acting as a ligand are 0, —Il or —-IV
representing non-activated dinitrogen(0), diazenido [N2]*", or hydrazido [N,]* intermediates.
This is not surprising as the dinitrogen ligand is reduced in multiples of two electrons,
because each of the two metal atoms contributes either zero, one, or two electrons to nitrogen
reduction. Odd-electron nitrogen oxidation states, instead, propose radical character and one-
electron reduction mechanisms, but have not been observed in Chatt or Schrock cycles so far.
However, this potential intermediacy of [N,]~ or [N,]*~ radical ions in metal complexes
proved existence only very recently in dinuclear nickel, iron, and lanthanide complexes,
respectively.'*%=3 Thereby, [N,]~ were found to exhibit N-N bond lengths of about
1.13-1.18 A and N-N stretching frequencies of 1740-1950 cm™ 10242632331 \yhereas the dun
in [N2]*~ ions was found to be at 1.39-1.41 A with shifted N-N stretching energies of below
1000 cm™.2"% To gain final evidence for the presence of such radical anions [N2]~ or
[N2]*~, electron spin resonance spectroscopy (ESR) revealed clearly visible signals in
accordance with simulated spectra indicative of unpaired electrons and supporting the radical

formulation of dinitrogen ligation.!**#"2%!

Gauging “weakly” to “highly” activated systems is possible at the hand of N-N bond lengths
and corresponding N-N stretching frequencies in spectroscopic studies of bound dinitrogen
molecules or ions. For such purpose, reliable crystallographic and spectroscopic data for
protonated reference compounds, such as diazene HN=NH and hydrazine N,H,, are required

to facilitate the classification of even- and odd-electron nitrogen-oxidation states.

Surprisingly, given the importance of homonuclear dinitrogen anions in biological and
organo-metallic chemistry, it was not before 2001 that such ions have been observed in solid-
state chemistry for the first time.***! Pioneering works by Kniep et al. introduced the
hitherto unknown compounds SrsN3 (= SrgN4[N2]-(€7)2), SIN (= SrsN4[N2]2), SrN2, and BaNs,
which are the first so-called diazenides with ionic [N,]*" units. The latter show characteristic
N-N bond lengths (1.22 A) and stretching frequencies (1307 cm™ in SrN, and 1380 cm™ in
SrN), which may be compared to protonated diazene N,H, (1.21-1.25A,
1400-1700 cm™).B4%1 Only 5 vyears later, high-pressure/high-temperature (HP/HT)
experiments revealed the existence of noble metal compounds with MN, stoichiometry
(M =0s, Ir, Pd, and Pt) exhibiting ultrahigh hardness and bulk moduli of about 250-350
GPa.l*=*% Theoretical investigations finally concluded the presence of tetravalent metals and
[N2]* anions, with N-N bond lengths (about 1.40A) and stretching frequencies
(700-1000 cm™) similar to those of hydrazine NoHs (dnn = 1.47 A, Fin < 1000 cm™2). 1657
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The latter anions are isoelectronic with peroxides [0,]*,, and so they were dubbed
“pernitrides™. In 2012, we were able to extend the compositional range of binary diazenides
by subjecting ionic azides to HP/HT-conditions in a multianvil device.®®** We succeeded in
synthesizing SrN, and BaN,, as well as the unprecedented (but theoretically predicted) CaN,
and also LioN,, the latter one representing the first alkali diazenide.”®*Y Crystallographic,
spectroscopic, and theoretical investigations confirmed the presence of [N2]*" anions in these
crystal structures.’®*° Only very recently, LaN, (= La*[N,]*e") proved existence in
shockwave experiments in accord with theoretical predictions®*®? Again, crystallographic
studies showed the presence of diazenide anions with slightly elongated N-N bonds
(1.30-1.32 A), possibly due to the metallic character of the crystalline host.

In summary, the recent success in identifying diazenides and pernitrides in solid-state
chemistry has fueled various theoretical and synthetic efforts to predict and characterize
further compounds containing dinitrogen anions. However, despite the as-mentioned
examples, no further representatives of diazenides, pernitrides or even intermediate dinitrogen

ions are known to date in ionic solids.

In this contribution, we present the successful synthesis and structural elucidation of
Li,Cas[N2]s, the first ternary compound with dinitrogen anions. Detailed crystallographic,
spectroscopic, and theoretical studies at the respective state-of-the-art support the presence of
solely [N2]* anions in the crystal structure. As we demonstrate, the title compound may be

seen as the first ternary sub-diazenide with (Li*),(Ca®")s([N2]*)s(e7), formulation.

5.1.2 EXPERIMENTAL SECTION

Synthesis of Li,Cas[N2]s

Li,Cas[N,]s was prepared under HP/HT-conditions in a modified Walker-type module in
combination with a 1000 t press (Voggenreiter, Mainleus, Germany). As pressure medium,
Cr,03 doped (5 %) MgO-octahedra (Ceramic Substrates & Components, Isle of Wight, U.K.)
with edge lengths of 18 mm (18/11 assembly) were employed. Eight tungsten carbide cubes
(Hawedia, Marklkofen, Germany) with truncation edge lengths of 11 mm compressed the
octahedron. Li,Ca3[N2]s can be synthesized from two different stoichiometric mixtures of
lithium and calcium azides according to equations 1 and 2. For a detailed description of the
synthesis of both azides, see the Supporting Information.
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2 LiNg(s) +3 Ca(Ng)z(s) —> LizC&g[Nz]g(s) +9 Nz(g) (1)

2 I—imetal(s) +3 Ca(N3)2(s) — LizC&g[Nz]g(s) +6 NZ(Q) (2)

The corresponding mixtures were carefully ground, filled into a cylindrical boron nitride
crucible (Henze BNP GmbH, Kempten, Germany), and sealed with a fitting boron nitride

[83-67] The assembly was compressed

plate. Details of the setup are described in the literature.
to 9 GPa at room temperature within 213 min, then heated up to 1023 K in 10 min, kept at this
temperature for 20 min and cooled to room temperature in 10 min again. Subsequently, the
pressure was released over a period of 620 min. The recovered MgO-octahedron was broken
apart in a glovebox (Unilab, MBraun, Garching; O, < 1 ppm, H,O < 1 ppm), and the sample
was carefully isolated from the surrounding boron nitride crucible. Besides a golden metallic
powder of the title compound (see Figure S1 in the Supporting Information), which is very

sensitive to moisture, small amounts of a red, but yet not identified side-phase were obtained.

Powder X-Ray Diffraction (PXRD)

For powder X-ray diffraction experiments, ground Li,Cas[N,]s was loaded into tube
capillaries (Hilgenberg, Malsfeld, Germany) with diameters of 0.2-0.3 mm in a glovebox.
Data were recorded with a STOE Stadi P powder diffractometer (STOE, Darmstadt,
Germany) in Debye-Scherrer geometry using Ge(111) monochromated Cu and Mo Ky
radiation (1.54056 and 0.7093 A) with a step size of 0.01°. Data acquisition was done using
the STOE software (WinXPOW). The indexing, integration, and extraction of the intensities
as well as the structure solution and Rietveld refinement were performed with the TOPAS

package (see Figure 1).1°8)

The reflection profiles were determined using the fundamental parameter approach!®® by
convolution of appropriate source emission profiles with axial instrument contributions and
crystalline microstructure effects. Preferred orientation of the crystallites was described with a
spherical harmonic of fourth order. A search for potential higher symmetry obtained after
structure solutions and Rietveld refinements was carried out using the program PLATON."™
The relevant crystallographic data for the title compound as well as further details of the data
collection are summarized in Tables 1 and S1 in the Supporting Information. Further
information of the crystal structure may be obtained from the Fachinformationszentrum
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Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax, (49) 7247-808-666; e-mail,
crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-426449.

Intensity /a.u.

Figure 1. Observed (blue) and calculated (red) powder diffraction pattern (Cu K,; radiation, 1.54056 A) and
difference profile (gray) of the Rietveld refinement of Li,Cas[N,]s. Peak positions are marked by vertical blue
lines (bottom).

High-temperature in situ X-ray powder diffraction data were collected with a STOE Stadi P
powder diffractometer (Mo K,; radiation (0.7093 A)) equipped with a computer-controlled
STOE resistance graphite furnace. Enclosed in a silica glass capillary under argon, the
samples were heated from room temperature to 700 K at a rate of 5 K/min in steps of 25 K
(see Figure S2 in the Supporting Information). At each heating step (after holding the
temperature for 1 min), a diffraction pattern was recorded with an IP-PSD in the range of

2° <260 <80°. At about 610 K, the sample decomposed spontaneously.

Low-temperature in situ X-ray powder diffraction data were collected in intervals of 5 K
using a Huber G670 Guinier imaging plate diffractometer (Co K,; radiation (1.7890 A))
equipped with a closed cycle He-cryostat. The samples were cooled down from room
temperature to 10 K in 5 K/min. At each cooling step (after holding the temperature for
1 min), a diffraction pattern was recorded in the range of 10°<2 6 < 80°. No phase transition

was observed.

Transmission Electron Microscopy (TEM)

All manipulations for the preparation and transfer of the sample were carried out under argon
atmosphere. Data were recorded with a Philips CM30/ST (LaBg cathode) at 300 kV. Selected
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area electron diffraction (SAED) as well as precession electron diffraction patterns (PED)
were collected with a GATAN slow-scan CCD camera. Simulations of diffraction patterns
were calculated with the EMS program package.’Y! Elemental analysis by EDX was
performed with a Si/Li detector

Table 1. Refined Atomic Coordinates and Isotropic
(Thermo Fischer, NSS). Tilt _Displacement Factors of Li,Cas[N,]s."

series of diffraction patterns atom X y z Uiso (0.01 AP
were obtained using a double tilt ~ (Wyckof)
sample holder with a maximum  Li1 (4g) 0 0.346(2) O 0.033(9)
tilt angle of + 25°. Li2(4h) 0 0847(3) % 0.02(1)
Cal(2¢) Y% 0 0.697(1) 0.039(3)
Computational Details
Ca2(2f)y 1 0.195(2) 0.042(4)
Periodic density-functional Coa) % 01446(5)  0.164() 0.055(3)
theory (DFT) computations in
. . Ca4 (4k) 0.6435(5)  0.651(1) 0.057(3)
the generalized gradient
approximation  of  Perdew, N.1(4K) Ya 0.177(1)  0.7043(9)  0.027(6)
Burke, and Ernzerhof (PBE)”Z] N2 (4k) Yy, 0.6656(8)  0.2002(9)  0.048(9)
were done using the projector N3 (4K) ” 0048(2)  0.410(4) 0.06(1)
augmented-wave (PAW)™!
) ) N4 (4k) Vs 0548(1)  0.91(3) 0.027(7)
method as implemented in the
N5 (4k) Vs 0.2860(8)  0.343(2) 0.026(5)

Vienna ab initio Simulation
Package (VASP)." The cutoff N6k 0.803(1)  0867(1)  0.04()

%Space group Pmma (no. 51), a=4.7747(1), b=13.9792(4),
¢ =8.0718(4) A, Z = 4.°Uy, = Bey/(8:70).

energy for the plane-wave
expansion was set to 500 eV,
and the Brillouin zone was sampled on a dense Monkhorst—Pack mesh of reciprocal-space
points.l’”™ Electronic wave functions (crystal structures) were optimized until the energy

difference between two iterative steps fell below 107 eV/cell (107 eV/cell), respectively.

Chemical-bonding analyses were performed by computing the crystal orbital Hamilton
population (COHP),[76] which allows one to identify bonding and antibonding contributions to
the electronic band structure by weighting the off-site projected DOS with the corresponding
Hamiltonian matrix elements (hence, negative COHP values denote stabilizing interactions).
These computations were done for the previously optimized structures using the TB-LMTO-
ASA program,l’" version 4.7, as in our previous studies of diazenides.>***%% |n this case, the

local von Barth—-Hedin exchange—correlation functionall® had to be employed to ensure



108 Chapter 5: Ternary Diazenides

convergence. Vibrational properties such as phonon densities of states were calculated by the
ab initio force-constant method!® as implemented in the FROPHO code® based on forces
obtained from VASP.

Electron Spin Resonance Spectroscopy (ESR)

ESR measurements were carried out on powdered samples covering a temperature range of
10-525 K. For that, the sample was filled into a quartz Mark tube capillary (diameter 0.3 mm)
and sealed under inert conditions. Low-temperature (ambient temperature to 10 K)
continuous-wave (CW) ESR measurements at X-band frequencies were performed on three
spectrometers: (a) on a Bruker Elexsys 500 CW ESR spectrometer equipped with a Bruker
ER 4122 SHQ resonator with or without an Oxford Helium flow cryostat, (b) on a Bruker
Elexsys 580 X-band CW/pulse ESR spectrometer equipped with a Bruker dielectric ENDOR
resonator and an Oxford Helium flow cryostat, and (c) on a Magnetech MS 400 miniscope
spectrometer equipped with a nitrogen flow cryostat. High-temperature (ambient temperature
to 525 K) measurements were carried out on spectrometer (a). All measurements were

properly calibrated and referenced to standards as detailed in the Supporting Information.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy measurements were carried out on a Bruker FTIR-
IS66 V-S spectrometer. Spectra of the samples were recorded at ambient conditions between

400 and 4000 cm™ after the samples were diluted in dried KBr pellets under inert conditions.

Magnetic and Electric Conductivity Measurements

The magnetic measurements were performed on a Quantum Design MPMS XL5 SQUID
magnetometer. Electric resistivity (and conductivity) were determined from a cold pressed
(10 kN) pellet of nonsintered Li,Cas[N2]s (diameter 4.0 mm, thickness 1.28 mm) using the
four-probe method. For the measurement, three batches of previously synthesized Li,Cas[N2]s
had to be combined due to the small sample amount obtained upon one HP/HT-experiment. In
addition, each product of synthesis was analyzed separately by means of powder X-ray
diffraction to rely on a successful synthesis. The pellet was contacted with four equidistant
probes using silver conducting paint. As the compound is very sensitive to moisture, all
preparations had to be done in a glovebox. A current of 5.0 mA was applied and the potential
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difference was measured as a function of temperature (3.5-300 K) yielding the resistivity. No

superconductivity was observed.

5.1.3 RESULTS AND DISCUSSION

Unit-Cell Metrics

The unit-cell metrics was analyzed on the basis of powder X-ray diffraction (PXRD) and
transmission electron microscopy (TEM) data. The indexing of PXRD patterns suggested a
unit-cell with hexagonal metrics (a = 8.06, ¢ = 4.76 A). From systematic absences, as well as
from the integration and extraction of the intensities, a first structural model in space group
P6s/mcm (no. 193) was derived (see Figures S4-S6 in the Supporting Information). However,
SAEDs with the hexagonal [001]nex zone axis of all investigated crystallites significantly
differed from simulated ones (see Figure 2). Hereby, the experimental diffraction patterns of
[001]nex zone axes contain additional reflections that suggest a doubling of the unit-cell axes a
and b. Although simulated diffraction patterns of [001]nex zOne axes of an isomorphic
subgroup with a’ = 2a and b’ = 2b (P6s/mcm, no. 193) would result in the experimentally
observed diffraction profile, the simple doubling of the lattice parameters does not fit other
zone axes due to a simulated, doubled spot density that is absent in the experimental
diffraction patterns. Therefore, a simple doubling of the lattice parameters does not suffice to

reconcile experimental and simulated diffraction patterns.

