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Summary

This work explores mixed-anion and mixed-cation metal dinitridocarbonates based on the
[NCNT* building unit and relates their structural motifs to optical and (photo)electronic prop-
erties, using solid-state synthesis (solid-state metathesis, ceramic routes, and related high-tem-

perature reactions) to obtain crystalline, largely phase-pure materials for characterization.

Within this scope, the lead carbodiimides Pb7ls(CN2)4, PbgOsls(CN2), PboO2Is(CN2)s3, and
Pb160s114(CN2)4 form a coherent series in which iodide/oxide and [NCN]* combine into ex-
tended lattices while the carbodiimide units remain largely linear. All four phases were obtained
by ceramic routes starting from Pbl, and Pb(CN>»); for the oxide-containing members, PbO was
added to the precursor mixture. Across the series, IR spectroscopy consistently shows the asym-
metric N=C=N stretch and characteristic deformation modes, supporting predominantly car-
bodiimide-type [NCN]?* groups, and all four compounds are semiconductors with band gaps
around 2.4-2.6 eV that exhibit broad green Pb*"-based photoluminescence near 520-525 nm at
low temperatures. Notably, oxide incorporation introduces heterocubane-related motifs and for
PbgO4ls(CN2), photoelectrical measurements indicate n-type conduction with band-edge posi-
tions compatible with oxygen reduction, suggesting potential relevance for photocatalytic con-

cepts. The compositions of all four compounds were corroborated by EDX analyses.

To place these Pb-based materials in a broader chemical context, the gallium dinitridocar-
bonates LiGa(CNbz)2, Liiz6Gazs(CN2)iolo, and SrGax(CNz)s provide a complementary main-
group perspective. These compounds were accessed via optimized solid-state metathesis con-
ditions and feature [NCN]*-linked Ga-centered tetrahedral frameworks, SrGax(CNy)4 is air-
stable and classifies as a wide-band-gap semiconductor (about 3.04 eV indirect and 3.30 eV
direct). In addition to Infrared (IR) measurements evidence for carbodiimide- and cyanamide-
type environments, 'Li-MAS NMR was used to support the lithium incorporation in

LiGa(CN3)> and Li3.6Ga2.8(CN2)1ola.

Moving from main-group frameworks to rare-earth hosts, NalLaF3(CNz), extends the mixed-
anion concept by combining [NCN]* units with fluoride in a robust La-based network synthe-
sized by solid-state metathesis (from LaF3 and Nax(CN3)). Its IR spectrum shows the expected
N=C=N stretch near 2000 cm™! together with characteristic bending modes, and Eu*" doping
yields the expected *Do=>7F, emission pattern (J = 1-4) with a pronounced Do->"F4 transition,
reflecting a low-symmetry activator environment and the high polarizability of the car-

bodiimide unit. Finally, La>S>(CN>) demonstrates that these concepts can be transferred to
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sulfide-containing systems; it was synthesized via a straightforward solid-state metathesis re-
action (LaCls/La,S3 with Li2(CNz)) and retains the essential spectroscopic signatures of car-

bodiimide unit.

Overall, the study provides a coherent comparison across Pb-, Ga-, and La-based dinitridocar-
bonates, showing how mixed-anion and mixed-cation chemistry preserve the robust [NCN]*
motif while enabling diverse framework architectures and, in turn, tunable band gaps and char-

acteristic photoluminescence relevant to modern functional materials.



Zusammenfassung

Diese Arbeit untersucht gemischt-anionische und gemischt-kationische-Metall-Dinitridocarbo-
nate auf Basis der Baueinheit [NCN]* und verkniipft deren Strukturmotive mit optischen und
(photo)elektronischen Eigenschaften. Hierzu werden Festkorpersynthesen (Festkorpermeta-
these, keramische Routen und verwandte Hochtemperaturreaktionen) eingesetzt, um kristalline,

weitgehend phasenreine Materialien fiir die Charakterisierung zu erhalten.

Innerhalb dieses Rahmens bilden die Bleicarbodiimide Pb7I(CN2)s, PbgOsls(CN>),
PboO1I3(CN2)s und PbisOsli4(CN2)s eine zusammenhédngende Serie, in der lodid/Oxid und
[NCNJ* zu ausgedehnten Geriisten verkniipft sind, wihrend die Carbodiimid-Einheiten weit-
gehend linear bleiben. Alle vier Phasen wurden iiber keramische Routen ausgehend von Pbl»
und Pb(CN32) erhalten; fiir die oxidhaltigen Vertreter wurde PbO der Ausgangsmischung zuge-
setzt. In der gesamten Serie zeigen IR-Spektren konsistent die asymmetrische N=C=N-Valenz-
schwingung sowie charakteristische Deformationsmoden, was liberwiegend carbodiimidartige
[NCN]*-Gruppen belegt, und alle vier Verbindungen sind Halbleiter mit Bandliicken von etwa
2,4-2,6 eV, die bei tiefen Temperaturen eine breite griine, Pb?*-basierte Photolumineszenz bei
circa 520-525 nm aufweisen. Bemerkenswerterweise fithrt die Einbringung von Oxid zu hete-
rokubanverwandten Motiven, und fiir PbgO4l¢(CN>) zeigen photoelektrische Messungen n-lei-
tendes Verhalten mit Bandkantenlagen, die mit der Reduktion von Sauerstoff kompatibel sind,
was auf eine potenzielle Relevanz fiir photokatalytische Konzepte hinweist. Die Zusammenset-

zungen aller vier Verbindungen wurden durch EDX-Analysen untermauert.

Um diese Pb-basierten Materialien in einen breiteren chemischen Kontext zu stellen, liefern die
Gallium-Dinitridocarbonate LiGa(CN2)2, Li136Gaz.8(CN2)1ol2 und SrGax(CN2)4 eine komple-
mentédre Hauptgruppenperspektive. Diese Verbindungen wurden unter optimierten Festkorper-
Metathesebedingungen dargestellt und besitzen iiber [NCN]*-Einheiten verkniipfte, Ga-
zentrierte tetraedrische Gerliste; SrGax(CNa)4 ist luftstabil und ldsst sich als Breitbandliicken-
Halbleiter (etwa 3,04 eV indirekt und 3,30 eV direkt) einordnen. Neben Infrarot (IR)-Messun-
gen, die auf Carbodiimid- und Cyanamid-Umgebungen hinweisen, wurde 'Li-MAS-NMR ein-
gesetzt, um die Lithiumintegration in LiGa(CN2)2 und Li13.6Gaz 8(CN2)10l2 zu belegen.

Beim Ubergang von Hauptgruppen-Geriisten zu Seltenerd-Wirtsgittern —erweitert
NaLayF3(CNa)> das Mischanionenkonzept, indem [NCN]*-Einheiten mit Fluorid in einem ro-
busten, La-basierten Netzwerk kombiniert werden, das durch Festkorpermetathese (ausgehend

von LaF3 und Nay(CNy)) synthetisiert wurde. Das IR-Spektrum zeigt die erwartete N=C=N-
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Valenzschwingung bei etwa 2000 cm™! zusammen mit charakteristischen Deformationsmoden,
und Eu**-Dotierung fiihrt zum typischen >Do=>F-Emissionsmuster (J = 1-4) mit einer ausge-
prigten *Do>"F4-Transition, was auf eine niedrigsymmetrische Aktivatorumgebung und die
hohe Polarisierbarkeit der Carbodiimid-Einheit hinweist. SchlieBlich zeigt La>S2(CNy), dass
sich diese Konzepte auch auf sulfidhaltige Systeme {libertragen lassen; es wurde iiber eine ein-
fache Festkorper-Metathesereaktion (LaCls/LaxS; mit Liz(CNyz)) erhalten und behilt die we-

sentlichen spektroskopischen Merkmale der Carbodiimid-Einheit bei.