Figure 2. Experimental (a) and simulated (b, hexagonal model with a = 8.06, ¢ = 4.76 A) SAED pattern of
[001]1ex zone axis of hexagonal “LiCaN,”. In the experimental SAED pattern, between each indexed spot, there
are further residual spots (red arrows). According to the simulated SAED pattern, these additional reflections
suggest a doubling of the unit-cell according to @’ =2a and b’ = 2b.
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As it was not possible to describe all diffraction patterns with the obtained hexagonal model,
reduction of symmetry was done referring to group-subgroup relations. A first
translationsgleich reduction in symmetry of index 3 (structure model in hexagonal space
group P63/mcm, no. 193) results in the orthorhombic space group Cmcm (no. 63) with
a=13.96, b = 8.06, and ¢ = 4.76 A. The C-centering, however, still results in an extinction of
reflections with h+k = 2n+1, and hence the simulated diffraction pattern of the [001] zone axis
in Cmcm is similar to the one of the hexagonal model. Thus, the C-centering has to be omitted
and the symmetry further reduced in a second step. This klassengleich symmetry reduction of
index 2 into space group Pmma (no. 51) finally results in an adequate model. The simulated
diffraction pattern of the resulting [100]orn zone axis (former [001] zone axes in P63/mcm and
Cmcm) matches the experimental reflection profile for the latter model by additional stepwise
tilting by 120° around the origin of [100]. zone axes quite well (see Figure 3) and indicates
a [100]orth (=[001]1ex) stacked 3-fold twin.

o-- - @ o 0 @
= s B . . ®
® - 0:Q-0
:

Figure 3. (a) Simulated SAED pattern of 3-fold twin by rotation in orthorhombic space group Pmma (no. 51)
obtained after stepwise tilting the simulated [100],x, pattern by 120° around the origin. (b) Experimental SAED
pattern of former hexagonal [001],ex zone axis matching the diffraction profile of the 3-fold twin.

The latter, orthorhombic unit-cell metrics is supported by comparison of experimental SAED
patterns to simulated ones; zone axes and lattice parameters have been obtained by
transformations of the former hexagonal model (see the Supporting Information).

In addition, the theoretical positions of reflections of the as-obtained model are consistent
with the experimentally observed positions in the corresponding PXRD patterns, resulting in
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Pawley-fitted parameters of a = 4.7747(1), b = 13.9792(4), and ¢ = 8.0718(4) A in space
group Pmma (no. 51). Note that as-investigated hexagonal and orthorhombic models
mentioned in this section exhibit stoichiometric compositions of “LiCaN,” diverging from

elemental analysis which suggested lithium-deficiency (see the following sections).

Theoretical Considerations on the Hexagonal Model

The complex nature of the problem at hand called for a complementary quantum-theoretical
analysis in search of the structure, and the first computations were performed for the initially
assigned, hexagonal model with “LiCaN,” composition (P6s/mcm, see Supporting
Information Figure S4). Surprisingly, at first sight, this structure showed pronounced
instability during relaxation: the Hellmann-Feynman forces computed at temperature zero
were enough to totally destroy the Li—Ca coordination environment. Moreover, phonon
computations characterize this structure as dynamically unstable, proven by the presence of
several imaginary eigenmodes (see Figure 4a). To improve this structural model, we applied a
multistep procedure that has been described in more detail recently.® First, we applied
eigenvectors of the imaginary modes at the I" point followed by structural optimization, for
which the E(V) plot is shown in Figure 4b. This process, labeled (1) in Figure 4b for two
distinct eigenmodes, leads to the new E(V) curves shown in green and light blue, respectively.
This structural change is accompanied by an energy gain of over 30 kJ/mol, quite
impressively. For both of these structures, subsequent energy—volume scans were performed
(labeled (2)). Upon compressing the simulated cells, both still showed an inherent instability
upon decreasing the unit-cell volume below ~28 cm*mol (green dots) or ~ 25 cm®mol,
respectively. The most favorable structure, finally, was obtained upon relaxation (labeled (3);
dark blue line in Figure 4b) and led to an energy gain of ~ 55 kJ/mol as compared to the initial

P6s/mcm guess.

The new theoretical structure with “LiCaN,” composition was found in space group Pmma
(no. 51). It must be noted, however, that the resulting space group equals that of the TEM
model (see previous section) only by coincidence, and the reason is as follows. Despite the
large energetic stabilization of ~ 55 kJ/mol gained during the optimization procedure that
started from the initial model (P6s/mcm, Figure 4b), a simulated diffraction pattern for the
optimized “LiCaN,” model could not be reconciled with the experimental diffractogram. In
particular, the computational result so far did not correspond to the revised unit-cell metrics
but to those of the initial model, which had been falsified in the sequel. Consequently, what
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was initially believed to be the “correct” answer from theory (Figure 4b, dark blue curve) had

to be discarded in the light of experiment.

On the other hand, the revised structural model derived from TEM (sketched in Figure 5, top)
again proved unstable during quantum-chemical relaxation. This led us to conclude that the
results of the elemental analysis (see the Supporting Information) had to be recalled as the
compound obtained from HP/HT-experiments might differ in stoichiometry as compared to

the originally proposed sum formula of LiCaN..
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Figure 4. (a) Phonon band structure computed for the hexagonal P6s/mcm model exhibiting “LiCaN,”
stoichiometry. Several imaginary eigenvalues (highlighted in red), seemingly extending throughout the entire
Brillouin zone, are visible. (b) Energy—volume plots for the different structural models of “LiCaN,”, with arrows
describing how one is obtained from the other. Lines connecting data points are only guides to the eye. See text
for discussion.

Improving the Structural Model

The elemental analysis, albeit with some uncertainty, suggested a Li deficiency with a atomic
ratio Li:Ca ~ 0.8:1 in the title compound, whereas a Ca:N ratio of ~ 1:2 had been observed.
Also, the exclusively Ca-coordinated Li positions in the Pmma structure model (2a and 2d)
were the ones that experienced the most pronounced structural change/instability in the
theoretical computations. Hence, it became obvious that the structural model with Li:Ca=1

did not suffice because it did not lead to an agreement of experiment and theory.
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Indeed, upon removing the Li atoms in question, the stoichiometric composition was changed
to Li»Cas[N2]s, and we again carried out structural optimizations (see Tables S3 and S4 in the
Supporting Information), starting from the TEM-based experimental, orthorhombic “LiCaN,”

model in space group Pmma (see Figure 5) but with Li deficiency at 2a and 2d sites.
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Figure 5. Schematic drawing of the route from the initial experimental, orthorhombic “LiCaN,” model to the
final, Li-deficient model with Li,Cas[N,]s stoichiometry, both of which exhibit space group Pmma (no. 51). Cell
sizes are not to scale; Li yellow, Ca orange, N blue.

Computed high-p structure

In the absence of external pressure, the structure seemed to be unstable again as indicated by
the presence of imaginary phonon modes (albeit less strongly pronounced than in the
P6s/mcm model characterized in Figure 4a). Nonetheless, by decreasing the simulation cell
volume, the proposed structure could be stabilized. The imaginary modes disappeared entirely

once the simulated pressure increased to ~ 13 GPa and above (see Figure 6), which is close to
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synthesis conditions (9 GPa). The imaginary eigenmodes at zero pressure might propose
further instability of the crystal structure at ambient conditions; however, a collapse of the
crystal structure at these conditions seems to be kinetically hindered as Li,Cas[N,]s could be

analyzed experimentally even after releasing high pressure.
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Figure 6. Computed phonon DOS for the final structural model with Li,Cas[N,]; stoichiometry without external
pressure (a) and at a simulated pressure of approximately 13 GPa (b). In the upper panel, a small number of
imaginary eigenmodes are visible as indicated by a red arrow. In the lower panel, these imaginary modes have

disappeared and the structural model proves dynamically stable.

Note that the spot density in simulated diffraction patterns of LioCas[N,]s (data not shown) is
equal to orthorhombic “LiCaN,” in space group Pmma (no. 51, TEM-based model). It is
only the intensity of the spots that slightly varies due to the lithium depletion of Wyckoff
positions 2a and 2d in “LiCaN,” resulting in the composition Li,Cas[N,]s. Thus, the

simulated diffraction patterns are also in good agreement with the final crystal structure.

Description of the Crystal Structure

LioCas[N2]s shows a close structural relationship to hexagonal MnsSis-type structures
(P6s/mcm, no. 193), better known as Nowotny phases. 224

LioCas[N2]s contains four pairs of crystallographically independent nitrogen dumbbells
exhibiting N-N bond lengths of dyn=1.337(17)-1.353(32) A (see Figure 7 and Table 2).



Chapter 5: Ternary Diazenides 115

These N-N distances are intermediate to those in experimentally reported diazenides MN,
(M =Ca, Sr, Ba), Li;N, and LaN, having distances of about 1.20-1.32 A P®%%62 and to
pernitride [N,]* ions with N-N bond lengths of about 1.40 A% For Li,Cas[N,]s, this
suggests a [N2]*~ formulation, which would correspond to a radical character of the dinitrogen
anion. In more detail, as-obtained N-N distances are in good agreement with corresponding
characteristics of [N,]*~ ligation observed in already mentioned bimetallic lanthanide
complexes (dnn = 1.39-1.41 A).F%231 However, recent theoretical calculations considering
hypothetical TiN, also support diazenide [N2]*>" units with N-N bond lengths up to even
1.46 A %]

To elucidate the electronic character of the dinitrogen anion, we targeted chemical bonding

analysis by means of the crystal orbital Hamiltonian population (COHP) method, as done
[54,58-60]

previously for different diazenide/pernitride compounds.
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Figure 7. Unit-cell of Li,Cas[N,]s viewed along [100] as resulting from the final refinement. Polyhedra around
Li atoms are marked in yellow; Li yellow, Ca orange, N blue. Dashed lines in the right figure represent Ca—Ca
distances in the center of the unit-cell with dca_car = 5.45(1), dcarcaz = 5.47(2), dcazcas = 5. 39(1) and
deascas = 5.267(9) A, respectively. For further information see Table S6 in the Supporting Information.

Figure 8 shows the well-known electronic ,,fingerprint” of the dinitrogen entity in the region
close to the Fermi level &Y In agreement with Scheme 1, a set of = bonding and z*
antibonding bands may be discerned. The four dinitrogen dumbbells, despite overall
similarities, have a unique bonding fingerprint each (shown in different colors), which is in
accord with the experimental observation of several N-N stretching modes in the vibrational
spectrum. For a more quantitative analysis, we calculate the “filling” of the z* orbitals as
reflected in the integrated COHPs. (We are aware of difficulties in integrating over an
unoccupied area of the band structure; relative comparison is however well permitted) We
derive the filling as
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where ¢_ denotes a suitably chosen lower energy limit (in Figure 8, 4 eV below the Fermi

level) and ¢, is the upper one (2 eV above ¢g). The resulting values of the z* filling up to the

Fermi level are given in Table 2. Note that these values have also been averaged over the four

bonds present in equal amounts.
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Figure 8. Left and middle: COHP analysis for the 4 [N,] entities in Li,Cas[N;]; depicted in different arbitrarily
chosen colors, computed under a pressure of 16 GPa (left) and for the fully relaxed structure at zero pressure
(middle), respectively. For the definition of z* filling, see the text. Right: Same but for the [O,] entity in

potassium hyperoxide KO,.
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Scheme 1. Schematic molecular-orbital diagrams (not drawn to scale) for the species discussed. Electrons in
excess of the neutral diatomic ground-state are indicated in color.
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For comparison, an O—O COHP curve has been computed for potassium hyperoxide as a well-
characterized representative compound with an anion isoelectronic to [N,]*~."®! Thereby, the
calculated filling is 73 %, well matching the ideally expected percentage of 75 % according to
Scheme 1. The individual and averaged electronic character of the four N, entities in
Li,Cas[Ny]s are listed in Table 2. Accordingly, with an averaged z* filling of 57 % at zero
pressure (53 % at 16 GPa) resembling an expected value of 50 % for diazenides, the N, units
in Li,Cas[N,]; clearly exhibit different electronic behavior as compared to hypothetical [N2]*~

radical anions.

Taking these theoretical considerations into account, Li,Cas[N]s is conjectured to consist of
diazenide [N,]*" ions rather than [N,]*~ radical anions. This assignment is probed by

Table 2. Experimental and Computationally Optimized N-N Bond ~ €Xperiment in  the  next
Lengths in angstroms of Nitrogen Dumbbells in Li,Cas[N,]s, Together

i L sections.

with z* Orbital Fillings (See Text).

N-N2 16 2-5 3-3 4-4 Average The presence of only

exp. 1342(14) 1337(17) 1.353(32) 1.348(26) diazenide ions in LixCas[N:]s
and the reasonable re-

calc at . .

0GPa 1.308 1.308 1313 1313 quirement of singly (doubly)
positively charged Li (Ca)

2~ filling  55% 59% 59% 56% 57% _ ) _
ions, respectively, results in a

calc at i i i

1.293 1.293 1.291 1.289 more precise formulation as in

16 GPa -+ 2+ y= _
(Li")2(Ca™)s([N2] ")z:(e7)2, an

*filling  55% 51% 59% 46% 53% anion-deficient or vice-versa

®The pairing of six crystallographically independent nitrogen sites (all
Wyckoff site 4k), thereby referring to Table 1, results in four crystallo-
araphically independent N, entities. prominent representatives of

electron-rich  structure. As

such compounds, suboxides or subnitrides come to mind.!”*"1 Interestingly, each nitrogen
atom of the diazenide entities is octahedrally coordinated by four calcium and two lithium
cations. Both octahedra share one common face which is similar to the RbgO,-type cluster

observed in the rubidium suboxides RbsO, and RbsO (see Figure 9).5-%%!

These compounds represent oxygen-deficient (or, again, electron-rich) structures. Formally,
RbeO, and RbgO can also be written as (Rb*)g(0%)2:(€7)s or (Rb*)s(0%)-(e)4, respectively. As
the [N2]* coordination spheres resemble those of the oxygen ions in suboxides and due to
potential formulation of Li,Cas[N,]s as (Li*)2(Ca?*)s([N2]*)s(€7)2, the title compound might
also constitute the first representative of hitherto unknown ternary sub-diazenides. However,

as compared to the RbgO; structure (see Figure 9b), with isolated RbyO, units in the rubidium-
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based lattice, the resulting structural motifs of Np-coordination in Li>Cas[N]s are exclusively

interconnected again by sharing octahedral faces (see Supporting Information Figure S8).

Figure 9. Coordination sphere of diazenide ions in Li,Cas[N,]s (a). Thereby each nitrogen atom is octahedrally
coordinated by Li* and Ca*". The resulting octahedra share a common face, representing the basic motif of anion
coordination in rubidium suboxides RbgO, and RbsO (b); Li yellow, Rb violet, Ca orange, N blue, O red.

The two independent lithium sites are coordinated by six [N2]*" ions in an end-on manner,
building up a strand of face-sharing octahedra (see Figures 7 and S9 in the Supporting
Information). These strands are interconnected to other 2.[Li(N,)es]-strands by diazenide
units. The refined Li-Li distances (see Table S5 in the Supporting Information) match with
reported ones.”*%1%1 Additionally, we compared the obtained Li-N distances with the sum
of the ionic radii. Preliminary investigations already resulted in an average radius of one
nitrogen atom in a diazenide ion to be 1.27 A.®® According to Shannon,***! the ionic radius of
6-fold coordinated Li* is 0.76 A. On the basis of on this empirical values, the refined Li-N

distances correspond well with the sum of the ionic radii.

Like hexagonal MnsSis, LioCas[N2]s contains structural voids, which due to the orthorhombic
metric are located at (0,0,0) and (0,%2,%2). Many AsBs-type compounds were observed to
incorporate nonmetal atoms like B, C, N, O, or even metals into these cavities to result in
AsBsZ-type compounds.® However, a clear tendency for occupying the voids is very hard to
predict. Moreover, nonstoichiometric intercalation of Z elements into the cavities is supposed
to stabilize AsBs-type structures.® In Li,Cas[N,]s, the average void diameter is found to be
3.15 A (see Supporting Information Table S6), which is within the range of those in the
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aforementioned AsB3 compounds and thus formally enables incorporation of further elements
into these voids. However, elemental analysis (see the Supporting Information) resulted in no
significant stoichiometric atom content other than Li, Ca, and N. In addition, due to
electrostatic reasons, the incorporation of cations/metals is supposed to be rather energetically
unstable as shown by theoretical consideration finally resulting in Li,Cas[N,]s after removing

Li atoms of Wyckoff positions 2a and 2d.

Infrared Spectroscopy

In bioinorganic chemistry, the valency of dinitrogen anions is routinely assigned according to
the N-N bond lengths and their corresponding N-N stretching vibrations upon infrared or
Raman spectroscopy. Recently, it has been shown experimentally that the infrared spectra of
the diazenides MN, (M=Ca, Sr, Ba), as well as of Li,N,, exhibit clear features in the range of
1380-1330 cm™, which had been assigned to the N-N stretching vibration of the diazenide
units.®®%% pernitride units as observed in noble metal MymN2 compounds (Mm = Os, Ir, Pd
and Pt) also exhibit distinct features around 800 cm™, attributed to the stretching of [No]*
units.[*>4 In addition, radical dinitrogen ions [N2]*~ have recently been observed, and they

show characteristic N-N vibrations at wavenumbers shortly below 1000 cm™.[2/34

For Li,Cas[N,]s, infrared spectroscopy revealed significant features at 1260, 1100, 1020 and
802 cm™ besides overtones at about 3000 cm™ (see Figure 10). The nitrogen dumbbells in
Li,Cas[N2]s exhibit bond lengths of dyyn = 1.34(2)-1.35(3) A, which are intermediate to
previous reports for [N,]*~ and [N,]®~ ions. In accord with this observation, the wavenumbers
of the observed features in the infrared spectrum of Li,Cas[N;]s are also intermediate to those
of the latter two anions. Thus, the theoretical COHP analysis of the N—N bonding in the title
compound (suggesting diazenide [N»]*" ions, rather than radicals) despite elongated N-N
bond lengths is in good agreement with the vibrational measurements.

Seeking again a corroboration of experimental findings, we also performed pressure-
dependent phonon calculations to assign the vibrational modes from first principles, and also
to look at the high-pressure trend in vibrational properties that is much more difficult to

determine experimentally.

For the fully optimized (pressure-free) structural model, as well as with simulated pressures of
a few GPa applied, the phonon calculations give imaginary vibrational modes (see Figure 11),
which indicates dynamical instability already seen in Figure 6a (red arrow). With increasing
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(simulated) pressure, the imaginary modes disappear, which points toward the structure being
stable under pressure.

Transmission / %
.
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Figure 10. FTIR spectra of Li,Cas[N,]s (black) and after exposure to moisture for 5 min (red). The absorption
features at about 2250 cm™ are artifacts of the spectrometer.

As can further be seen in Figure 11, the theoretical phonon DOS shows a broad signal in the
range from 1100 to 1300 cm™ without external pressure applied, which is shifted to higher
wavenumbers with increasing pressure due to shorter atomic distances. This part of the
spectrum is related to the N—N stretching vibrations of the diazenide ions, and the signals are
broadened because of their interaction. The experimentally obtained features at 1260, 1100,
and 1020 cm™ can be confirmed by the theoretical calculations, albeit caution must be taken
because not all lattice modes are infrared active, and hence the IR spectrum and the computed

PDOS may not be compared to each other without care.

As our calculations reveal, the feature at 800 cm™ cannot be assigned to the N-N stretching
vibrations of one of the diazenide units. However, the product of the high-pressure synthesis
is always affected with an unknown impurity (see the Experimental Section), which might
constitute an oxo- or nitridoborate originating from the BN crucible used. Such compounds
exhibit distinct features at wavenumbers < 1000 cm™ assigned to lattice vibrations of the oxo-

5,102 and thus might account for the unexplained signal in the IR

or nitridoborate unit
spectrum of the title compound. A more detailed assignment of observed features in the
experimental and theoretical vibrational spectrum to N-N bond lengths can be found in the

Supporting Information.
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Figure 11. Excerpts from phonon densities of states computed at different simulated pressures, evolving from
pressure-free structures (top) to 16 GPa. Note the absence of dynamic instabilities (that would be indicated by
complex-valued vibrational modes), which sets in at increased pressure (arrows).

Electron Spin Resonance (ESR) Spectroscopy

To settle the character of the nitrogen dumbbells experimentally, we next employed electron
spin resonance spectroscopy, which is routinely used for the detection and further analysis of
unpaired electrons. As the [N2]*" ion is isoelectronic to molecular oxygen O, it should exhibit
paramagnetic behavior (see Scheme 1). However, despite the paramagnetic character, the
detection of an ESR-signal for molecular oxygen is hindered due to the enormous zero field
splitting of the triplet state, which in general leads to a broadening and therefore makes
detection of an ESR signal impossible. On the contrary, [N2]*~ radical anions are shown to
give a very sharp signal as they are isoelectronic to hyperoxides [0,]” (see Scheme 1).1272]
Indeed, ESR measurements of alkali and alkaline earth hyperoxides resulted in distinct signals
at a g-factor ranging from 2.001 to 2.004, close to the g-factor of free electrons
(2.0023)'[110,111]

Figure 12a displays the ESR spectrum of Li,Cas[N]s, whereas in Figure 12b that of BaN is
depicted, the latter serving as diazenide reference. The spectrum of Li,Cas[N]s contains a
narrow-line and a broad-line signal at gnarrow=2.0052(1) and Quroag=2.0052(10), which would,
in principle, be consistent with the presence of free electrons and support a potential [N2]*~
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formulation. However, the ESR spectrum of BaN, also consists of a signal at about the g-
factor of free electrons contradicting the unambiguous correlation of the signals in the

spectrum of Li,Cas[N2]s to [N,]*~ radical anions.
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Figure 12. (a) Detail ESR spectrum at ambient temperature after background correction (black). In addition to
the narrow-line signal shown here in detail, an overview spectrum (see Supporting Information Figure S3)
reveals the presence of a broad-line signal. The g values for the narrow-line and the broad-line signal are
2.0052(1) and 2.0052(10), respectively. The dotted line only serves as a guide to the eyes for the zero crossing of
the spectrum. (b) ESR spectrum of BaN, after background correction recorded at ambient temperature.

Additionally, we analyzed the spin concentration of the obtained signals in Li,Cas[N,]s and
BaN, and referenced them to common ESR standards. For BaN,, the obtained spin
concentration of 16.6 mM is far below the expected value of 60.8 M for the biradical [N]*.
These data are in good agreement with as-mentioned difficulties in signal detection due to
triplet state splitting of paramagnetic diazenide ions. Thus, the visible signal of the HP/HT-
product is attributed either to impurities in the mmol range or surface defects in BaN,

evolving unpaired electrons, which then can be detected.

The ratio of double integrals of the broad-line signal of Li,Cas[N;]s to the one of the utilized
one-electron references is 1:373, suggesting an effective spin concentration in LioCas[N]s of
373(60) mM. The spin concentration of the narrow-line signal is only in the 10~ mM range.
In any case, a rough estimate indicates that the number of spins is too low for a compound
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with all or at least one nitrogen dumbbell in a [N,]*" radical anion state. Therefore, even
considering a 20 % uncertainty in determining spin concentration, the observed concentration
is much too low for assigning an electronic structure with [N2]*~ radical anions. Again, the
presence of the signals is presumably due to surface defects or impurities in the sample.
Taking all of these facts into account, Li,Cas[N.]s rather consists of [N,]* ions than [N]*~

radical anions, which is in sound agreement with electronic-structure theory (see Figure 8).

Magnetic and Electric Conductivity Measurements

Magnetic measurements are supposed to ultimately end speculations on the potential presence
of [N2]*~ radical anions in LiyCas[N2]s. If Li>Cas[N2]s contained [N.]*~ radical anions,
magnetic characteristics like antiferro- or ferromagnetism would be expected as observed for
the isoelectronic hyperoxides.**?) However, susceptibility measurements of Li,Cas[N,]s at 1
and 0.01 T show nearly temperature-independent (Pauli-paramagnetic) behavior down to low

temperatures (see Figure 13a).
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Figure 13. Course of the molar susceptibility of Li,Cas[N,]; with temperature (a) at an applied external field of 1
and 0.01 T (inset); specific resistance with temperature upon cooling (b). Error bars are not shown. The lines
only serve as a guide to the eyes.
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To rely on this observation especially in the low-temperature region where the susceptibility
slightly increases again (see Figure 13a), we also plotted the product of yme T versus T (see
Figure S11 in the Supporting Information), which resulted in a continuous increase of ymoT
with increasing temperature indicative for true temperature-independent behavior of the
susceptibility. This observation is in good agreement with previous magnetic measurements
of again BaN, revealing that the dominant magnetic behavior in BaN, is also Pauli-

paramagnetism.®®!

As shown in Figure 13b, the resistivity of Li,Cas[N,]; decreases with decreasing temperature,
as is typical for metals. The resistivity at ambient temperature is found to be 7.23:10° Qm
which is in the range of good metallic conduction and qualitatively in accord with electronic-
structure computations that predict a finite density of electronic states at the Fermi level (see
Figure 8). Again, as-obtained results are in very good agreement with the presence of solely
[N]* ions in Li,Cas[Ny]s.

5.1.4 CONCLUSION

We were able to synthesize the first ternary compound with homonuclear dinitrogen entities
by thermal decomposition of stoichiometric mixtures of ionic lithium and calcium azides
under HP/HT-conditions. In contrast to binary diazenides such as Li,N2, MN, (M = Ca, Sr and
Ba) and LaNy, the ternary title compound Li,Cas[N]s exhibits pronounced elongation of the
N—N bond lengths which would intuitively contradict the presence of [N,]* ions. In fact,
these N-N distances would be better described by [N,]*~ units, as has been previously

observed in metal-organic reference compounds.

Much to the contrary, the true character of the N, entity was finally elucidated by
complementary use of various analytical methods. Experimental and theoretical studies
excluded the presence of [N2]*~ radical anions, but instead supported the presence of only
[N]* ions in the crystal structure. Therefore, the ionic formulation of Li,Cas[N.]s is better
described as (Li*)2(Ca?*)3([N2]%)s:(€)2.

Interestingly, Li,Cas[N]s exhibits distinct structural motifs with regard to anion coordination
that have been observed in RbgO,- and RbgO-type suboxides, which represent anion-deficient
(or, depending on perspective, electron-rich) structures. Within this context, the title
compound might also be interpreted as the second representative of “sub-diazenides”.
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Finally, as compared to the classification of valencies in bound N entities observed in
bioinorganic or metal-organic chemistry, their adequate description in solid-state chemistry is
hindered due to, for example, potential metallicity in such compounds. However, by the use
of a variety of complementary methods as presented, the identification of the true oxidation
state in [N2]*"anions remains possible.
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5.2 FURTHER TERNARY DIAZENIDES

With the successful synthesis of Li,Cas[N2]s the first representative of a ternary diazenide by
thermal decomposition of stoichiometric mixtures of LiN3 and Ca(N3), under extreme
conditions was presented. As SrN, and BaN, could also have been synthesized by the high-
pressure route, the combination of LiN3 and Sr(Ns), or Ba(N3), seems to be very promising
for the synthesis of further ternary diazenides in the corresponding Li-Sr-N, or Li-Ba-N,
systems. To additionally extend the compositional range of ternary M'XM”y-diazenides
(M = alkali or alkaline earth metal), we also targeted the investigation of the thermal
behavior under extreme conditions of various stoichiometric combinations of alkali (Na—Cs)
and alkaline earth (Ca—Ba) azides despite the previously reported observation that MNj
(M = Na-Cs) azides decompose into the elements at high-pressure and high-temperature

conditions.

5.2.1 EXPERIMENTAL SECTION

Alkali and alkaline earth azides were prepared as described in the chapters 3 and 4. For the
synthesis of hypothetical ternary M'\M",-diazenides (M""' = alkali or alkaline earth metal),
alkali and alkaline earth azides have been initially mixed with each other in a glovebox
(Unilab, MBraun, Garching; O, <1 ppm, H,O < 1 ppm) with a molar ratio of 1 to gain a first
insight in the miscibility of cations in the corresponding systems. For lithium containing
compounds, additional mixtures with molar ratios of LiN3:M"(Ns), of 2:1 and 4:1 have been
prepared, which were supposed to yield Li,M"[N,], and LisM"[N,]; diazenides, respectively.
For the HP/HT-treatment of as-obtained mixtures a modified Walker-type module in
combination with a 1000 t press (Voggenreiter, Mainleus, Germany) was used. As pressure
medium, precastable MgO-octahedra (Cermaic Substrates & Components, Isle of Wight,
U.K.) with edge lengths of 14, 18 or 25 mm (14/8, 18/11 or 25/17 assembly) were employed
depending on the maximum synthesis pressure. Eight tungsten carbide cubes (Hawedia,
Marklkofen, Germany) with truncation edge lenghts of 8, 11 or 17 mm compressed the
octahedra. The azide mixtures were carefully ground, filled into a cylindrical boron nitride or
in the case of lithium containing mixtures into copper crucibles (Henze BNP
GmbH, Kempten, Germany) and sealed with a fitting boron nitride plate. A detailed

description of the setup can be found in the literature.l'* Compressing and decompression
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rates were set according to the synthesis pressure. The recovered MgO-octahedra were broken
apart in a glovebox and the samples carefully isolated from the surrounding boron nitride
crucible. Whenever possible, HP/HT-products were analyzed by means of powder X-ray

diffraction.