Insgesamt bietet die Arbeit einen kohdrenten Vergleich zwischen Pb-, Ga- und La-basierten
Dinitridocarbonaten und zeigt, wie Mischanionen- und Mischkationenchemie das robuste
[NCNJ*-Motiv erhilt und zugleich vielfiltige Geriistarchitekturen erméoglicht, die wiederum
zu einstellbaren Bandliicken und charakteristischer Photolumineszenz fithren, wie sie fiir mo-

derne funktionelle Materialien von Interesse ist.

VII



List of Publications

Publication 1:

The luminescent semiconductor Pb7ls(CN>)4

Albert T. Schwarz, Markus Strobele, Carl P. Romao, David Enseling, Thomas Jiistel, Hans-
Jurgen Meyer

Dalton Trans., 2024, 53, 6416-6422.

Publication 2:

The Mixed-Anion Compound La>S>(CN-)

Albert T. Schwarz, Markus Strobele, Hans-Jiirgen Meyer
Z. Anorg. Allg. Chem. 2024, 650, €202400038.

Publication 3:

Characterizing Gallium Dinitridocarbonates: A Focus on LiGa(CN:)2, Li;3.6Ga2s(CN2)iol2,
and SrGaz(CN2)4

Albert T. Schwarz, Oleksander Kysliak, Klaus Eichele, Markus Strobele, Hans-Jiirgen Meyer
Z. Anorg. Allg. Chem. 2025, 0, €202500085.

Publication 4:

A mixed-anion compound based upon a [Pb4O4] heterocubane unit: synthesis, structure and
electronic properties of PbsO4Is(CN>)

Albert T. Schwarz, Nele Petersen, Markus Strobele, David Enseling, Thomas Jiistel, Adam
Slabon, Hans-Jiirgen Meyer

Dalton Trans., 2025, Advance Article

Publication 5:

From Heterocubane Units to Extended Networks: Synthesis, Structure, and Optical Properties
of PbeO>I3(CN2)3 and Pb;s05114(CN2)4

Albert T. Schwarz, Markus Strobele, David Enseling, Thomas Jiistel, Hans-Jiirgen Meyer,

Z. Anorg. Allg. Chem. 2025, 0, €202500205.

Publication 6:

Synthesis, Structure, and Eu’*-Activated Photoluminescence of the Mixed-Anion Carbodiimide
NaLa>F3(CN>);

Albert T. Schwarz, Markus Strobele, David Enseling, Thomas Jiistel, H.-Jiirgen Meyer,

Z. Anorg. Allg. Chem. 2025, 0, €202500221.

VIII



Scientific Contribution

Publication 1:

The luminescent semiconductor Pb7ls(CN>)4

The manuscript was prepared in collaboration with Prof. Dr. H.-J. Meyer and edited by Dr. Carl
P. Romao. I conceived the synthetic strategy, planned the syntheses, and conducted all synthetic
experiments on Pb7I6(CN2)s. I collected single-crystal and powder X-ray diffraction (PXRD)
data; structure solution and refinement were performed by Dr. M. Strobele. ELF calculations
were carried out by Dr. Carl P. Romao. Reflection measurements were recorded by P. Jano-
schek and evaluated by me. I measured and interpreted the infrared (IR) spectra. Photolumines-
cence and the luminescence lifetime were measured by Dr. D. Enseling; these data were ana-
lyzed and interpreted by me in collaboration with Prof. T. Jiistel. Energy-dispersive X-ray spec-
troscopy (EDX) was measured by E. Nadler and evaluated by me.

Publication 2:

The Mixed-Anion Compound La>S>(CN>)

The manuscript was written by me under the supervision of Prof. Dr. H.-J. Meyer. I conceived
the synthetic strategy, planned the syntheses, and carried out all synthetic experiments on
LaxS2(CN2). I collected single-crystal and powder X-ray diffraction (PXRD) data; structure so-
lution and refinement were performed by Dr. M. Strobele. I performed and interpreted the dif-

fuse reflectance infrared Fourier transform (DRIFT) measurement.

Publication 3:

Characterizing Gallium Dinitridocarbonates: A Focus on LiGa(CN>)», Li;3.6Gaz.s(CN3)iol>,
and SrGaz(CN>)4

The manuscript was prepared in collaboration with Prof. Dr. H.-J. Meyer and Dr. K. Eichele.
For LiGa(CNy)2, I conceived the synthetic strategy, executed all syntheses, and collected the
single-crystal X-ray diffraction (SCXRD) data. For Lii3.6Gaz.8(CN2)10l2, I likewise planned and
performed all syntheses and collected the SCXRD data. For SrGaz(CN2)s, the synthesis was
performed in collaboration with Dr. O. Kysliak, who also collected the SCXRD data. Structure
solution and refinement of all single-crystal datasets were carried out by Dr. M. Strobele. All
powder X-ray diffraction (PXRD) measurements were recorded by me. Infrared spectra were
measured and interpreted by me. Diffuse-reflectance measurements were performed by P. Ja-
noschek and interpreted by me. Solid-state “Li-NMR was performed and interpreted by Dr. K.

Eichele, with sample preparation undertaken by me.

IX



Publication 4:

A mixed-anion compound based upon a [PbsO4] heterocubane unit: synthesis, structure and
electronic properties of PbsO4ls(CN>)

The manuscript was prepared and written by me under the supervision of Prof. Dr. H.-J. Meyer,
Prof. Dr. T. Jiistel, and Prof. Dr. A. Slabon. I conceived the synthetic strategy, planned the
syntheses, and performed all synthetic experiments. The powder X-ray diffraction (PXRD)
measurements and single-crystal X-ray diffraction (SCXRD) data were collected by me; struc-
ture solution and refinement were undertaken by Dr. M. Strobele. For the electronic-structure
and photoelectrochemical investigations, N. Petersen prepared the electrodes and performed the
Mott—Schottky and cyclic voltammetry measurements; the resulting data were evaluated by her
in collaboration with me. Reflectance measurements were conducted by P. Janoschek and eval-
uated by me. Photoluminescence and the luminescence lifetime were measured by Dr. D. En-
seling and evaluated by me. Infrared (IR) spectra were recorded and analyzed by me. Energy-

dispersive X-ray spectroscopy (EDX) was measured by E. Nadler and evaluated by me.

Publication 5:

From Heterocubane Units to Extended Networks: Synthesis, Structure, and Optical Properties
of PboO>13(CN2)3 and Pbis0s5114(CN2)4

The manuscript was prepared and written by me under the supervision of Prof. Dr. H.-J. Meyer
and Prof. Dr. T. Jiistel. I conceived the synthetic strategy, planned the syntheses, and performed
all synthetic experiments for both compounds. Single-crystal and powder X-ray diffraction
(SCXRD, PXRD) data were collected by me; structure solution and refinement were undertaken
by Dr. M. Strobele. Reflectance measurements were conducted by P. Janoschek and interpreted
by me. Photoluminescence and the luminescence lifetime were measured by Dr. D. Enseling
and evaluated by me. Infrared (IR) spectra were recorded and analyzed by me. Energy-disper-

sive X-ray spectroscopy (EDX) was measured by E. Nadler and evaluated by me.

Publication 6:

Synthesis, Structure, and Photoluminescence of the Mixed-Anion Carbodiimide NaLa>F3(CN>)
The manuscript was prepared and written by me under the supervision of Prof. Dr. H.-J. Meyer
and Prof. Dr. T. Jiistel. I conceived the synthetic strategy and collected the single-crystal and
powder X-ray diffraction (SCXRD, PXRD) data; structure solution, refinement, and the
Rietveld refinements were performed by Dr. M. Strobele. I recorded and interpreted the infrared
(IR) spectra. I prepared all samples for the luminescence experiments; the measurements were

carried out by Dr. D. Enseling and the resulting data were interpreted by me.

X



1. Introduction

1.1 Dinitridocarbonate

Dinitridocarbonates play an important role in inorganic and solid-state chemistry, where they
serve as versatile building blocks for functional anions in extended structures. Closely related
to these are the [N—C—N]-based species derived from cyanamide, which exists in a tautomeric
equilibrium with its carbodiimide form HN=C=NH on the molecular level. The carbodiimide
tautomer has been detected spectroscopically in an argon matrix already in 1971. ! The key
structural difference between the two tautomer (Figure 1) lies in the bonding situation and ge-
ometry of the [N-C—N] unit. In the cyanamide form, the nitrogen atom N' is bound to carbon
via a C=N triple bond (= 1.15 A), while the nitrogen atom N? is connected through a C—N single
bond (= 1.32 A).?) In contrast, in the carbodiimide tautomer, both nitrogen atoms are coordi-
nated to the carbon atom through nearly equal C=N double bonds (= 1.22-1.23 A).¥) This re-
sults in sp? hybridization at the nitrogen centers and an approximately linear, CO»-analogous
[NCNT* unit in carbodiimides, whereas in the cyanamide form one terminal nitrogen (N?) more

closely exhibits sp® hybridization with a tetrahedral environment.[>!

/" "

N'=c—N2 <—=  N'=—=C—N?

1,15 A 1,31A\ 1,22 -1,23 A
H H

Cyanamid Carbodiimid

Figure 1: Tautomerism of cyanamide: molecular structures of the cyanamide and carbodiimide forms, highlight-
ing key N—C bond lengths (in A).

Building on this tautomerism concept, inorganic metal dintridocarboates can be classified into
two structural types. Compounds containing bent [NCN]?* anions (cyanamide type) and those
comprising linear, COz-isosteric [NCN]?* anions (carbodiimide type).[ The type of structure in
a given compound depends largely on the nature of the metal cation and can be rationalized
qualitatively using Pearson’s HSAB (Hard and Soft Acids and Bases) concept.l”) Hard cations
such as Li*, Ca** or Mn?" preferentially stabilize the linear, Duwn-symmetric [NCN]* unit in
carbodiimides, leading to predominantly ionic M—N interactions.* 8121 Softer, more polarizable
cations such as Pb*>*, Hg" or Ag", on the other hand, favor the bent, Cay-symmetric cyanamide
form, in which more pronounced covalent bonding contributions are observed.* 3-16 Due to

the differing symmetry and connectivity of the [NCN]* units, cyanamides and carbodiimides
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can be distinguished by IR spectroscopy, as the characteristic stretching vibrations of the
[NCNJ* fragment differ in each case.['”! The first metal dinitridocarbonate compound to be
prepared was calcium cyanamide, Ca(CN2) and was first synthesized in 1895 by A. Frank and
N. Caro, obtained by reacting calcium carbide with elemental nitrogen at about 1000 °C.- 1¥-
2% Industrial production of cyanamide still largely follows the Frank—Caro process. The trigonal
crystal structure of Ca(CN) was first determined in 1927 by Dehlinger'?!! and revised later by
improved measurements.[® 1% 11:22 Technical-grade calcium cyanamide is known as “nitrolime”
and is widely used as a fertilizer.”*! Upon application to soil, it decomposes to urea and

(241 Owing to this conversion

Ca(OH)y; the urea is then further converted into ammonia and CO».
chemistry, calcium cyanamide was an important industrial precursor for ammonia before the
Haber-Bosch process was established.!?’! Following the discovery of calcium cyanamide, many
more compounds containing the [NCN]? unit have been reported over time. Among these are
pseudo-binary dinitridocarbonates with alkali metals such as Li, Na, and K.!'* 26271 n addition,

binary dinitridocarbonates of alkaline earth metals (Mg, Ca, Sr, Ba)!® 1% 17]

, main-group metals
(Sn, Pb, In, T1!'* 28391 transition metals,' 3!-3%) and rare-earth (RE)"2%38] elements are known.
In this context, the realization of the previously unknown Lax(CNz); completes the pseudo-

binary rare-earth dinitridocarbonate series.’!

Over the past decades, various synthetic approaches for dinitridocarbonates have been estab-
lished. One of the earliest [NCN]* based compounds was Li>(CN>), which was first obtained
in the 1970s by reacting LisN with Li>C, at 600 °C.["?! Later, alternative routes to Li>2(CN») were
developed to improve the efficiency of the process, in particular the so-called melamine route
(Figure 2, No. 1), which employs metal nitrides or hydrides together with melamine.”! Using
metal hydrides as precursors also enabled an efficient synthesis of K2(CN2) and Nax(CN3),1”]
which had previously been prepared from the corresponding metal amides and the hydrogen-
containing intermediates Na(HCN3) and K(HCN>).[?> %1 By applying the melamine route to
suitable metal nitrides, the chemistry of alkali metal dinitridocarbonates could be extended to
the alkaline earth metal dinitridocarbonates, including Mg(CNz), Sr(CNz) and Ba(CN,).l'" In
the context of Li2(CNz), Naz(CNa) and K2(CN>), a broad range of [NCN]* based compounds
has furthermore been accessed by solid-state metathesis (SSM) reactions (Figure 2, No. 2).141]
In this approach, metal halides are reacted with alkali metal dinitridocarbonates to yield the
corresponding metal dinitridocarbonates. Beyond SSM, the targeted thermal decomposition of
metal cyanurates to the corresponding dinitridocarbonates has been reported*> **! as an efficient

and straightforward route (Figure 2, No. 3). Also the so—called cermaic methode!*¥, which



includes the homogenization and grinding of the starting material, has been reported to synthe-

sis dinitidocarbonates (Figure 2, No. 4).[45-46]

In addition to solid-state methods (Figure 2, orange), a number of dinitridocarbonates have been
synthesized from solution (Figure 2, red). For example, Fe(CN:) was prepared from
(NH4)2Fe(SO4)2-6H20, H2CN> and aqueous ammonia (Figure 2, No. 5).*! Solutions of metal
halides, cyanamide and ammonia led to Co(CNz), Ni(CN2),*¥ Cu(CN2)*"Tand Cd(CN2)*¥. In
aqueous solution, Zn(CN) was obtained from ZnSO4 and Nax(CN2),[*> while Pb(CN>) was

precipitated from cyanamide, lead acetate and a few drops of ammonia (Figure 2, No. 6).[4

: D : )
Melamine route Solide-state Metathesis (SSM)
Metal nitride/hydride + melamine = M{CN,), MX, + Ay (CN) = ML (CN,), + n AX
Example: CsNa(NH,)s + 2 LisN = 3 Li,CN, + 3 NH; Example: 3 Li,(CN,) + 2 RECl; > RE,(CN,)s + 6 LiCl (RE=
* Na(CN3), KalCN)
k. Extension to alkaline earths: Mg(CN ), SriCN;), Ba(CN;) ) kSC, Y. CE_LU} )
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Figure 2: Summary of commonly used synthetic routes to dinitridocarbonates, orange boxes indicate solid-state
reactions, red boxes indicate solution-based methods.

As will be discussed in the following section, solid-state routes can also be exploited to access
more complex dinitridocarbonates, containing additional anions such as S*, O* and halides
(X =F, Cl, Br, I), thus giving rise to the important subgroup of heteroanionic dinitridocar-

bonates.

1.2 Mixed-Anion and Mixed-Cation Dinitridocarbonates

The chemistry of dinitridocarbonates has evolved from simple binary salts to a wide variety of
complex [NCN]* based solids. A key reason is the structural flexibility of the [NCN]* unit,

which can behave like a pseudo-chalcogenide, replace oxide or sulfide, and act as a linear linker



in extended frameworks. By combining the [NCN]*" unit with different cations and anions, a

broad range of architectures and properties has become accessible.

1.2.1 Mixed-Anion Dinitridocarbonates

In mixed-anion dinitridocarbonates, the cation sublattice is usually relatively simple, whereas
the anion sublattice, in addition to [NCN]*, contains further anions such as 0%, S*", F-, CI',
CN-, H or more complex nitrogen-based anions. This class of compounds very clearly demon-
strates the pseudo-chalcogenide character of [NCN]?* and shows that it can adopt the structural

role of O or S* in many classical oxide, nitride and halide structure types.