5.2.2 RESULTS, DISCUSSION AND CONCLUSION

Unfortunately, in a total number of 57 attempts (26 in the Li-Sr/Ba-N, system) under various
HP/HT-conditions (see Figure 1), the synthesis of a further ternary diazenide was not
successful. Though the combination of LiN3; with alkaline earth azides resulted in crystalline
HP/HT-products, they turned out to be mainly composed of the corresponding binary
diazenides SrN, or BaN, with only minor and depending on conditions varying side-phases,
which could not be identified. The HP/HT-treatment of combinations of MN3; (M = Na-Cs)
and Mag(Ns)2 (Mag = Ca—Ba) azides (see Figure 1b) yielded always the corresponding

elemental alkali metal with dispersed black inclusions of MagN, diazenides.
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Figure 1. HP/HT-conditions for the synthesis of ternary diazenides starting from stoichiometric mixtures of
alkali and alkaline earth azides. In a total number of 57 experiments, no ternary diazenide could be identified.
Some experiments have been conducted twice at the same temperature and pressure, but with different heating,
holding and cooling rates. a) Investigations in the systems Li-Sr-N, (black) and Li-Ba-N, (red); b)
Corresponding investigated systems are explained by the input legend.

Summarizing, the synthesis of further ternary diazenides by the high-pressure/high-
temperature route was not yet possible. Attempting the synthesis of lithium containing ternary
diazenides, only minor unidentified side-phases besides the corresponding alkaline earth
diazenides representing the main phases have been observed. Whenever the heavier alkali

azides have been tried in combination with Mag(N3)2 (Mae = Ca-Ba), a decomposition into
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the elemental alkali metal has been observed with enclosed alkaline earth diazenides. This
observation matches the reported behavior of alkali azides upon HP/HT-conditions (see

chapter 3).
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6. SUMMARY

1. Synthesis of Alkaline Earth Diazenides MagN; (Mag = Ca, Sr, Ba) by Controlled

Thermal Decomposition of Azides under High Pressure

The alkaline earth diazenides MagN2 (Mag = Ca, Sr and Ba) are synthesized by a controlled
decomposition of the corresponding ionic azides in a Walker-type multianvil device at high-
pressure/high-temperature conditions of 3-12 GPa at 723-1023 K. The structural model of
hitherto unknown calcium diazenide (I4/mmm (no. 139), a = 3.5747(6), c =5.9844(9) A,
Z=2, wR,=0.078) is derived and refined
on the basis of powder X-ray diffraction
data. The crystal structures of all alkaline
earth diazenides are elucidated and
compared to well characterized models
with homonuclear dianions. Refined N-N
bond lengths, FTIR  spectroscopy

revealing distinct features at about

1375 cm™ attributed to the N—N stretching vibration of the diazenide units, and electronic
structure calcualtions underline the formulation of a double-bonded, twofold negatively

charged [N,]* entity.

2. Further Alkaline Earth Diazenides

According to the literature, theoretically predicted formation enthalpies for MagN;
compounds (Mae = Be—Ba) were found to be exothermic with respect to the elements. As the

HP/HT-synthesis of alkaline earth diazenides MagN, (Mag = Ca—Ba) by controlled thermal
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decomposition of the corresponding ionic azides has proven to be successful, the synthesis of
hitherto unknown MgN; is targeted — due to the toxicity of beryllium compounds, the
synthesis BeN; is not intended. As ideally binary Mg(Ns), is required but not known, two
oxygen-deficient precursors, namely Mg(NH3)2(Ns), and Mg(N3).-x NHs (x < 1), have been
synthesized and subjected to various HP/HT-conditions. Unfortunately the formation of MgN;
could not be observed and reasons are presented. Concluding, novel diazenides by the high-
pressure/high-temperature route are so far only accessible if the corresponding precursors

constitute binary, phase-pure azides.

3. High-Pressure Synthesis and Characterization of the Alkali Diazenide Li;N,

In order to further extend the compositional range of simple metal diazenides, the thermal
decomposition of alkali azides, namely Li,N,, under extreme conditions is investigated.
Lithium diazenide LioN, (Immm (no. 71), a = 3.1181(4), b = 4.4372(4), ¢ = 10.7912(16) A,
Z=4, wR,=0.0498) is obtained under :

HP/HT-cor:ditions of 9 GPa and 750K in -
a Walker-type multianvil assembly. The S

crystal structure of Li;N, is solved and

refined on the basis of powder X-ray LH ‘
diffraction data. LioN,, the first alkali

diazenide, represents an unprecedented
structure type for A,B, compounds. In contrast to the alkaline earth diazenides CaN,, SrN,
and BaN, or even diazene N,H, itself, exhibiting N-N distances in the range of 1.20-1.24 A,
the N-N bond length in Li;N; of 1.301(3) A is slightly elongated and reasons are presented.
The formulation of a [N,]* entity is further supported by FTIR spectroscopy and first
principles calculations with the LMTO method.

4. Further Alkali Diazenides

The successful synthesis of Li,N, encouraged the investigation of the thermal decomposition
behavior of the heavier alkali azides MN3; (M = Na—Cs) under extreme conditions. Thereby, ex
situ HP/HT-experiments are conducted in a multianvil device at various conditions ranging

from 2-18 GPa at temperatures of 423-1173 K. Independently of the synthesis conditions as
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well as of the investigated alkali azides, the recovered products of each HP/HT-experiment

ApAT . .
L2 LN+ 8N, ——> 3Li,N,+ 6N, show typical properties of

M=Li
ApAT elemental  alkali  metals,
6MN; <= ,.6M+9IN,* ApAT
‘ namely metallic brilliance and
M=Na-Cs 2MN+8 ApAT N +6N
7 : =2 ductility, indicating a

decomposition of the heavier alkali azides into the elements. These findings are supported by
in situ in-vestigations of pressure-dependent thermal behavior of NaNs; and KN3 at the
Hamburger Synchrotronstrahlungslabor (HASYLAB, Beamline F2.1 operated by the
Geoforschungs-zentrum (GFZ) Potsdam until 2012). Both azides also decompose into the
elements at increasing temperatures under high pressure conditions. A mechanistic scenario
for the differences in reaction behavior of alkali azides (Li vs. Na—Cs) under extreme

conditions is presented, however remains only hypothetically.

5. Electronic and lonic Conductivity in Alkaline Earth Diazenides MagN; (Mag = Ca, Sr,
Ba) and in Li;N,

Electrical conductivity measurements of alkaline earth diazenides SrN, and BaN; reveal
temperature-dependent true metal-like behavior. As CaN; is isotypic with SrN; its electronic
properties are supposed to show similar characteristics. For Li;N,, the corresponding
measurement also shows typical characteristics of metallic materials, but also an unexpected

rise in electrical conductivity above 250 K, which is consistent with the onset of an ionic

Lithium Diazenide

13 T-’-: L5 t.-‘-- 2 ) .
resonance measurements (NMR) Electronic Conduction / emperature 3D lonic conduction

contribution. This interpretation is

further corroborated by static °Li

S E s BETBEBBELE

Electr. Conductivity
-

and 'Li nuclear  magnetic

5ok

of the spin-lattice relaxation time

T; over an extended temperature

range from 50-425 K. We observe
a constant Heitler-Teller product
T,T as expected for metals at low temperatures and a maximum in the temperature-dependent
relaxation rates, which reflects the suggested ionic conductivity. A topological structural
analysis indicates possible 3D ion migration pathways between two of the three

crystallographic independent Li positions. A crude estimate of temperature-dependent self-
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diffusion coefficients D(T) of the lithium motion classifies Li,N, as a mixed electronic/ionic

conductor.

6. High-Pressure Behavior of Binary Diazenides

The effect of pressure on the structural and mechano-physical properties of binary diazenides
of calcium, strontium and lithium is examined in situ at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) in diamond-anvil cells at room temperature up to
maximum pressures of about 50 GPa. All diazenides show reversible, pressure-induced phase
transitions from the ambient structure phases into overall four high-pressure polymorphs (HP-
CaN,, HP-SrNy, f- and y-LioN,). A comparison of diffraction data of HP-CaN, and HP-SrN,
might indicate possible isotypic high-pressure polymorphs. Decompression data show that all
phase transitions are reversible. The bulk moduli By of the ambient pressure phases were
determined by fitting a second- and third-order BM-EoS to the experimental p-V data. These
data are compared to the values obtained from an Eulerian strain versus normalized stress plot
resulting in overall bulk moduli of 80-100 GPa for investigated diazenides. These values are
compared to previously reported bulk moduli of binary compounds with homonuclear
dianions. Analyses of the behavior of N-N bond lengths of investigated diazenides at high-
pressure conditions renders them far more compressible than pernitrides [N2]*, in which the

higher electron count is responsible for their extremely high incompressibility.

7. High-Pressure Synthesis and Characterization of Li,Cas[N;]s — An Uncommon
Metallic Diazenide with [N2]*" lons

Li,Cas[N2]s (Pmma (no. 51), a=4.7747(1), b=13.9792(4), c=8.0718(4) A, z=4,
WR, = 0.08109) is the first representative of a ternary diazenide. It has been synthesized by a
controlled thermal decomposition of a stoichiometric mixture of lithium azide and calcium

Li;Cas[Nls azide in a multianvil device at

—Ti 9 GPa at 1023 K. The crystal

[N NJ* ? structure is solved and refined
& ‘H, % by the use of complementary
d(NN)“_ 1.34(2)-1.35(3) A % methods. Pseudo-hexagonal me-
M) 12661020 ae” trics initially led to incorrect
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structural models supported by theoretical calculations (DFT). Detailed crystallographic ana-
lyses including PXRD investi-gations, SAED simulations and comparison to experimental
TEM diffraction patterns finally result in a reliable structural model, which is further
corroborated und underlined by quantum-theoretical considerations. Refined N-N bond
lengths in the correct space group show strongly elongated values of 1.34(2)-1.35(3) A
exceeding those of previously known, binary diazenides. In fact, observed N-N distances
rather suggest the presence of [N2]*~ radical ions. Characteristic features of the N-N
stretching vibration occur at lower wavenumbers than in the binary phases, and these
assignments are again sup-ported by first-principles pho-non calculations. Detailed elec-tron
diffraction, electron spin resonance (ESR) spectroscopy, magnetic and electric conductivity
measurements as well as density-functional theory calculations (DFT) finally and
unequivocally show that the title compound solely consists of diazenide [N]*" units according
to the formula (Li*)2(Ca*")s([N2]*)s-(e7). presenting the first representative of ternary sub-
diazenides.

8. Further Ternary Diazenides

To extend the compositional range of ternary M',M",-diazenides (M"" = alkali or alkaline
earth metal), the thermal behavior of various stoichiometric mixtures of alkali (Na—Cs) and
alkaline earth (Ca—Ba) azides under extreme conditions is investigated. Unfortunately, the
synthesis of further ternary diazenides under various HP/HT-conditions was not successful.
Though the combination of LiN3 with alkaline earth azides results in crystalline reaction
products, they turn out to be mainly composed of the corresponding binary alkaline earth
diazenides with only minor, but unidentified and depending on conditions varying side-
phases. The HP/HT-treatment of combinations of MN; (M =Na-Cs) and Mag(N3)2
(Mae = Ca—Ba) azides yields always the corresponding elemental alkali metal with dispersed
black inclusions of most probably MagN diazenides. This observation matches the reported
behavior of alkali azides upon HP/HT-conditions that is decomposition into the elements.
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7. CONCLUSION AND OUTLOOK

In solid-state chemistry, the existence of homonuclear diatomic nitrogen anions has proven
existence only very recently,[l‘lg] although the latter represent a common and well-
characterized structural motif in biological and synthetic chemistry. Thereby, high-
pressure/high-temperature (HP/HT) syntheses starting from the elements and using
specialized equipments have introduced binary diazenides (M =Sr, Ba, La)*" and
pernitrides (M = Os, Ir, Pd, Pt)®**! with MN, stoichiometry consisting of [N2]*>~ and [N]*
ions, respectively. Nevertheless, synthesis and characterization of only a handful of examples
of both materials classes since their identification in 2001 is quite surprising. Within this
context, it is likewise remarkable that solids with isoelectronic, homonuclear diatomic ions
consisting of elements to the left (carbon) and to the right (oxygen) of nitrogen in the periodic
table have already been synthesized and characterized decades ago.

Introducing the approach of controlled thermal decomposition of ionic azides of Group | and
Il metals in a multianvil device at extreme conditions resulted in a renaissance of
homonuclear diatomic nitrogen chemistry.?>?®! This high-pressure route proved as excellent
tool for the synthesis of hitherto unknown binary and even ternary materials with
homonuclear diatomic nitrogen anions. However, compared to the classification of valencies
in bound N entities observed in bioinorganic or metal-organic chemistry, their adequate
description in solid-state chemistry is hindered due to, for example potential metallicity in
such compounds. Nevertheless, by the use of a variety of complementary experimental and
theoretical methods, the identification of the true oxidation state in [N2]*" (x = 1-4) anions is

possible.

Moreover, a chemist’s aim should not only be to synthesize novel materials with extraordinary
properties, but also to transfer the knowledge of characterized properties to possible

applications or if hindered to establish synthesis conditions or materials classes to basics in
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fundamental research. Within this context both, diazenides and pernitrides are very promising
candidates although they are very sensitive to moisture unfortunately hindering industrial
applications. Pernitrides, for example have been reported as mechanically ultra-hard materials
even approaching the hardness of c-BN or diamond.°! An oberservation, which is attributed
to the high electron-count in stiff [N2]* ions, which consist of completely filled 7~
antibonding orbitals and therefore impede a massive contraction of the N-N bonds.
Furthermore, Li,N, has shown to be a mixed electronic/ionic conductor depending on
temperature.?? Its self-diffusion coefficients are thereby within the range of typical cathode
and electrolyte materials for Li-ion batteries.”*?! On the other hand, as homonuclear
diatomic nitrogen species have been discovered in solid-state chemistry only very recently,
the identification of their crystal structures contributes to a detailed understanding of

fundamental research in inorganic chemistry.

By now, only a few members of binary and ternary diazenides and pernitrides are known in
solid-state chemistry, all of them having been synthesized under extreme conditions starting
from both, either the elements in specialized equipments or ionic azides in a multianvil
device.'"?! As the HP/HT-route starting from ionic azides has proven to be an excellent
method, and has been intensively investigated within this thesis, an adaption for covalent
azides, for example of Groups 11 or 12 (AgNsz or Zn(Ns),, respectively) might result in
hitherto unknown diazenides with interesting properties. Thereby, especially the synthesis of
ZnN, seems to be practicable as thermodynamic investigations showed that it should be stable
with respect to dissociation to the elements £ Hreaction < 0).**! Furthermore, re-visiting the
initial synthesis procedures for diazenides and pernitrides, namely the reaction of the
elements, still could be a very promising way in chemistry for obtaining nitrogen-rich
materials as predicted by a variety of different groups." 272 Thereby, even industrial
synthesis procedures such as hot isostatic pressing (HIP) in nitrogen atmosphere might
constitute a promising approach for the synthesis of unprecedented homonuclear diatomic
representatives as these devices are able to establish pressures of about 0.3 GPa (3000 bar) in
maximum - a pressure which is within the range of initial diazenide synthesis
(9-5500 bar).[*3

Not only HP/HT-experiments might result in further representatives with homonuclear
diatomic nitrogen anions, but also conventional methods in solid-state chemistry, such as
metathesis reactions. This unique type of reaction is very efficient because it uses the intrinsic

energy of the reaction partners being involved. Desired stoichiometries are achieved by
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appropriate starting materials for the reactions controlled through the heating procedure and
potentially by using a reactive flux, which lowers the ignition temperature of a reaction
mixture and might even promote crystal growth of products. This approach has already shown
to be successful for the synthesis of various materials, such as nitridoborates, carbodiimides,
tetracyanoborates, tetracyanamidosilicates and carbon-nitrides.*! A further big advantage is
the reduced temperature upon synthesis due to the as-mentioned intrinsic energy of reaction
partners. In the most metathesis reactions chlorides are reacted with lithium compounds
bearing the anion of choice to be transferred. The successful synthesis of Li;N, perfectly
matches the pre-conditions of potential metathesis reactions and might clear the way for
future chemists to exploratively study the existence of novel homonuclear diatomic nitrogen
representatives and characterize their properties to expand fundamental research of main

group solid-state chemistry.
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8.

APPENDIX

8.1 SUPPORTING INFORMATION

8.1.1 SUPPORTING INFORMATION FOR CHAPTER 2.1

Temperature [*C]
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Figure S1. Temperature-dependent in situ powder diffraction patterns of SrN, (Mo K, radiation (0.7093 A)).
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Figure S2. Total DOS (left), COHP analysis of Sr—N (middle) and N-N (right) for SrN..
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8.1.2 SUPPORTING INFORMATION FOR CHAPTER 3.1

Experimental details of the HP/HT-synthesis

Lithium diazenide was synthesized under HP/HT-conditions in a modified Walker-type
module in combination with a 1000t press (both devices from the company Voggenreiter,
Mainleus, Germany). Starting material for the synthesis was crystalline lithium azide, which
was precipitated from its aqueous solution (Sigma-Aldrich, 20 wt% solution in water) by
evaporation in vacuum. The product was dried over P4O1p using a vacuum desiccator (24h)
and analyzed by means of infrared spectroscopy and X-ray diffractometry. Then, LiN3; was
carefully ground, filled into a cylindrical copper crucible, placed into a boron nitride crucible
(Henze BNP GmbH, Kempten, Germany) and sealed with a fitting boron nitride plate. As
pressure medium, precastable MgO-octahedra (Ceramic Substrates & Components, Isle of
Wight, U.K.) with edge lengths of 18 mm (18/11 assembly) were applied. Eight tungsten
carbide cubes (Hawedia, Marklkofen, Germany) with truncation edge lenghts of 11 mm
compressed the octahedra. The details of the setup can be found in literature.*® The
assembly was compressed up to 9 GPa at room temperature within 217 min, then heated up to
750 K in 10 min, Kept at this temperature for 50 min and finally cooled down to room
temperature in 10 min again. Subsequently, the pressure was released over a period of
633 min. The recovered MgO-octahedron was broken apart in a glovebox and the sample was
carefully isolated from the surrounding boron nitride and copper crucibles. A black metallic
powder of lithium diazenide is obtained. No chemical analysis was performed due to the fact

that there is still an unknown side phase present.!®

Information about the data collection and selected crystallographic details of the Rietveld

refinement of Li,N»

The crystal structure of LioN, was analyzed on the basis of powder X-ray diffraction data. The
powder diffraction patterns were recorded with a STOE Stadi P powder diffractometer
(STOE, Darmstadt, Germany) in Debye-Scherrer geometry using Ge(111) monochromated
Cu K, radiation (1.54056 A). The indexing resulted unambiguously in an orthorhombic unit-
cell with a=3.11, b = 4.43 and ¢ = 10.79 A. From systematic absences the space groups 1222,
12:2:21, Imm2 and Immm were considered. The integration and extraction of the intensities as
well as the structure solution was carried out by using the TOPAS package.[”? The position of

all atoms on chemically plausible sites was only possible in space groups Immm and 1222.
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However, a distinct differentiation of the two possible space groups was not possible.

Therefore, the space group with the highest symmetry (Immm) was chosen for structure

refinement. The Rietveld refinement was performed with the TOPAS package using the

atomic positions found upon structure solution. The reflection profiles were determined using

Table S1. Information About the Data Collection and
Rietveld

Selected  Crystallographic
Refinement of Li;N,.

Details of the

Formula LioN,
Synthesis Conditions 9GPa @ 750 K
dan /A 1.301(3)
fw /g-mol™ 41.89
space group Immm (no. 71)
cell parameters / A a=3.1181(4)
b =4.4372(4)
¢ =10.7912(16)
v IA® 149.31(3)
Z [cell 4
Pcalc /g-cm’s 1.8640(4)
Ucare Imm™ 1.17
Data Collection
type of diffractometer STOE Stadi P
geometry Debye-Scherrer
radiation, monochromator Cu-K, (A = 1.54056 A),
Ge(111)
T/IK 298(2)
detector linear PSD (A26 = 5°)
20 range /° 10-80
number of observed 38
reflections
Structure Analysis and
Refinement
method of refinement fundamental parameter

program package
atomic parameters
background function
/parameters

R indices

approacht%

TOPAS Academic

7

shifted Chebyshev /16

GOF(y?) = 1.755
R, = 0.07061
WR, = 0.09488

the fundamental parameter approach®
by convolution of appropriate source
emission profiles with axial instrument
contributions and crystalline

microstructure effects. Preferred
orientation of the crystallites was
described with a spherical harmonics of
4™ order. To prove the novelty of the
structure type a precise search within
several structural databases was
performed, resulting in the Sc3TMC,
(TM =Fe, Co, Ni, Rh, Ru, Os, Ir)¥
structure type having similar atomic
positions and crystallizing in space
group Immm as well. However, both
structural models (Li2N, and ScsTMCy)
differ in one of their four atomic
positions (Li;N2: 4i, ScsTMCy: 4j). The
differing positions cannot be converted
into each other underlining Li;N, being
with  ScsTMC, and

hitherto

not isotypic
therefore confirming the
unknown structure type. The relevant
lithium

crystallographic  data  for

diazenide and further details of the data collection are summarized in Table S1.
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Figure S1. Coordination sphere of diazenide unit with corresponding Li-N distances; Li gray, nitrogen black.

Structural investigation and comparison of the novel structure type to related structural

models

Comparing the structural model of 416 s2. Atomic Positions in Li,C, and ScsCoC,. 1211

Li,N, to reported structures, there are _Atoms (Wyckoff) X y z
ing i Li,C,
only two models crystallizing in a 1.4 0 : -
similar structure. For structures with ~_C1 (40) 0 0.3731 0
Sc;CoC
A;B; composition, it is LiC; 28 . —§_0§ ]
(Figure S2 left, Table S2 top).!"!  sc2(2c) ” " .
here i : Sci (4) s 0 0.188
However, there is no direct symmetry @) . - e

relation between Li;N, and Li,C;

converting both structures into each other. The anionic lattices are not convertable at all,
whereas the cationic lattices derive from the same aristotype, which is the y-Sn-type
(Cmmm)."* In Li,C, however, the unit-cell is doubled, while in LizN; it is quadruplicated.

To prove our novel structural model, we even expanded our search for related compounds to
ternary and multinary phases. It were the scandium transition metal carbides Sc;TMC,
(TM = Fe, Co, Ni, Ru, Rh, Os, Ir) in space group Immm!®! which attracted our interest due to a
very similar atomic arrangement (Figure S2 right, Table S2 bottom). Replacing the Sc2 and
TML1 site by Li and the carbide dimers by diazenide units, it is only the Sc1 site which makes
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a full symmetric conversion of both structures impossible. Therefore, as we can not find any
structural model isotypic to our model, Li>N; crystallizes in a novel, unprecedented structure
type (resembling that of ScsTMC,).

—0—\t

¢ ¢

%

Figure S2. Unit-cell of Li,C, (left) and Sc;CoC, (right) along [100]; lithium white, scandium light gray, cobalt
representing transition metals dark gray, carbon black. Structure data taken from the literature.®*

Temperature-dependent in situ X-Ray diffraction from 8 to 1173 K
A) Experimental details

Low-temperature X-ray diffraction data were collected using a Huber G670 Guinier imaging
plate diffractometer (Co K, radiation (1.7890 A)) equipped with a closed cycle He-cryostat.
The samples were cooled down from room temperature to 8 K in 5 K/min in steps of 25 K. At
each cooling step (after holding the temperature for 1 min) a diffraction pattern was recorded
in the range of 0° <260 < 80°.

High-temperature in situ X-ray powder diffraction data were collected with a STOE Stadi P
powder diffractometer (Mo K, radiation (0.7093 A)) equipped with a computer controlled
STOE resistance graphite furnace. Enclosed in a silica glass capillary under argon, the
samples were heated from room temperature to 1173 K in 5 K /min in steps of 25 K. At each
heating step (after holding the temperature for 1 min) a diffraction pattern was recorded with
an IP-PSD in the range of 7° <26 < 80°.

B) Results

Low-temperature measurements from room temperature down to 8 K resulted in no
observable transformation of Li;N,. Figure S3 shows the high-temperature in situ X-ray
diffraction patterns of Li,N, from room temperature to 1173 K. At 475 K a transformation of

Li,N, into a-LisN occurs. Reaching 800 K, a-LisN decomposes forming Li,O, which finally
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(950 K) reacts with the quartz capillary to Li,SiOs;. Another prove, that the non-indexed lines
in the powder diffraction pattern of Li,N, (Figure 1 in publication) do definitely not belong to
Li,Ny, is the fact, that these lines do not transform into a-Li3N at about 475 K, but only shift
to smaller 26 angles with respect to the higher temperature.
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Figure S3. High-temperature in situ X-ray diffraction patterns of Li,N, (Mo K, radiation (0.7093 A)).
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FTIR spectroscopy of Li;N;
A) Experimental details

Fourier transform infrared (FTIR) measurements were carried out on a Bruker IFS 66v/S
spectrometer. Spectra of the samples were recorded in an evacuated cell at ambient conditions
between 400 and 4000 cm™ after diluting the samples in KBr pellets (2 mg sample,
300 mg KBr, pressed with 10 kN).

B) Results

Concerning a free diazenide ion (point symmetry D.y), the only basic vibration is Raman-
active and IR-inactive due to the rule of mutual exclusion.!™®! Therefore, to observe an IR-
active mode of [N,]*, its corresponding site symmetry in the solid has to be reduced. This
condition is actually fulfilled, as the diazenide ion adopts the reduced site symmetry C..
Figure S4 illustrates the infrared spectrum of Li,N,. As already mentioned, the significant
feature at 1326.8 cm™ is assigned to the N-N stretching vibration of the diazenide ion due to
previous vibrational measurements on CaNj, SrN, SrN; and BaN,.**! Additional features at
considerable lower wavenumbers (at about 500 cm™) are assigned to acoustic, optic

translational and librational modes of the [N,]*" ion as reported in literature. The modes at
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about 2000 cm™ are so far unexplained. However, as there is still an unknown side phase in
the bulk sample present, these features might be assigned to the side phase. In addition,
because of the extremely high sensitivity to moisture, the diazenides tend to hydrolyze very
easily. As the KBr-sample pellet is exposed to normal atmosphere upon the transfer from the
glovebox to the sample chamber of the spectrometer, LiOH is formed definitively. Therefore,
the feature at 3675.7 cm™ is assigned to the stretching vibration of the hydroxide ion.

1.00
0.95 +
0.90 +

0.85 +

transmission /% —»

0.80

0.75 +———— ————————————
4000 3500 3000 2500 2000 1500 1000 500

wavenumber fcm” —>

Figure S4. FTIR Spectrum of Li,N,.

First principle calculations on the electronic structure of Li,N;
A) Experimental details

The LMTO method in its scalar relativistic version (TB-LMTO-ASA program)™® was used to
perform the band structure, electronic density of states (DOS) and crystal orbital Hamiltonian
population (COHP) calculations.”” Detailed descriptions of the method are given
elsewhere.™! The k point set was extended to a 12x24x24 array to properly describe the
metallic compound. The basis set consisted of Li: 2s/{2p}/{3d} and N: 2s/2p/{3d} where
orbitals given in parenthesis were downfolded.””® The electronic structure calculations
converged when the change of the total energy was smaller/equal to 10° Ry. The COHP
method was used for the bond analysis. COHP gives the energy contributions of all electronic
states for a selected bond. The values are negative for bonding and positive for antibonding
interactions. With respect to the COHP diagrams, we plot -COHP(E) to get positive values
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for bonding states. The structural parameters were taken from the Rietveld refinement. The

orbital character of the bands was analyzed using the so-called fat-band plots.

B) Results

As already mentioned in the publication, the electronic band structure calculations (Figure S5)
suggest that the compound is metallic. The main contribution of bands at the Fermi level
comes from N-p (2p, 17rg*) states with only little contribution of the Li states (2s, 2p). To
elucidate the bonding situation, the DOS (Figure S6 left) and COHP of the interactions of
Li-N (Figure S7) and N-N (Figure S6 right) were calculated as well.
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Figure S5. TB-LMTO band structure of Li;N,.

At about —20 eV the states of the 1gy orbitals of the nitrogen dumbbell are located. The
nitrogen 1o, states can be found at about —12 eV, mixing with Li-s and -p states. Above that,
around -8 to -5 eV the 204 and the 1z, bondig states of the diazenide together with an
increased contribution of the lithium states can be found. The states in the proximity of the
Fermi level ranging from -3 to 3 eV are basically the 1z, states of the diazenide ion which
are only slightly mixed with lithium states. These metal-nitrogen interactions are found to be
responsible for the significant widths of the corresponding bands in the band structure, and
thus probably being also responsible for the metallic character of these compounds. The states
above 3 eV are predominantly formed by Li-s and -p states. The COHP plot of the N-N

combination clearly shows the situation as expected for the [N2]* ion: to understand the
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bonding situation, the molecular-orbital diagram of N, has to be taken into account. Upon
forming N by linear combination of the atomic orbitals of elemental nitrogen, the molecular

orbitals 16y, 1oy , 204, 1z, 1y and 20, of molecular nitrogen are formed.