A central role is played by oxide carbodiimides of rare-earth and early transition metals. The
layered phases RE202(CN2) (RE =Y, La—Gd, Dy-Yb)**-!l consist of fluorite-like [RE202]*"
double layers separated by nearly linear [NCN]* anions and are structurally closely related to

the well-known oxychalcogenides of the type RE202Ch.

'3 &2
% disorder

Pr,0,(CN,) La,0,(CN,)
trigonal tetragonal
P3m1 14/mmm

Figure 3: Comparison of the crystal structures of the heavier analogue Pr;O2(CN,)Y with La>0>(CN2)!, high-
lighting the orientational disorder of the [NCNJ*~ groups in La;O>(CN>). Lanthanum and Praseaodym atoms are
shown in turquoise, oxygen in red, carbon in grey and nitrogen in blue.

LaxO2(CN>2) is a special case, crystallizing in the tetragonal space group /4/mmm and showing
orientational disorder of the [NCN]* groups, whereas the heavier analogues adopt trigonal
structures with ordered carbodiimide layers (Figure 3). Building on this motif, oxycar-
bodiimides such as LaxO(CN2),!*? have been described, in which La-O polyanions are linked

by two crystallographically distinct [NCN]* units, as well as carbodiimide silicates
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RE>(CN2)(Si04),13] whose anion substructure consists of a combination of [SiO4]*" tetrahedra
and [NCN7]* units. Oxidocarbodiimides of scandium such as Sc,02(CNy) further demonstrate
that the PbO-type motif can be transferred directly into dinitridocarbonate chemistry.l**) With
LaxS2(CN>), a sulfide-carbodiimide is now also known, in which La®" is coordinated within
layers of S*” and [NCN]?, that are structurally closely related to Lax0.Ca, with the (C2)* anion
formally replaced by [N=C=N]*.**! Closely related are halidocarbodiimides in which halide
ions complement the [NCN]?* frameworks. Early examples are RECI(CN») (RE = La, Ce, Pr)P>>
, RE;CI(CN2)N (RE = La, Ce),*! which consist of layers or chains of Ln polyhedra linked by
[NCNJ* anions and completed by Cl- and N*-. Analogous fluoride carbodiimides such as
LaF(CN;) and LiRE>F3(CN2)2 (RE = Ce-Gd) are obtained by metathesis from REF3 and
Li>(CN2) and can be interpreted as oxide-like fluoride/NCN layers.[*® Cluster-based oxy- and
halidocarbodiimides of the type REsO(CN2)1oBr2 (RE = La-Nd)P*” further demonstrate how
mixed-anionic design can be combined with complex cation chemistry. In these compounds,
[REO] cluster cores are connected via Br- and [NCN]* into three-dimensional networks. Mul-
tiple rare-earth sites, oxide and bromide anions, and carbodiimide ligands all contribute to the
overall charge balance and connectivity, providing a striking example of how cluster-based

building units can be integrated into [NCN]** frameworks.

In main-group chemistry, Sn2O(CN2) shows that oxidocarbodiimides are likewise accessible
for tin(I). Sn** centers form a three-dimensional network of Sn—O and Sn—N bonds in which
[NCNTJ* acts as a linear bridge between SnO-like fragments and significantly modifies the elec-
tronic structure compared to SnO.P® Tin(II) halidocarbodiimides provide further examples of
mixed-anionic [NCN]?* frameworks. SnsCl>(CN>)s and its bromide analogue SnsBro(CN>); are
obtained by solid-state metathesis of Li2(CN2) with the corresponding tin halides and adopt
layered structures in which Sn?* ions are octahedrally coordinated by three [NCN]*" units and
three halide ions.*% > Even more complex is the oxidochloridocarbodiimide SneOsClis(CN2)2,
whose structure contains [SngOs3] cluster-like arranged in hexagonal bipyramids and linked into

chains by additional Sn and O atoms; chloride and [NCN]* anions connect these chains into a
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Figure 4: Section and projection of the crystal structure of SnoOsCIl4(CN>),, showing chains of [SnsO3] clusters
running along [001]. Two [SnsO3] clusters are highlighted, interconnected by oxygen (O1) and tin (Sn5) into
chains; oxide ions (red) occupy approximately tetrahedral sites. Tin is shown in white, oxygen in red, chloride in
green, carbon in black and nitrogen in blue. The illustration is reproduced from the published crystal-structure
description. [0

three-dimensional framework (Figure 4).[°! These tin compounds illustrate how oxide and hal-
ide anions can be combined with [NCN]?* in one structure while maintaining the carbodiimide

character of the [NCN]* unit.

Nitridometalate-containing carbodiimides push the chemistry further towards nitride-type
frameworks. In [SreN][CoN2][CN2]2®!, isolated, formally low-valent [CoN2]°" units coexist
with [NCN]* anions and N*- within a common strontium nitride network; the carbodiimide
acetonitriletriide SraN(CN2)C,NI®2! is closely related and stabilizes both [NCNJ*" and [CoN]*
in one phase. Mixed-anion dinitridocarbonate chemistry also includes systems in which
[NCNTJ* appears together with CN~ or H™. The early mixed cyanamide/cyanides Bax(CN2)(CN),
and Sr2(CN2)(CN),!% contain both [NCNJ** (cyanamide) and CN~ anions in a defective anti-
NiAs framework and demonstrate that both species can be structurally accommodated within a
common cation lattice. Later, alkali-rich carbodiimide cyanides such as Nas(CN2)>(CN) and
(Li,Na)s(CN2)2(CN),!%4 as well as hydride phases such as Ks(CN2).H,!®! were obtained, in
which [NCNJ* is combined with CN~ and H™. These examples show that the anion sublattice
in dinitridocarbate chemistry can be varied far beyond simple “NCN + O” or “NCN + X" (X=F,
Cl, Br, I) combinations without fundamentally compromising the stability of the linear [NCN]*

unit.

1.2.2 Mixed-Cation Dinitridocarbonates

In mixed-cation dinitridocarbonates, [NCN]** generally remains the only, or at least the domi-
nant, anion type, while the cation sublattice contains two or more distinct metal cations in an

ordered fashion. Here the focus is less on expanding the anion chemistry and more on
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deliberately choosing and arranging different cations in order to fine-tune coordination envi-

ronments, symmetry and electronic structure.

An established entry point into this chemistry is the LIRE(CN»), family (RE = La, Ce, Y, and
others),[¢68] which can be prepared by metathesis from REX3 (X' =F-, CI") and Li»(CNy). These
compounds are structurally closely related to the NiAs archetype (Figure 5).[! Formally, the
[NCNJ* units occupy the anion positions of the NiAs—type, while the Ni-type cation sites are
split into two ordered sublattices that are selectively filled by Li* and RE**. By introducing
additional cations, these motifs can be extended, as illustrated by Li>Gd>Sr(CN2)s,””) in which
Li*, Gd*" and Sr** are arranged within a common [NCN]?* framework and the cations occupy

different coordination polyhedra without disrupting the underlying carbodiimide network.

Lal g

La1

Figure 5: Comparison of the crystal structures of LiLa(CN)>/% (left) and Nids % (right), illustrating the rela-
tionship of LiLa(CNs); to the Nids archetype. In LiLa(CN,), the nearly linear [NCNJ?* units occupy the anion
positions corresponding to As in NiAs, while the single Ni cation site is split into two distinct cation sites that are
selectively occupied by Li and La. In the representation used here, Li atoms are shown in grey, La in turquoise,
carbon in black and nitrogen in blue; in the NiAs structure, Ni atoms are shown in green and arsenic in red.

In the field of post-transition-metal carbodiimides, SrZn(CN2),"!! and BaZn(CNz),"?lexem-
plify the transferability of classical oxide and oxysulfide structure types into dinitridocarbnate
chemistry. SrZn(CNy), crystallizes in the BaZnSO structure type.[”*! [ZnN4] tetrahedra and
[StNe] prisms are connected exclusively via [NCN]* and form a layered framework with a
significantly reduced band gap compared to SrZn0,."¥ BaZn(CN>), represents the highly sym-
metric istotype of this family and serves as a reference for cation exchange and further substi-

tution.