10

ENERGY (eV) —»

-20

0 2 4 6 8 0 12 14 0 5 10 15
DOS (states/eV cell) —» -COHP (/cell) =

Figure S6. Total DOS (left) and COHP analysis of the N-N bond (right) in states/eV per formula unit of Li,N,.
In the COHP plot, the bonding states are given as features to the right, whereas antibonding states show up as
features to the left.

The bonding orbitals 204 and 1z, are filled up with six electrons resulting in a maximum of
bonding multiplicity of 3 (triple bond, N;). Adding further 2 electrons into the 17rg* molecular
orbital, then results in [N2]> and a 50 % occupation of these antibonding 17rg* orbitals.
Therefore, the bonding multiplicity is reduced to a value of 2 which corresponds with a
double-bonded dinitrogen unit as observed in [N,]*~. This anion is isosteric to molecular
oxygen and to [C,]*". Therefore, it should exhibit paramagnetic behavior. However, magnetic
susceptibility measurements and electronic structure calculations for BaN, already revealed
that the compound exhibits only Pauli paramagnetism and is metallic, despite the
paramagnetic triplet state of the isolated diazenide ion.”Y) Thus, a test spin-polarized
calculation with nonzero magnetic moments artificially placed on the nitrogen atoms was
conducted for Li,N, and converged back to the metallic state. This confirms that LioN; is
metallic as well, which was already assumed for the band structure. Coming back to the
COHP of N-N, it is not surprising that on the one hand the states near the Fermi level are
antibonding, and that on the other hand the Fermi level crosses these states at about half of
their antibonding character. This perfectly matches with the 50 % occupation of the
antibonding z-states of the diazenide ion. Concerning the Li-N combinations, there are
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basically only bonding states up to Er. Above the Fermi level (in the region of the unoccupied

states), the antibonding Li—N interactions are settled.

ENERGY (eV) =3
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Figure S7. COHP analysis of the Li-N interactions of Li,N, in states/eV per formula unit. In these plots, the
bonding states are given as features to the right, whereas antibonding states show up as features to the left. As
there are three different Li sites in Li,N,, at least three different Li—-N COHP plots result: Lil-N (left), Li2—N
(middle) and Li3-N (right). Additionally, only the nearest Li-N interactions are taken into account
(dLil-N = 20559(22) A, dLiZ—N = 21498(14) A, dLi3—N = 20740(48) A)
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8.1.3 SUPPORTING INFORMATION FOR CHAPTER 4.1

Infrared Spectra of ®’Li,N; and MagN; (Mag = Ca, Sr, Ba)
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Figure S1. FTIR spectra of Li;N,
(black), °Li,N, (magenta), CaN, (red),
SrN, (green) and BaN, (blue). The
region of the [N,]* feature is
enlarged. Thereby, vibrational features
for "Li,N, and °Li,N, are located both
at 1326.8cm™?, and for CaN,, SrN,
and BaN, at 1376.9, 1378.9 and

1375.9 cm ?, respectively.*?

Note that a detailed evaluation of corresponding FTIR spectra has been previously presented

in references [1] and [2].

Plot of 1/(TT) versus Temperature for °Li and 'Li NMR
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Figure S2. Plot of 1/(T,T) versus T for
®Li (squares) and Li (circles) NMR
SLR rates from °Li,N, and undoped
Li,N,, respectively. The dashed line
the tem-

indicates decomposition

perature for undoped Li,N,.

In Figure S2 the temperature dependent spin-lattice relaxation rates for 'Li and °Li are plotted

as a function of temperature. Below 250 K, the inverse product of T, T (Heitler-Teller product)

remains approximately constant indicating metallic behavior. Above 250 K, a sharp increase

of 1/(T.T) is observed in 'Li NMR. Decomposition of Li,N, into LisN is observed at above
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385 K for 'Li NMR measurements (dashed line) in accordance with previous in situ X-ray

diffraction measurements.! For the ®Li doped Li,N, a slightly different decomposition

temperature is observed possibly because of the different synthesis route which we had to use

because of different starting materials. For °Li and ‘Li NMR measurements we obtained a

Heitler-Teller product (TiT) from the low-temperature data of 2226 Ks and 266 Ks,

respectively.

NMR SLR Rates versus Temperature
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Figure S3. Experimental inverse-
temperature dependence of the °Li
(circles) NMR SLR rates on a

logarithmic scale. The dashed curves
below refer to a relaxation behavior
which was calculated from the fitted "Li
NMR SLR data (see Figure 2) assuming
a pure dipolar (red) and quadrupolar
(blue) relaxation mechanism. Isotope
effects were neglected and the isotope
depending prefactors (spin quantum
number, quadrupole moment and
gyromagnetic ratio) were taken into

account.

Linewidth and Chemical Shift of the °Li NMR Signal in °Li,N,
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Figure S4. Linewidth (black squares)
and chemical shift (red squares) of the
®Li NMR signal in °Li,N,. Herein, the
linewidth is plotted as full width at half
maximum (FWHM). An explanation of
the still sizable linewidth in motional
narrowing (at high temperature) could
be that in Li,N, the metallic character
still contributes to the linewidth while in
typical non-metallic Li-ion conductors

this term can be neglected.
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For 'Li NMR measurements an analysis of linewidth and chemical shift was hindered due to
the application of a self-built coil made of manganin wire, which contributes to linewidth and
chemical shift of the observed 'Li NMR signal. However the manganin wire helped to
stabilize the probe at the much lower temperatures used in the ‘Li NMR experiments. The
experimentally obtained chemical shift in the °Li NMR measurements (coil made of silver
plated copper wire) was in the range of 4-6 ppm (see Figure S4). Thus a Knight shift of about
7 ppm is consistent with the NMR data taking into account a typical range for dielectric
materials of -1 to =3 ppm. Deviations of the Knight shift calculated from relaxational data

(Korringa formula) and direct measurements are not unusual !

Calculation of an averaged Li* Jump Length

The average jump length | for the estimation of the self-diffusion coefficient D(T) of the
lithium motion is calculated according to the crystal structure of Li,N, (see Figure S5).1"
Hereby, all distances between possible Li* jump sites including calculated structural voids are
averaged (see Table S1) and result in an average jump length | of 2.25(1) A.

Table S1. Distances Between Calculated Li* Jump
Sites for one Unit-Cell According to Figure S5.

E.s.d.’s of the Corresponding Distances are Neglected.

Li* jump sites Distance / A Multiplicity
Li2-Void1l 2.2186 4
Void1-Void2 1.8817 4
Li2-Li3 2.7086 2
Void2-Li3 2.3677 4
Li3-Void3 1.7548 4 Figure S5. Crystal structure of Li,N, (Li white, N
. . . o
Li3Li3 27117 8 black) illustrating the calculated possible Li™ ion
pathways (thick dark gray) according to the voids in
Void2-Li3 1.7548 8 .
the structure. Cell edges of the unit-cells are marked
Void3-Void4 1.8817 4 by black lines.
Li2-Li3 2.7086 8
Void4-Li2 2.2186 4
Li3-Void3 2.3677 8
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8.1.4 SUPPORTING INFORMATION FOR CHAPTER 4.2
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8.1.5 SUPPORTING INFORMATION FOR CHAPTER 5.1

Synthesis of Azides

Lithium azide was obtained by precipitation from its aqueous solution (Sigma-Aldrich,
20 wt% solution in water) by evaporation in vacuum. The product was dried over P,O4¢ using

a vacuum desiccator (24 h).

An aqueous solution of calcium azide was obtained from the reaction of Ca(OH), with excess
of NH4N; (1:4) according to the procedure reported in literature.™! First Ca(OH), (1.5 g,
20.1 mmol, Sigma-Aldrich, 99.995 %) is dissolved in 200 ml of water. Then an excess of
NH4N3 (4.8 g, 80.5 mmol) is added generating aqueous Ca(Ns),, NH3 and H,O. Ammonia is
boiled off and calcium azide is precipitated by evaporating the water. The obtained calcium

azide is dried over CaCl, (Sigma-Aldrich, 99.99 %) using a vacuum desiccator (24 h).

NH4N3; was obtained by the metathesis reaction of NH;NO; (3.99 g, 50 mmol, Sigma-
Aldrich,99.0 %) and NaNs (3.25 g, 50 mmol, Acros Organics, Geel, Belgium, 99 %) in a
silica tube at elevated temperatures. By heating from room temperature to 473 K within 0.5 h,
annealing for 12 h and cooling down again to room temperature within 6 h,’? NH,N; was
precipitated at the cold end of the silica tube separated from NaNOj3, which crystallized at the

hot end during the reaction.

Each azide was analyzed by means of powder X-ray diffractometry (PXRD) and Fourier

transform infrared spectroscopy (FTIR).

Appearance of Li,Cas[N;]s powder after HP/HT-experiment

Figure S1. a) Li,Cas[N,]; (golden powder) surrounded by the white boron nitride h-BN crucible after HP/HT-

experiment; b) isolated and ground Li,Cas[N;]s.
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Information about the data collection and selected crystallographic details of the Rietveld

refinement of Li,Cas[N2]s

Table S1. Information About the Data Collection and Selected Crystallographic Details of the Rietveld

Refinement of Li,Caz[N,]s.

Formula

Li,Cas[N2];

Synthesis Conditions

9 GPa @ 1023 K

fw /g-mol™

space group

218.16

Pmma (no. 51)

cell parameters / A a=4.7747(1)
b = 13.9792(4)
¢ =8.0718(4)

VIA® 538.77(3)

Z [cell 4

Pealc /g-cm’® 2.6894(1)

Leae Immt 26.08(1)

Data Collection

type of diffractometer STOE Stadi P

geometry

radiation, monochromator

T/IK

detector

26 range /°

number of observed

reflections

Debye-Scherrer

Cu Ky (A =1.54056 A),
Ge(111)

298(2)

linear PSD (A26 = 5°)
5-100

345

Structure Analysis and

Refinement

method of refinement

program package
atomic parameters
background function
/parameters

R indices

fundamental parameter
approach™

TOPAS Academicl®
32

shifted Chebyshev /16

GOF(;%) = 1.644
R, = 0.06168
WwR, = 0.08109
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Temperature-dependent in situ X-Ray diffraction from 298 to 700 K

Figure S2 shows the high-temperature in situ X-ray diffraction patterns of Li,Cas[N;]s from
room temperature to 700 K. At about 610 K Li,Cas[N2]; decomposes spontaneously. Thus no

further reflections are obtained.
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Figure S2. High-temperature in situ X-ray diffraction patterns of Li,Cas[N,]; (Mo K, radiation (0.7093 A)).

Electron Spin Resonance Spectroscopy
A) Further experimental details

Detail spectra of the narrow-line signal in the low- and high-temperature region were
measured on spectrometer (a) at 26 dB microwave attenuation (0.5 mW microwave power)
with a modulation amplitude of 0.1 mT peak-to-peak, a time constant of 20.48 ms, and a
conversion time of 81.92 ms as well as at 20 dB microwave attenuation (2 mW microwave
power) with a modulation amplitude of 0.5 mT peak-to-peak, a time constant of 10.24 ms, and
a conversion time of 40.96 ms, respectively. The background corrected spectrum was
obtained by subtracting the spectrum of the Ar filled capillary (50 scans) from the spectrum of
the sample (50 scans) and the subtracting a third-order polynomial background fitted to the
first and last 20 % of the spectrum (sweep width 25 mT, centered at g = 2.0023). The latter
background subtraction removes the contribution of the broad-line signal in the measured

range.
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Overview spectra in the low-temperature region of both the broad-line and narrow-line signal
were measured at all spectrometers, covering a temperature range between ambient
temperature and 10 K in intervals of 20 K. A microwave attenuation of 14 dB (8 mW
microwave power) was found not to lead to signal saturation of either the broad-line or
narrow-line signal. Typically 5 scans were measured with a time constant of 10.24 ms and a
conversion time of 40.84 ms in a range between 5 and 605 mT, except for spectrometer (c)
where a range between 50 and 450 mT and digital smoothing with time constant of 50 ms

were used.

Overview spectra in the high-temperature region of both the broad-line and narrow-line signal
were measured on spectrometer (a) at a microwave attenuation of 14 dB (8 mW microwave
power). Depending on signal intensity, either 10 or 40 scans were measured with a time
constant of 10.24 ms and a conversion time of 40.84 ms in a range between 4 and 604 mT.
Spectra were recorded at 300, 400, 500 and 525 K.

Mn?* centers in magnesium oxide (Aldrich) were used as an intensity reference and TEMPOL
(4-Hydroxy-2,2,6,6,-tetramethylpiperidin-1-oxyl, Fluka) in deionized water or CuSO4-5H,0
(Aldrich) were used as a concentration standard. Solid 2,2-Diphenyl-1-picrylhydrazyl (DPPH,
Alexis Biochemicals) radical was used as standard (g = 2.0037). A quartz Mark tube capillary
filled with argon was used as a background standard. Both the sample and background
capillaries were placed in 1.5 mm Suprasil tubes (Wilmad), which were in turn placed in
3 mm fused quartz tubes.

Spectra measured over the whole range from 4 to 605 mT were analyzed by double
integration of the broad line. The very small contribution of the double integral of the narrow
line does not exceed other measurement and analysis errors and was neglected. Spectra
measured on spectrometer (c) were analyzed by fitting a Voigt derivative line shape and a
linear background contribution to the broad line, using home-written Matlab software.
Temperature dependence of the sensitivity of spectrometer (a) was calibrated by
measurements on the Mn:MgO sample. For analysis of the reference spectra, a Voigt
derivative line with fixed Gaussian character of —0.3 and variable amplitude, width, and offset
was fitted to the high-field line of the Mn®* sextet, using Bruker Xepr software. The negative
Gaussian character may be unphysical, but provided better fits than a purely Lorentzian line.
Integral intensity of the absorption spectrum up to a constant factor was computed as the

product of amplitude and square width of the derivative absorption signal. Spectra of the
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concentration standard Tempol and CuSO,4-5H,0 were analyzed by double integration with

Xepr.

B) Temperature-dependence of ESR signals from 10 to 525 K

The ESR spectra of Li,Cas[N,]s consist of a broad-line component that corresponds to the
overwhelming fraction of the observed paramagnetic species and a narrow-line component
that corresponds to traces of paramagnetic species of the order of magnitude as it is also found
in BaN..