An even higher level of complexity is found in quaternary cyanamides such as
LixMgSna(CN2)6.[” This compound has a layered structure with distinct Li*/Mg?* and Sn*
sublayers, each linked by formally cyanamide-like [NCN]* units. It can be regarded as a cation-
ordered variant of a NiAs-like M=NCN framework and stands in close relation to known struc-
tures such as Li2Zr(CN2)3!"% or Cr2(CN2)32!. Related series such as 42MSn(CN2)s (M = Mn,
Fe, Co, and Ni, 4 = Li, Na) or A2Sn(CN3)3 (4 = Li, Na) show that tin(IV) carbodiimides can be

stably anchored in such framework structures.!’6-78]

A particularly versatile subgroup is formed by homoleptic tetracyanamidometallates with iso-
lated [M(CN2)4]" tetrahedra (M = Si, Ge, Al, Ga). More recently, the quasi-binary lithium tet-
racyanamidometallates Lis[ Si(CN2)4] and Lis[Ge(CN2)4] have been crystallized as fundamental
members of this family, further underscoring the close analogy to orthosilicates and orthoger-

manates.!”’]

Figure 6: Crystal structure of Lis[Si(CN3)4][”! viewed along [010], together with an isolated [Si(CN2)4J* tetra-
hedron (right).’9 Silicon is shown in red, carbon in black, nitrogen in blue and lithium in white.

The silicates ARE[Si(CN2)s] (4 = K, Rb, Cs; RE = Y, La-Lu),’% 80 81 the aluminates
LiBas[AI(CN2)4]®?! and LiM>[AI(CN2)s] (M = Sr, Eu),®! as well as the germanates
ARE[Ge(CN2)4] (4 = Rb, RE =Y, La - Lu)B®*8 demonstrate that four nearly linear [NCNJ*
groups can coordinate to a central tetrel or p-block cation to form orthosilicate- or orthoger-
manate-like anions. These tetrahedra are surrounded by alkali and rare-earth cations in densely
packed three-dimensional frameworks and form robust host lattices with wide band gaps and

pronounced Ce**, Eu** and Tb*" emission. Although formally only [NCN]*-based anions are



present, these materials are clearly mixed-cationic and show how classical silicate and german-

ate chemistry can be translated into the dinitridocarbonate domain.

1.2.3 Mixed-Anion and -Cation Dinitiridocarbonate Frameworks

The structurally most complex dinitridocarbonates and carbodiimides are those in which both
the anion and cation sublattices are mixed. In such compounds, several types of metal cations
— for example alkali, alkaline-earth, rare-earth and post-transition-metal ions — interact with an
anion mixture composed of [NCN]* and O*, S*, F, CI', Br, N>, CN" or other polyatomic

anions.

A prototypical example is the fluoridocarbodiimide family LaSr3Fs(CN2), / EusFs(CN3). 87 881

In LaSr3Fs(CNa)2, La** and Sr?* share a cation site, while the anion substructure consists of F-
and [NCN]* anions, yielding a highly symmetric framework that serves as a structural proto-
type for the mixed-valent EusFs(CN>)z. In the europium system, Eu** and Eu®" coexist within a
common fluoride/NCN framework; differences in Eu—N and Eu—F distances and in the orien-
tation of the [NCNJ* units make the charge distribution structurally visible. Similarly, complex
situations arise in Eu carbodiimide halides such as Eu4(CN:):Cls, LiEux(CN2)Cl3 and
NazEu14(CN2)3Clas,®1 as well as in LiEux(CN2)I5 and LiEua(CNa)313,%! where [Eua] tetrahedra
are surrounded by [NCN]* units, while alkali and halide ions occupy channels and interstitial
sites and thus strongly influence the dimensionality of the framework, the Eu?**/Eu®" ratio and
the luminescence properties. There are also many main-group examples in which both degrees

of freedom are combined. The bideauxite-related lead carbodiimides 4APb,CI3(CNz) with 4 =

Figure 7: Comparison of the unit cell of PbCN; (left)!!* and LiPbCI(CN) (right).®!/ In both images, lead atoms
are shown in ochre, chloride in green, carbon in black, nitrogen in blue, and lithium in white.
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Li, Na, Ag’!! consist of two interpenetrating networks: one built from [4Cls] octahedra, and the
other from [Pba] tetrahedra linked by [NCNJ* anions into a three-dimensional cluster-like
framework. LiPbCI(CN2)®!1 can be understood as a LiCl-intercalated modification of
Pb(CN>),!"*in which Pb and Li layers alternate and [NCN]?* is coordinated between both cation

surfaces (Figure 7).

In Pbi4.66Sn734Br26(CN2)702,°% a highly complex situation arises in which Pb**, Sn*" and Sn**
share a common polyhedral network together with Br’, O*" and multiply coordinated [NCNJ*;
despite the high coordination number, the [NCN]* units retain predominantly carbodiimide-
like character. Mixed-anionic and mixed-cationic behavior is also clearly expressed in fluoride
carbodiimides such as BasMgF2(CN2)4.* In this compound, Ba?" and Mg?" occupy distinct
crystallographic sites, while the anion sublattice contains both F- and [NCN]*. Mg*" is octahe-
drally coordinated by six nitrogen atoms of carbodiimide ligands, forming extended [MgNs]
layers, whereas Ba** adopts larger, more irregular coordination environments. The combination
of two different cation types with two different anion species in a single extended framework
makes BasMgF>(CN»)4 a characteristic example of a simultaneously mixed-anionic and mixed-
cationic [NCN]? solid. Strontium gallate carbodiimides such as Sr4GaN3(CN2)# can likewise
be regarded as simultaneously mixed-anionic and mixed-cationic [NCN]** frameworks. They
can be viewed as [NCN]* analogues of the corresponding oxides SrsGaN30, where the role of
oxide is taken over by a linear carbodiimide ligand. This relationship can be emphasized in an
ionic formulation by writing the compositions as (Sr*")s[GaN3O]* for SrsGaN3;O and
(Sr*")4[GaN3(CN2)]* for SrsGaN3(CNz), such that the anionic units [GaN3;OJ]* and
[GaN3(CN2)]* appear as closely related building blocks. In this way, Sr4GaN3(CNz) naturally
fits into the same structural family as the oxide Sr4GaN3O, while simultaneously combining

two cation types (Sr**, Ga**) with two nitrogen-based anions (N> and [NCN]>).
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2. Objective

Modern semiconductor and electronic technologies, such as light-emitting diodes, power elec-
tronics, photovoltaic and photoelectrochemical devices, require materials that combine chemi-
cal robustness with a tunable electronic structure. Photocatalytic processes likewise depend on
semiconductors whose band gaps are matched to visible or near-UV excitation. Mixed-anion
and mixed-cation solids meet these demands by enabling systematic property tuning through

the careful choice and connectivity of cations and anions.

As metal dinitridocarbonates, most of which are thermodynamically stable and chemically ro-
bust, have evolved from simple binary phases into structurally more complex compounds fea-
turing mixed cations and/or mixed anions, they provide a particularly well-suited platform for
investigating structure—property relationships. This dissertation therefore focuses on the devel-
opment and characterization of new dinitridocarbonates of lead, lanthanum and gallium in

mixed-anion and mixed-cation frameworks.

Materials containing lead and gallium are relevant in semiconductor and photocatalysis re-
search, while lanthanum compounds also play an important role in optical materials. Robust
low-temperature solid-state routes, in particular solid-state metathesis and ceramic methods,
provide access under moderate conditions to dinitridocarbonates, which would often decom-
pose under conventional high-temperature conditions, and are used in this work both to extend

established [NCN]*-based chemistries.
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3. Summary of the main results

Single-crystal X-ray diffraction

The single-crystal X-ray diffraction (XRD) studies on the obtained compounds Pb7Is(CN2)4
(CCDC: 2211751), LaxS2(CN2) (CCDC: 2284703), LiGa(CNz)2 (CCDC: 2245222),
Liiz6Gaz3(CN2)10l2  (CCDC: 2250452), SrGax(CN2)s (CCDC: 2321110), PbgO4ls(CN>2)
(CCDC: 2389167), PboO2Is(CN2)3 (CCDC: 2385668) Pb160s114(CN2)4 (CCDC: 2415837) and
NaLaxF3(CN2), (CCDC: 2326720) were performed on a Rigaku XtaLAB Synergy (Dualflex,
HyPix) diffractometer. Data were collected under a nitrogen cryostream at 100-200 K (typi-
cally 150 K), with Mo—K,, radiation (A = 0.71073 A) for all datasets except Lii3.6Gaz.s(CN2)1ol2,
which was measured with Cu—K, radiation (1 = 1.54184 A). Absorption corrections, data re-
duction, and scaling were carried out with CrysAlisPro (Rigaku Oxford Diffraction; versions
1.171.42-1.171.43 as appropriate), employing numerical/empirical procedures based on spher-
ical harmonics (SCALE3 ABSPACK) or Gaussian integration over a multifaceted crystal
model; for Pb7ls(CN2)4 an analytical numeric correction following Clark & Reid was applied.
Structures were solved by SHELXT (2018/2) and refined against F? by full-matrix least squares
with SHELXL (2018/3 or 2019/3) within Olex2 (v1.5); LaxS2(CNz) was solved by SHELXS
(2008).

Photoluminescence studies

Steady-state excitation and emission spectra for the carbodiimide materials (Pb7ls(CN2)4,
PbgO4l6(CN2), PboO2Is(CN2)3, Pbi16Osl14(CN2)4, and Eu-doped NaLaxF3(CNz)2) were recorded
on an Edinburgh Instruments FLS920 fluorescence spectrometer equipped with a 450 W xenon
discharge lamp. Powder samples were measured using the mirror-optic accessory in front-face
geometry, with detection by a Hamamatsu R2658P single-photon-counting PMT. Where re-
quired, long-pass filters were inserted to suppress higher-order excitation. Temperature-de-
pendent spectra were collected with an Oxford Instruments MicrostatN cryostat using liquid
nitrogen; low-temperature data were acquired at 77—-80 K. All photoluminescence spectra were
recorded with 1 nm spectral resolution, a dwell time of 0.5 s in 1 nm steps, and 2—5 repeats.
Photoluminescence decay curves were acquired on the same platform using a 375 nm picosec-

ond laser diode as the excitation source.
UV-Vis in diffuse reflectance

Diffuse-reflectance UV-Vis spectra of Pb7lg(CN2)4, PbgOsls(CN2), PboO2Is(CN>)3,
Pbi60s114(CN2)s, LiGa(CN2)2, Lii36Gaz3(CN2)iol2, and SrGax(CN2)s were recorded on an
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OceanOptics Maya 2000 Pro spectrometer equipped with a Harrick Praying Mantis diffuse-
reflectance accessory and a deuterium—tungsten DH-200-BAL light source. Data acquisition
used OceanView 1.6.7 (lite) with scans to average = 100, boxcar width = 10, and integration
time = 300 ms. Reflectance data were converted to pseudo-absorbance using the Kubelka—
Munk function, and optical band gaps were estimated, where applicable, from Tauc plots ac-
cording to (a-hv)"' = A(hv — Eg), with r = 1/2 for direct-allowed and r = 2 for indirect-allowed

transitions.

Powder X-ray diffraction (PXRD)

Powder patterns of well-ground samples were recorded at room temperature on a STOE
STADI-P diffractometer equipped with a Ge-monochromator, Cu-K radiation (1 =
1.540598 A), and a position-sensitive (Mythen-1) detector. Data were typically collected over
5° <26 < 120°; narrower ranges were used for selected phases as appropriate. Phase identity
and purity were assessed by comparison with patterns calculated from the corresponding single-
crystal models; where applicable, Rietveld refinements were performed using the Full-

Prof/WinPLOTR suite.
Fourier-Transformed-Infrared spectroscopy (FT-IR)

FT-IR spectra of Pb7ls(CN2)s, LiGa(CN2)2, Li13.6Gazs(CN2)i0l2, SrGaz(CN2)4 PbgOsls(CN2),
PboO2I8(CN2)3, Pb160s114(CN2)4, and NaLaxF3(CNz).. were recorded on a Bruker VERTEX 70
FT-IR spectrometer in the range 4004000 cm™! using KBr pellets. Samples were prepared in

a glove box under argon atmosphere.
Diffuse reflectance infrared Fourier transformed (DRIFT) spectroscopy

Diffuse-reflectance FT-IR spectra of La;S»(CNz) were recorded at room temperature on a
Bruker VERTEX 70 spectrometer using a Harrick "Praying Mantis" accessory, a DTGS detec-
tor, and a KBr beamsplitter over 400—4000 cm™. Finely ground samples were mixed with dry

KBr and measured against dried KBr as background.
Photoelectrochemistry

Thin-film electrodes of PbgO4l¢(CN2) on FTO were prepared by electrophoretic deposition
(EPD) from acetone containing iodine as a charging agent (20 mg I> in 20 mL acetone). About
100 mg of powder were dispersed and sonicated for 60 min; deposition was carried out at 45 V
using FTO as working electrode and a Pt wire as counter electrode. The films were rinsed with

water and acetone and dried overnight. Photoelectrochemical measurements were performed
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with a BioLogic SP-300 potentiostat in a three-electrode configuration with floating ground,
employing the prepared film as working electrode, a Pt wire as counter electrode, and an
Ag/AgCl (sat. KCI) reference electrode. Potentials were recorded versus Ag/AgCl and con-
verted to the reversible hydrogen electrode (RHE) using Erug (V) =0.197 + Eag/agc1 + 0.059-pH
at 25 °C. A 0.1 M potassium phosphate buffer (pH 7) served as electrolyte. Mott—Schottky
measurements were acquired in the dark with an AC amplitude of 10 mV over 0.7-700 Hz to
determine the flat-band potential from 1/Cse versus E plots. Chronoamperometry was recorded
at 0 V vs. RHE under AM 1.5G illumination (100 mW-cm™2) with 30 s light/30 s dark chopping;

measurements were initiated in the dark.
Density Functional Theory (DFT) Calculations

Density functional theory (DFT) calculations were carried out using the ABINIT software pack-
age. For all calculations, the projector-augmented-wave (PAW) method was employed together

with a plane-wave basis set and periodic boundary conditions.

For Pb7l¢(CN2)s, DFT calculations were performed with ABINIT (version 9)! using the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation functional.”®! The PAW method®”! was
applied with an energy cutoff of 25 Ha outside the PAW spheres and 125 Ha inside them. A 3
x 3 x 2 Monkhorst-Pack grid of k points was used to sample reciprocal space.®) Methfessel—
Paxton cold smearing was employed for the electronic occupations.l®” To account for the partial
occupation of the Pb5 site and to preserve the correct stoichiometry in the model, a Pb5 vacancy
was explicitly included in the unit cell. Due to this vacancy and the structural complexity of
Pb7l6(CN2)4, a full structural optimization prior to the electronic band-structure calculation was
not carried out. Special k points and paths in the Brillouin zone for the band-structure plots

were chosen according to the scheme of Hinuma et al.['%"]

Energy Dispersive X-ray spectroscopy

The Energy Dispersive X-ray (EDX) spectroscopy was performed with a Hitachi SU8030 scan-
ning electron microscope equipped with a Bruker QUANTAX 6G EDX detector.
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3.1 The Luminescent Semiconductor Pb7Is(CNz)4 (Publication 1)

The paper reports the synthesis, crystal structure, and optoelectronic properties of the lead io-
dide carbodiimide Pb7Is(CNz)4 and links its cluster-based framework to semiconducting and
photoluminescent behavior. Reactions of lead carbodiimide with lead iodide yield a phase-pure,
dark-yellow product; EDX confirms the composition, and PXRD matches the pattern calculated
from the single-crystal X-ray refinement, establishing bulk identity. Single-crystal X-ray dif-

fraction refines the structure in the hexagonal space group P63/mmc with Z = 5.