At all temperatures the spectrum of the sample consists of an asymmetric, structured, narrow
line with a width of approximately 4.3 mT and of a nearly symmetric, unstructured, broad line
with a width of approximately 80 mT. The two lines have comparable amplitude in the usual
absorption derivative representation of CW ESR spectra at all temperatures (see Figure S3),
which means that the ratio of the numbers of spins contribution to the broad and narrow line,
respectively, is about 350:1. The g-value at the zero crossing of the narrow-line spectrum is
2.0052 + 0.0001 (see Figure 12 in publication); this corresponds to the maximum of the
absorption spectrum. The broad line has a similar g-value however, because of the width and
of uncertainties of background correction the uncertainty of this g-value is ten times larger. At
low temperatures the shape of the broad line changes. At first sight this change is a line
narrowing, however, broad wings of the line do persist down to a temperature of 10 K. At
g ~ 4.3 we observe a background signal (data not shown) that could be traced back to the
1.5 mm Suprasil tube. Therefore, spectra are displayed and analyzed only at fields above
160 mT. Summarizing, the narrow-line component irreversibly changes line width and line
shape during a temperature cycle between 300 and 525 K. The broad-line component narrows
on decreasing temperature from 300 to 10 K and it broadens on increasing temperature from
300 to 525 K.

Throughout the temperature range between 10 and 525 K intensity of the ESR-signals in

Li,Cas[N,]3 corresponds to only a minor fraction of the N, species.
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Figure S3. Overview ESR spectra of Li,Cas[N;]s at different temperatures after background correction.

Unit-Cell Metrics

Figure S4. Indexing resulted in a unit-cell with hexagonal metrics and a = 8.0707(7) and ¢ = 4.7630(7) A. The
as-depicted structural model was obtained upon structure solution and Rietveld refinement of the PXRD data.
“LiCaN,” crystallizes in P6s/mcm (no. 193) with a = 8.0726(2) and ¢ = 4.7755(1) A. The crystallographic data
for corresponding atoms are: Lil at 2b, Li2 at 4d, Cal at 6g with x = 0.7040(1), and N1 at 12j with x = 0.3503(5)
and y = 0.4474(5).
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Figure Sb. Experimental (black) and simulated (white) SAED patterns of various zone axes for hexagonal
“LiCaN, .

30.6° |
w A ‘-300 [210] .
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Figure S6. Experimental (black) and simulated (white) SAED patterns of the corresponding zone axes of

hexagonal “LiCaN, . Experimental tilt angles (blue) between zone axes match calculated ones (red).
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Transformation of Lattice Parameters

Transformation of the lattice parameters of the hexagonal starting model (a = 8.06, and
c=4.76 A) into the orthorhombic C-centered unit-cell are deduced according to the

transformation

a a
b =P lbl Q)
Clorthc Clhex
2 10
with P=10 1 0]. The final orthorhombic P-centered lattice parameters (a = 4.76,
0 0 1
b =13.96, and ¢ = 8.06 A) are obtained by the further transformation according to
a 0 0 1jfa
b =1 0 o H (2)
Clorthp 0 1 O0dtclortne

Transformation of Zone Axes

The corresponding zone axes of the obtained C-centered intermediate as well as of the final P-
centered orthorhombic threefold twin are deduced referring to the International Tables for

Crystallography: Volume A. According to the transformation

u u
ol
Worthc W-hex

Lt
with Q = P71 = 0 1 ol the zone axes of the C-centered orthorhombic model are
0 0 1

obtained. A second transformation referring to

fﬁ] =[(1) 0 (1)] F] @)

orthC
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finally results in the zone axes for the model in space group Pmma (no. 51). In Table S2
corresponding related zone axes are listed.

Table S2. Relation Between Transformed Hexagonal, Orthorhombic C-Centered and P-Centered Zone Axes.

Hexagonal zone axes (P6s/mcm, no. C-centered orthorhombic zone axes P-centered orthorhombic zone axes
193) (Cmcm, no. 63) (Pmma, no. 51)
[100] [100] [010]
[010] [-120] [0-12]
[001] [001] [100]
[210] [120] [012]
[111] [011] [101]

To confirm the orthorhombic unit-cell metrics in space group Pmma (no. 51), diffraction
patterns of the former hexagonal model are transformed first into orthorhombic C-centered
(Cmecm) and then into P-centered (Pmma) nomination. As-obtained simulated patterns are
finally compared to experimental diffraction patterns of the corresponding zone axes and are
still in good agreement with each other (see Figure S7) supporting the symmetry reduction to

an orthorhombic 3-fold twin.
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Figure S7. Experimental (black) and simulated (white) SAED patterns of various zone axes for orthorhombic
“LiCaN, in space group Pmma (no. 51).
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Elemental Analysis

Energy dispersive X-ray spectroscopy (EDX) confirmed the presence of only calcium and
nitrogen/oxygen as lithium can not be detected. Oxygen is supposed to originate from
hydrolysis of Li,Cas[N,]s due to the transfer of the sample holder into the microscope. EDX
spectra were obtained with a SM-6500F scanning electron microscope (JEOL, Germany). A
quantitative analysis of lithium, calcium, nitrogen and oxygen under inert conditions by the
Mikroanalytisches Labor Pascher (Remagen, Germany) resulted in Li 7.0, Ca 49.4, N 35.9
and O 3.2 mass%. EDX measurements of non-hydrolyzed crystallites could be obtained by
transmission electron microscopy. Hereby, an averaged ratio of Ca:N of about 1:1.8 besides
only traces of oxygen was obtained (measured atomic%: Ca 32.8, N 64.1 and O 3.0; expected
ideal atomic% without lithium: Ca 33.33, N 66.67 and O 0.0). TEM-EDX measurements are
in good agreement with obtained results of quantitative analysis, the latter one resulting an
Li:Ca:N ration of about 0.8:1:2.1 if the presence of oxygen is excluded. Note that if the mass
percentages of the individual atoms Li, Ca, N and O are added, 100 % are not reached. This is
due to the fact that only the corresponding elements have been investigated. However, other
heavier elements are not present as TEM-EDX does only result in Ca, N and only traces of O.
Therefore, within the fact that the HP/HT-product is always affected by an unknown (red)
side phase and due to the fact the experiments are done in boron nitride crucibles, the residual
mass is supposed to be constituted of e.g. boron originating form oxo- or nitridoborate

formation (see FTIR section).

The presence of hydrogen was excluded by 'H solid-state magic-angle spinning nuclear
magnetic resonance spectroscopy (MAS-NMR) as no distinct signal was obtained upon

measurements (data not shown).

Concluding, the initial hexagonal and/or orthorhombic models of “LiCaN,” concnerning the
Li:Ca ratio as elemental analysis has proven that the true crystal structure has to be a lithium
deficient one.
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Improving the Structural Model

Table S3. Atomic Coordinates for Li,Cas[N,]s; for the Fully Relaxed Structural Model (at Zero External

Pressure), Obtained from Density-Functional Theory as Described in the Article. Computed Cell Parameters:

a=4.9269 A;b=14.3732 A; c =7.9656 A.

atom (Wyckoff)® atom® transformation of coordinates  x y z
Lil (4g) Li4l 1%y,0 Y% 0.351 0
Li42 %, y,0 Y% 0.649 0
Li43 0,y,0 0 0351 0
Li44 0,y,0 0 0.649 0
Li2 (4h) Li37 Wy, % Y% 0.851 Y
Li38 0y, % 0 0851 Y%
Li39 Yy, % Y% 0.149 Y
Li40 0,y, % 0 0.149 Y
Cal (2e) Ca28 4,0,z v 0 0.6927
Ca33 .0, 2 Y 0 0.3073
Ca2 (2f) Ca27 Yoo, 7 % Y% 08074
Ca34 Va2 Vi % 0.1926
Ca3 (4k) Ca25 %y, 7 % 0.1653 0.8455
Ca26 Yy, 2 % 0.8347 0.8455
Ca35 Ya, v,z Y, 0.8347 0.1545
Ca36 Vay,z Y, 0.1653 0.1545
Ca4 (4k) Ca29 Y, y,2 Y, 0.3347 0.6546
Ca30 Viy,z Y, 0.6653 0.6546
Ca3l WY, 7 % 0.6653 0.3454
Ca32 Yy, 2 Y 0.3347 0.3454
N1 (4k) N7 Viy.z Y, 0.1702 0.6984
N8 Y y.z Vs 0.8298 0.6984
N17 Yy, 2 % 0.8298 0.3016
N18 WYy, 7 % 0.1702 0.3016
N2 (4K) N5 Iy, Z % 0.3298 0.8016
N6 WY, 7 % 0.6702 0.8016
N19 Ya, y,2 Yo 03298 0.1984
N20 Viy.z Y, 0.6702 0.1984
N3 (4k) N11 Iy, Z % 0.9543 0.612
N12 WY,z % 0.0457 0.612
N13 Vay,z Y, 0.0457 0.388
N14 Ya, ¥,2 Yo 09543 0.388
N4 (4k) N1 Ya, y,2 Y, 04543  0.89
N2 Viy,z Y, 05457  0.89
N23 Wy, 7 % 05457 0.11
N24 Yy, 7 Y% 04543 0.1
N5 (4k) N9 Yy, 7 % 03201 0.638
N10 Yy, 2 % 0.6799 0.638
N15 Ya, ¥,z Yo 06799 0.362
N16 Viy.z Y, 0.3201 0.362
N6 (4k) N3 iy, Y, 0.8202 0.8616
N4 Yi v,z Y 01798 0.8616
N21 Yy, Z % 0.1798 0.1384
N22 %y, 7 % 0.8202 0.1384

*Related to the refined model in Pmma (no. 51) according to Table 1; "New atomic site labels as obtained from

program output in P1 (no. 1).
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Table S4. Atomic Coordinates for Li,Cas[N,]; Calculated at a Simulated Pressure of Approx. 9 GPa. Computed
Cell Parameters: a = 4.6177 A; b = 13.6960 A; ¢ = 7.8911 A.

atom (Wyckoff)® atom® transformation of coordinates  x y z
Lil (4g) Li4l 15y,0 Y% 0.333 0
Li42 %, y,0 Y%  0.667 0
Li43 0,y.,0 0 0.333 0
Li44 0,y.0 0 0.667 0
Li2 (4h) Li37 Wy, % Y% 0.833 Y
Li38 0y, ¥ 0 0833 Y%
Li39 Yy, Y Y% 0.167 Y
Li40 0,y,% 0 0.167 Y
Cal (2e) Ca28 4,0,z v 0 0.6888
Ca33 .0, 2 Y 0 0.3112
Ca2 (2f) Ca27 Yoo, 7 % % 08124
Ca34 Va2 Y. % 01876
Ca3 (4k) Ca25 %y, 7 % 01569 0.8440
Ca26 Yy, 2 % 0.8431 0.8440
Ca35 Ya y.2 Y, 0.8431 0.1560
Ca36 Viy,z Y, 0.1569 0.1560
Ca4 (4k) Ca29 Y, y.Z Y, 0.3441 0.6568
Ca30 Viy,z Y, 0.6559 0.6568
Ca3l Wy, 7 % 0.6559 0.3432
Ca32 Yy, 2 Y. 0.3441 0.3432
N1 (4k) N7 Viy.z Y, 0.1752 0.7246
N8 Y, y,2 Yo 0.8248 0.7246
N17 Yy, 2 Y. 0.8248 0.2754
N18 Wy, 7 % 0.1752 0.2754
N2 (4K) N5 Iy, Z ¥% 03262 0.7711
N6 Wy, 7 % 0.6738 0.7711
N19 Yo, y,2 Yo 03262 0.2289
N20 Viy.z Y, 0.6738  0.2289
N3 (4k) N11 Iy, Z % 0.9527 0.606
N12 Wy, 7 % 0.0473  0.606
N13 Viy,z Y, 0.0473 0.394
N14 Yo, y,2 Yo 09527  0.3%
N4 (4K) N1 Yi Y.,z Y, 0.4525 0.89
N2 Viy,z Y, 05475  0.89
N23 Wy, 7 % 05475 0.11
N24 Yy, 2 Y2 04525  0.11
N5 (4k) N9 Wy, 7 % 0.2800 0.627
N10 Yy, Z % 07200 0.627
N15 Yo, y,2 Yo 0.7200 0.373
N16 Viy.z Y, 0.2800 0.373
N6 (4k) N3 Yay,z Y, 0.7830 0.8725
N4 Y Y.z Y, 02170 0.8725
N21 Yy, Z % 02170 0.1275
N22 Yy, Z % 07830 0.1275

*Related to the refined model in Pmma (no. 51) according to Table 1; "New atomic site labels as obtained from

calculation in P1 (no. 1).
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Description of the Crystal Structure

Figure S8. Coordination of the [N,]*" ions in Li,Cas[N,]s (Pmma, no. 51); Li yellow, Ca orange, N blue. Each

crystallographically independent nitrogen site is coordinated by two Li and four Ca atoms.

a)

Ca

Figure S9. Coordination of the two independent lithium sites in Li,Caz[N,]s (Pmma, no. 51); Li yellow, Ca
orange, N blue. The refined Li-Li distances match with reported values in literature.