9
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Figure 8: Different coordination environments of lead atoms in Pb7ls(CN3)4. lodine is shown in purple, carbon in
white and nitrogen in blue. Reproduced from Publication 1.

The asymmetric unit contains five distinct Pb sites (Figure 8). Pbl adopts an eightfold coordi-
nation environment built from five iodide and three [NCN]* units. Pb2 is ninefold coordinated
in a distorted tricapped trigonal antiprism with six iodide and three [NCN]* ligands. Pb3 is
eightfold coordinated by four iodide and four [NCNJ* ligands, whereas Pb4 is coordinated by
three iodide and six [NCN]* ligands and Pb5 (site-occupation factor 0.75) forms a distorted
Pbls octahedron. The three independent carbodiimide anions show nearly uniform C—N metrics;
two reside in trigonal-antiprismatic Pbe cages and one in a trigonal-prismatic environment. The
structure contains a triple-Pbs tetrahedral unit in which edge- and face-sharing Pby tetrahedra
assemble into a tetrahedron—trigonal-bipyramidal motif; [NCN]*~ anions cap the open trigonal
faces and partially occupied [Pbls] octahedra (Pb5) interconnect these clusters into a three-di-

mensional framework (Figure 9).
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Figure 9: Face-shared and edge-shared triple-Pb s-tetrahedra fragment with face- capping carbodiimide ions and
an associated [Pbls] octahedron (purple) (left). Section of the crystal structure of Pb;ls(CN»)4 (vight). lodine
atoms are shown in purple, lead in red, carbon in white and nitrogen in blue. Modified from Publication 1.

Diffuse-reflectance analysis (Tauc) indicates an indirect allowed optical transition with
Eg~2.38 eV, while DFT yields an indirect band gap of about 1 eV with relatively flat disper-
sions; the valence-band maximum is largely iodine character with contributions from the car-
bodiimide nitrogens, and vacancy effects at Pb5 are included. Luminescence behavior is char-
acterized by Pb*"-centered emission (Figure 10, left). The excitation spectrum monitored at 525
nm shows bands at 302, 333, and 378 nm (consistent with 'So—'P; and !S¢—>Pa, 3P transitions,

Figure 10, right)), and the emission appears as a single broad green band at 525 nm (2.36 eV)
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Figure 10: Excitation and emission spectra of Pb:ls(CN>)s at 77 K (left). Energy level scheme of a free Pb*" ion
(right). Modified from Publication 1.
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with an essentially mono-exponential lifetime of about 356 ns; the large Stokes shift (~7500

cm™!) correlates with quenching under conditions favoring nonradiative relaxation.
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3.2 The Mixed-Anion Compound La2S2(CNz) (Publication 2)%4

The mixed-anion compound La>S»(CN») was synthesized by solid-state metathesis, and its crys-
tal structure was determined from single-crystal X-ray diffraction. The product constitutes the
first sulfide—carbodiimide and crystallizes in the monoclinic space group C2/m. The structure
adopts a simple layered arrangement composed of alternating lanthanum, sulfide, and car-
bodiimide sheets; along [001] the stacking can be described by the sequence (NCN)-La-S—S-La.
This topology is characteristic of metal carbodiimides and closely related to La>O2C through
substitution of the (C2)* unit by the linear [N=C=N]*" anion (Figure 11) while retaining the

same symmetry.

Figure 11: Comparison of unit cells of La>0,C> (left) and La:S2(CN,) (rvight). Lanthanum atoms are shown in dark
turquoise, sulfur in yellow, oxygen in red, nitrogen in blue, and carbon in grey. Reproduced from Publication 2.

From the sulfur perspective, the lanthanum—sulfide layer consists of corner-sharing [LasS] tet-
rahedra, and lanthanum exhibits sevenfold coordination by four sulfide and three carbodiimide
units (Figure 12). Powder X-ray diffraction reproduces the Bragg positions calculated from the
refined single-crystal structure, and diffuse-reflectance infrared spectra display the diagnostic
bands of the carbodiimide unit (asymmetric stretch at 1951 cm™' and bending mode at 653 cm™
1); minor additional IR features are consistent with a small side phase indicated by the powder

pattern.
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Figure 12: A section of the layered arrangement in the structure of La>S>(CN.). Environments of sulfur atoms are
highlighted as yellow tetrahedra. Reproduced from Publication 2.

Crystallographically, the structure is straightforward, with one independent position for each
element, and the combination of layered stacking, sevenfold lanthanum coordination, and sul-

fur-centered [LasS] connectivity (Figure 13) captures the essential features of La;S>(CNz). The

1.2317(8) A

C1

R

Figure 13: Coordination environments in La>S:(CN3) of Lal, S1, and the carbodiimide unit . Reproduced from
Publication 2.

same structural motif is also realized in the neodymium and samarium analogues, and
La>S»(CNy) is isotypic with the corresponding Nd2S2(CN») (CCDC: 2338177) and SmzS»2(CN>»)
(CCDC: 2338101) phases.
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3.3 Characterizing Gallium Dinitridocarbonates: A Focus on
LiGa(CNz)2, Liiz.6Ga23(CN2)wol2, and SrGaz(CNz)¢ (Publica-

tion 3)!1°!l

This study reports the synthesis and characterization of three gallium dinitridocarbonates,
LiGa(CNy)2, Lii3.6Gaz3(CN2)1ol2, and SrGax(CNy)4, prepared by solid-state metathesis (SSM)
and examined by single-crystal and powder X-ray diffraction, infrared spectroscopy, solid-state
NMR, and optical diffuse reflectance. Stoichiometric reactions of GaCls or Galz with Li2(CN>)
yield LiGa(CN2) and Lij3.6Gaz.8(CN2)10lz, respectively; SrGa(CNz)4 forms from SrCly, GaCls,
and Nay(CNy). All products are obtained as crystalline powders in high yields; LiGa(CN»), and
Lii3.6Ga2 3(CN2)10l2 are moisture-sensitive, whereas SrGaz(CN2)4 remains unchanged over sev-
eral days in air under ambient conditions. Powder diffraction patterns matches the calculated
pattern from the refined single-crystal structures. Single-crystal X-ray diffraction assigns the
space group of LiGa(CNb2)2 to 1212121, Li13.6Ga2.8(CN2)10lz to Imma, and SrGax(CN»)s to P21/c.

In all three structures, metal-centered tetrahedral units are linked by [NCN]*~ groups.

Figure 14: The unit cell of the LiGa(CN>); with the disordered lithium ions in channels along the c-axis (left).
Section of the structure of LiGa(CN3),, showing the tetrahedral environments of the lithium and gallium atoms.
Here Li is grey, Ga turquoise, C black and N blue. Modified from Publication 3.

For LiGa(CNy),, the framework comprises Ga- and Li-centered tetrahedra (Figure 14), some
corner-connected via nitrogen, with positional disorder of lithium along channels parallel to c-

axis.
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The [NCNJ?* anions occur in both carbodiimide-like (near-linear, more symmetric) and cyana-

mide-like (asymmetric) environments, consistent with dual spectroscopic signatures.
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Figure 15: Coordination environments of each crystallographically independent [NCNJ]*~ ion in the structure of
SrGa>(CN>)4 (left). Unit cell of SrGas(CN,)4 showing network of Ga*>* and Sr** cations interconnected via car-
bodiimide bridges (right). Modified from Publication 3.