Due to the voids in the crystal structure of Li,Cas[N,]s, the calcium ions are not reliably
coordinated if the Ca—X (X = Li, N) distance is set to a minimum of 2.9 A (see Figure S9).
Hereby, each Ca?" is coordinated by three side-on bound and two axial [N2]* ions in an end-
on manner, which results in a coordination number of 8. The as-obtained Ca—N distances are
also compared to the sum of their ionic radii. Eight-fold coordinated Ca®* exhibits an
averaged radius of 1.12 A.> Thus again the Ca-N distances correspond well with their ionic

sum. Increasing the coordination sphere to a maximum of about 3.8 A, then each calcium ion
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is coordinated by 4 diazenide [N2]*" units in side-on mode and four additional lithium atoms,

resulting in a coordination number of 14.

d(Ca-X)=294A d(Ca-X)=3.8A

Figure S10. Coordination of the calcium sites in Li,Cas[N,]s; Li yellow, Ca orange, N blue. The search for
coordination polyhedra up to maximum Ca—X distance (X = Li, N) of 2.9 A results in solely anion-coordinated
calcium ions. Thereby, the calcium ions are coordinated by three [N,]*~ in side-on manner and two axial end-on
coordinated nitrogen dumbbells. If the Ca—X distance is further increased, the coordination of the calcium ions
changes significantly. Up to a maximum Ca-X distance of 3.8 A each calcium ion is coordinated by four
diazenide units in side-on mode and four additional lithium atoms, resulting in an coordination number of 14 (or
5(x2) + 4).
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Table S5. Refined Interatomic Distances in Li,Cas[N,]; (Pmma, no. 51).

atom pair distance / A atom pair distance / A
Lil-Lil 2.387(1) Cal—Ca3 3.324(7)
Li2-Li2 2.387(1) Cal-Cal 3.97(1)
Li1-N2 2.063(9) Cal-Ca3 4.28(1)
Lil-N4 2.015(6) Cal-Ca3 4.75(1)
Li1-N6 2.03(9) Cal-Cal 4.7747(2)
Li2-N3 2.63(3) Cal-Cad 4.997(7)
Li2-N1 2.0226(3) Cal-Cal 5.45(1)
Li2-N5 2.063(9) Ca2—Cad 3.356(7)
Cal-Li2 2.9203) Ca2—Ca2 3.95(2)
Cal-Li2 4.46(2) Ca2—Cad 4.19(1)
Cal-Lil 5.55(2) Ca2—Ca2 4.7747(1)
Ca2-Lil 2.9(2) Ca2—Cad 4.83(2)
Ca2-Lil 4.46(1) Ca2-Ca3 4.974(7)
Ca2-Li2 5.57(4) Ca2—Ca2 5.47(2)
Ca3-Li2 2.964(9) Ca3-Cal 3.324(7)
Ca3-Lil 3.33(2) Ca3-Ca3 3.57(1)
Ca3-Li2 4.493(6) Ca3-Ca3 4.04(1)
Ca3-Lil 474(2) Ca3-Cad 4.086(9)
Ca3-Li2 5.11(3) Ca3-Cal 4.28(1)
Ca3-Li2 5.494(9) Ca3-Cal 4.75(1)
Cad-Lil 3.063(9) Ca3-Ca3 4.7747(1)
Cad-Li2 3.32(4) Ca3-Cad 4.92(1)
Ca4-Lil 4.559(6) Ca3-Ca2 4.974(7)
Cad-Li2 473(3) Ca3-Cad 5.09(1)
Cad-Lil 5.16(2) Ca3-Ca3 5.39(1)
Cad-Lil 5.391(9) Ca3-Ca3 5.92(1)
Cal-N3 2.409(3) Ca4—Ca2 3.356(8)
Cal-N1 2.47(2) Cad—Cad 3.412(9)
Cal-N3 2.63(1) Ca4—Cad 4.01(1)
Ca2-N2 2.31(1) Ca4—Ca3 4.086(9)
Ca2-N4 2.4(2) Ca4—Ca2 4.19(1)
Ca2-N4 2.62(8) Ca4—Cad 4.7747(1)
Ca3-N3 2.34(3) Ca4—Ca2 4.83(2)
Ca3-N5 2.45(1) Ca4—Ca3 4.92(1)
Ca3-N6 2.511(6) Ca4—Cal 4.997(7)
Ca3-N6 2.51(1) Ca4—Ca3 5.09(1)
Ca3-N1 2.65(6) Cad—Cad 5.267(9)
Ca3-N2 2.67(1)

Cad—N4 2.5(2)

Cad-N1 2.55(2)
Cad—N5 2.583(5)
Cad—N5 267(2)




Chapter 8: Appendix 179

Calculation of Averaged Void-Diameter

To obtain the final void-diameter, the radius of Ca®*cn=g (1.12 A)®! has to be subtracted twice
from the averaged distance of adverse located Ca®* ions (5.385A) resulting in 3.15 A in

diameter for the actual size of the cavities.

Table S6. Refined Distances in Ca—Ca Pairs in Li,Cas[N,]s Necessary to Calculate the Averaged Ca—Ca

Distance.
atom pair distance / A
2xCal-Cal 5.45(1)
1xCa2-Ca2 5.47(2)
4xCa3-Ca3 5.39(1)
2xCad—Cad 5.267(9)

averaged value = 5.385 A

Fourier Transform Infrared Spectroscopy

To relate the observed features to the corresponding nitrogen dumbbells, the Wyckoff sites of
each nitrogen atom as well as their pairing in combination with the N-N bond lengths have to
be taken into account. Each nitrogen atom in Li,Cas[N2]s occupies the same site at 4k (see
Table 1), but due to the pairing of nitrogen atoms the occurrence of corresponding nitrogen
dumbbells differs (see Table 2 and Figure 7). Hereby, the pairs of N;—Ng and N,—Ns appear
twice often than N3—N3 and N4—Ng4, implying an idealized intensity ratio of observed features
of 2:2:1:1, respectively. As already mentioned, the feature at 800 cm™ is not attributed to the
N-N stretching vibrations of the diazenide ions. The remaining three visible features in the
low-energy region show slight differences in intensity, which might be related to the
frequency of occurring N—N-pairs in LioCas[N2]s. The two more intense features at 1260 and
1100 cm™ indicate shorter N-N bond lengths, which is in good agreement with the
crystallographic data, as the two more frequent N1—Ns- and N—Ns-pairs exhibit the shortest
bond lengths (see Table 2). The less intense feature at 1020 cm™ is therefore attributed to one
of the longer and less frequent N-N-pairs. The missing feature for the fourth N-N stretching
vibration might be covered by the broad appearance of the two-peak feature of 1100 and
1020 cm™, especially if compared to the very sharp signal at 1260 cm™.
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Magnetic and Electric Conductivity Measurements

As the molar susceptibility slightly increases at decreasing temperatures starting at about
50 K, we plotted the product ymoT Versus T. Hereby, truly temperature-independent behavior
is observed if the corresponding run of the curve linearly decreases with decreasing
temperature (see Figure S11). To check the presence of ferromagnetic impurities, we also
plotted the field-dependence of u/ug at different temperatures (see Figure S12). As no

hysteresis is observed, no ferromagnetic impurities have been present during measurement.

0.16
0.14-3
0.12-2
0.10-2
0.08—:

0.06

YT / KMol

0.04 3

0.02

0.00

0 5 100 150 200 250 300 350
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Figure S11. Temperature-dependence of the product ymeT. xmaiT increases linearly indicative for temperature-

independent, metallic behavior. Blue: susceptibility measured at 0.01 T; black at 1T.

10°l

Field/ T

Figure S12. Field-dependence of u/ug. As no hysteresis is observed, no ferromagnetic impurities are present in

the sample chamber. Blue: magnetization measured at 1.8 K; red at 300 K.



Chapter 8: Appendix 181

References

[1] H.D. Fair, R.F. Walker, Energetic Materials Vol. 1: Physics and Chemistry of the
Inorganic Azides; Plenum Press: New York, 1977.

[2]  W.J. Frierson, Inorg. Synth. 1946, 8, 136.

[3] J. Bergmann, R. Kleeberg, A. Haase, B. Breidenstein, Mater. Sci. Forum 2000, 303,
347.

[4] A.A. Coelho, TOPAS-Academic, Version 4.1; Coelho Software: Brisbane, 2007.

[5]

R.D. Shannon, Acta Crystallogr., Sect. A 1976, 32, 751.



182 Chapter 8: Appendix

8.2 LIST OF PUBLICATIONS

Basic results compiled in this thesis were published in scientific journals according to the
below-mentioned list. As the scope of the thesis was the synthesis and characterization of
novel diazenides, publications beyond this scope are not explicitely listed in prior chapters
and are here referred to as not part of this thesis. Talks and posters presentations at scientific

conferences as well as workshop participations are summarized separately.

6. Electronic and lonic Conductivity in Alkaline Earth Diazenides MagN2
(Mage = Ca, Sr, Ba) and in Li;N,
Sebastian B. Schneider, Martin Mangstl, Gina M. Friederichs, Rainer Frankovsky,
Jorn Schmedt auf der Giinne, Wolfgang Schnick
Chem. Mater. 2013, 25, 4149; DOI: 10.1021/cm4011629

For this publication, writing the manuscript main part, literature screening, synthesis
of the samples, image editing, interpretation of electric conductivity data, topological
analysis of Li;Ny, and calculation of self-diffusion coefficients was done by Sebastian
B. Schneider. °Li and "Li NMR data acquisition was performed by both, Sebastian B.
Schneider and Martin Mangstl, whereas the analysis of NMR data was done in close
collaboration of Sebastian B. Schneider, Martin Mangstl and Jérn Schmedt auf der
Gunne. Gina M. Friederichs and Rainer Frankovsky performed the conductivity

measurements. Each author also revised the manuscript.

5. High-Pressure Synthesis and Characterization of Li,Cas[N2]s — An Uncommon
Metallic Diazenide with [N2]*" lons
Sebastian B. Schneider, Markus Seibald, VVolker L. Deringer, Ralf P. Stoffel, Rainer
Frankovsky, Gina M. Friederichs, Henryk Laqua, Viola Duppel, Gunnar Jeschke,
Richard Dronskowski, Wolfgang Schnick
J. Am. Chem. Soc. 2013, 135, 16668; DOI: 10.1021/ja408816t

For this contribution, writing the main part, synthesis of the sample, literature
screening, PXRD investigations, analysis of FTIR data, unit-cell and atom-coordinates
transformation due to symmetry reduction, image editing, and interpretation of
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magnetic and electric conductivity measurements was performed by Sebastian B.
Schneider. In close collaboration, SAED patterns of Li,Cas[N;]s were analyzed by
Markus Seibald, including the identification of a 3-fold twin by rotation instead of
hexagonal metrics, simulation of SAED patterns, and identification of zone axes for
the final structural model in space group Pmma. TEM investigations and parts of the
data analysis were carried out by Viola Duppel. Gina M. Friederichs and Rainer
Frankovsky measured magnetic and electric conductivity data. ESR investigations and
analyses were accomplished by Henryk Laqua and Gunnar Jeschke. All theoretical
investigations and analysis, including the creation of figures, were done by the group
of Richard Dronskowski (Volker Deringer, Ralf P. Stoffel). All authors also revised the

manuscript.

4. Materials Properties of Ultra-Incompressible Re,P
Sebastian B. Schneider, Dominik Baumann, Ashkan Salamat, Zuzana Kondpkova,
Wolfgang Morgenroth, Hanns-Peter Liermann, Marcus Schwarz, Lkhamsuren
Bayarjargal, Alexandra Friedrich, Bjérn Winkler, Wolfgang Schnick
Chem. Mater. 2012, 24, 3240; DOI: 10.1021/cm3016885 (not part of this thesis)

For this article, writing the main part, image editing, synthsis of the sample, literature
screening, analyses of high-pressure PXRD data, determination of bulk moduli,
interpretation of magnetic and electric conductivity measurements, as well as analysis
of thermal expansion coefficiencts were carried out by Sebastian B. Schneider.
Measurements and analyses of Vickers hardness as well as chemical analysis were
performed by Marcus Schwarz. In close collaboration, Sebastian B. Schneider,
Dominik Baumann, Ashkan Salamat, Zuzana Konépkova, Wolfgang Morgenroth,
Hanns-Peter Liermann, Lkhamsuren Bayarjargal, and Alexandra Friedrich loaded the
diamond-anvil cells with samples, pressure transmitting media and standards for
pressure determination upon in situ HP-investigations. All theoretical investigations

were performed by Bjorn Winkler. All authors also revised the manuscript.

3. Reversible High-Pressure Phase Transition in LaN
Sebastian B. Schneider, Dominik Baumann, Ashkan Salamat, Wolfgang Schnick
J. Appl. Phys. 2012, 111, 093503; DOI: 10.1063/1.4709392 (not part of this thesis)
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For this contribution, writing the main part, image editing, literature screening, as
well as the determination of bulk moduli of ambient LaN and its high-pressure
polymorph were performed by Sebastian B. Schneider. Both, Sebastian B. Schneider
and Dominik Baumann, measured and analyzed high-pressure PXRD data, including
the identification of the high-pressure polymorph. Sebastian B. Schneider, Dominik
Baumann, and Ashkan Salamat, loaded the diamond-anvil cells with samples, pressure
transmitting media and standards for pressure determination. All authors also revised

the manuscript.

High-Pressure Synthesis and Characterization of the Alkali Diazenide Li;N,
Sebastian B. Schneider, Rainer Frankovsky, Wolfgang Schnick

Angew. Chem. 2012, 124, 1909; DOI: 10.1002/ange.201108252

Angew. Chem., Int. Ed. 2012, 51, 1873; DOI: 10.1002/anie.201108252

For this article, writing the main part, image editing, literature screening, synthesis of
the sample, PXRD investigations, analysis of FTIR data, as well as the interpretation
of theoretical results were carried out by Sebastian B. Schneider. The theoretical
investigations themselves were performed by Rainer Frankovsky. All authors also

revised the manuscript.

Synthesis of Alkaline Earth Diazenides MagN, (Mage = Ca, Sr, Ba) by Controlled
Thermal Decomposition of Azides under High Pressure

Sebastian B. Schneider, Rainer Frankovsky, Wolfgang Schnick

Inorg. Chem. 2012, 51, 2366; DOI: 10.1021/ic2023677

For this publication, writing the main part, image editing, literature screening,
synthesis of the samples, PXRD investigations, analysis of FTIR data, as well as the
interpretation of theoretical results were carried out by Sebastian B. Schneider. The
theoretical investigations themselves were performed by Rainer Frankovsky. All

authors also revised the manuscript.
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8.3 CONFERENCES AND WORKSHOPS

8.3.1 CONFERENCES

High-pressure synthesis of novel N-based binary and multinary phases (oral presentation)

Sebastian B. Schneider, Dominik Baumann, Wolfgang Schnick

High-Pressure Synthesis of Novel (Oxo-)Nitridosilicates, (Oxo-)Nitridophosphates and

Related Binary (poster presentation)

Sebastian B. Schneider, Dominik Baumann, Wolfgang Schnick
5" Berichtskolloquium of the DFG Priority Program 1236 ,,Strukturen und Eigenschaften von
Kristallen bei extrem hohen Driicken und Temperaturen* 2012, Bad Salzschlirf, Germany

Neue Diazenide...und noch mehr? (oral presentation)

Sebastian B. Schneider, Wolfgang Schnick

Hirschegg-Seminar on Solid State Chemistry 2012, Hirschegg, Austria

HP/HT-Synthesis of Novel Nitrogen-Related Materials (oral presentation)
Sebastian B. Schneider, Wolfgang Schnick

HP/HT-Synthesis of Nitride Materials (poster presentation)

Sebastian B. Schneider, Florian Pucher, Dominik Baumann, Stefan Sedlmaier, Rebecca

Romer, Friedrich Karau, Wolfgang Schnick
4™ Berichtskolloquium of the DFG Priority Program 1236 ,,Strukturen und Eigenschaften von

Kristallen bei extrem hohen Driicken und Temperaturen* 2011, Hiinfeld, Germany.

8.3.2 WORKSHOPS

5" International Workshop Spinel Nitrides and Related Materials
2010, Rudesheim, Germany

Hercules Specialised Course 12 (HSC 12) Synchrotron Radiation and Neutron for
Extreme Conditions Studies
2010, Grenoble, France
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8.4 DEPOSITED CRYSTALLOGRAPHIC DATA

Crystallographic data were deposited with the Fachinformationszentrum Karlsruhe, Germany
(fax: +49-7247-808-666, e-mail: crysdata@fiz-karlsruhe.de) and are available on quoting the

respective CSD depository numbers.

CaN; 423721
SN, 423722
BaN; 423723
LizN» 423831
HP-LaN 423936

Li,Cas[N]3 426449
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