SrGax(CN2)4 contains a mixed-cation network of Ga** and Sr** interconnected by five crystal-
lographically distinct [NCN]*~ groups (Figure 15, left) and is built from condensed tetracyan-
amidogallate chains of the -Ga—NCN—-Ga—NCN- type; gallium remains tetrahedrally coordi-

nated by nitrogen, while strontium adopts a higher coordination (Figure 15, right).

Figure 16: Layered arrangement of the compound Li;36Gazs(CN2) 10l (left). A section of the metal carbodiimide layer
in the structure of Lii3.6Gazs(CN2) oo, with highlighted Lil/Gal, Li2/Ga2 and Li3 tetrahedra, with the respective
lithium portion shown in grey color (right). Modified from Publication 3.
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Lii3.6Ga2.8(CN2)1ol2 1s described by a layered arrangement (Figure 16) of alternating cation and
[NCNJ?* layers, with mixed Li/Ga occupancies on two cation sites rationalized by similar radii
and common tetrahedral preferences; the remaining lithium positions complete the cation sub-
lattice and may be partially occupied to satisfy charge balance. The [NCNJ*>~ groups adopt
nearly trigonal-prismatic coordination by surrounding cations as dictated by symmetry, and io-
dide resides within the cation layer. Infrared spectra corroborate the anion assignments:
LiGa(CN3)> shows two prominent asymmetric stretches indicative of coexisting carbodiimide-
and cyanamide-type units, with additional features in the symmetric-stretch and bending re-
gions; Li13.6Gaz.8(CN2)10l2 exhibits asymmetric stretches and deformations consistent with mul-
tiple, symmetry-distinct carbodiimide groups; SrGax(CNz)4 displays a dominant band near
2125 cm! together with bands in the 12751194 cm™ and 781-692 cm™! ranges matching the
expected vas, Vs, and & modes of [NCN]?", with occasional extra bands attributable to minor side

phases or incipient hydrolysis.
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Figure 17: Lithium-7 MAS NMR spectra of LiGa(CN): and Li3 6Gaz.s(CN2) 10l> obtained at 7.05 T and a spinning
rate of 4 kHz. Modified from Publication 3.

Solid-state 'Li MAS NMR (Figure 17) confirms the presence and heterogeneity of lithium sites
in the Li-containing phases: LiGa(CNz). gives a sharp isotropic resonance near 0.3 ppm with a
sideband envelope indicating more than one Li environment and disorder along channels, while
Lii3.6Gaz.s(CN2)10l2 shows a similar isotropic shift with a broader sideband manifold consistent
with several lithium positions of different occupancy and multiplicity; the absence of a '*I
MAS signal characteristic of Lil helps exclude this contaminant. For SrGax(CN»)4, Kubelka—
Munk/Tauc analysis of diffuse-reflectance data indicates an indirect band gap of about 3.04 eV

and a direct transition near 3.30 eV, placing this compound among wide-gap semiconductors.

22



3.4 A Mixed-Anion Compound Based Upon a [PbsO4] Heterocub-
ane Unit: Synthesis, Structure and Electronic Properties of

PbsO4l6(CN2) (Publication 4)!°!

The mixed-anion compound PbgO4l¢(CN>) is obtained as an air-stable, dark-yellow crystalline
material by a ceramic route from Pbl, PbO, and Pb(CN3) (3:4:1). Single-crystal X-ray diffrac-
tion assigns the monoclinic space group C2/c and reveals a heterocubane-type [Pb4Oa4] unit that
is interconnected by iodide bridges and [NCN]*" ligands; the composition and phase purity are
supported by EDX and powder X-ray diffraction. The [NCN]*" anion is essentially linear and
displays IR bands characteristic of a symmetric carbodiimide (deformation near 638 cm™! and
asymmetric stretch near 1908 cm™!). Within the crystal structure, layers containing chains of
alternating [Pb4Oa4] units and [NCN]*" linkers extend in the bc-plane and are tied together along
c by iodide (Figure 18; left), these heterocubane-based layers alternate with iodide-only planes
to produce a stacked architecture. The [PbsO4] motif (Figure 18, right), known from oxide-
halide chemistry,!'%?] appears here as the first structurally characterized dinitridocarbonate ex-

ample in which the stereochemically active 6s* lone pair of Pb** shapes local coordination.

- ﬁ\‘ql’
AT
l_'}‘_/

Figure 18: Representation of the atomic arrangement within a single layer of the PbsO4s(CN,) structure (left).
The heterocubane motif with surrounding lead atoms (Pb3 and Pb4) in the structure of PbsO4s(CN3) (vight). Mod-
ified from Publication 4.

Diffuse-reflectance spectroscopy analyzed via the Kubelka—Munk/Tauc formalism indicates
indirect and direct optical band gaps of 2.58 eV and 2.63 eV, respectively. Mott—Schottky meas-
urements (0.1 M phosphate buffer, pH 7) show positive slopes consistent with n-type behavior
and yield a flat-band potential of about 0.09 V vs. RHE; using the optical gaps, the valence-
band edge is positioned near 2.67-2.72 V vs. RHE (Figure 19, left), placing the material in the

regime relevant for photoanodic oxygen evolution. Chronoamperometry under chopped AM
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1.5G illumination confirms photoresponse (Figure 19, right), and cyclic voltammetry before

and after Mott—Schottky analysis indicates electrochemical stability.
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Figure 19: Mott—Schottky plot of PbsO4s(CN3) on FTO substrate in 0.1M KPi—electrolyte (Sorensen) with pH 7.0
at a frequency of 700 Hz. Inserted is a schematic representation of the energy levels for PbsO.s(CN>) (left). CA
curves recorded at 0 V vs. RHE of PbsO4s(CN>) in 0.1 M KPi (pH 7.0) under interrupted AM 1.5G illumination
(right). The light source is switched on in areas marked with a yellow sun and switched off in time intervals marked
with a grey sun. Modified from Publication 4.

Low-temperature photoluminescence complements the electronic picture. At 80 K, excitation
monitored at 520 nm resolves sub-bands at 310, 333, and 376 nm attributable to 'So—>Po, *P1,
3P, transitions of Pb*"; emission (excitation 377 nm) appears as a broad band centered at 520 nm
and is nearly quenched by 150 K. Time-resolved data at 80 K show mono-exponential decay
with a lifetime of roughly 380 ns. Together with the optical and electrochemical results, these
spectra establish PbgO4ls(CN2) as an n-type semiconductor featuring a heterocubane-linked

framework with carbodiimide and iodide ligation.
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3.5 From Heterocubane Units to Extended Networks: Synthesis,
Structure, and Optical Properties of PboO2Is(CN2); and
Pb1605I14(CN2)4 (Publication 5)!1%!

PboO1I3(CN>)3 and PbisOsl14(CN2)s were prepared by ceramic solid-state reactions from Pblo,
PbO and Pb(CN>) at 420 °C to give air-stable yellow powders. Both phases were verified by
single-crystal X-ray diffraction and optical spectroscopy. To confirm composition, EDX spot
analyses on crystallites gave Pb:I ratios of 9:7.99(8) for PboO2Is(CN2)3 and 16:14.01(3) for
Pb1605114(CN2)4, in good agreement with the ideal stoichiometry. PboO2Is(CN2)s crystallizes
orthorhombically in Phcn. The structure features five distinct Pb?" sites in hemidirected to ho-
lodirected environments that are built from iodide, oxygen and carbodiimide. Two nearly linear
[NCNT* units occupy crystallographically distinct positions and are each coordinated in a trig-
onal-antiprismatic fashion by Pb, acting as multibridging ligands. The key building block is a
heterocubane-type [PbsO(CN2)3/2] unit (Figure 20) with an oxygen atom in ps3-coordination.
These heterocubane units connect via shared [NCN]?" ligands into a tetrahedral arrangement,

with an additional linkage provided through a shared oxygen atom.

Pb5

Figure 20: The heterocubane [PbsO(CN,)s.2] unit in a tetrahedral surrounding. Oxygen is shown in red, carbon in
white, and nitrogen in blue. lodide atoms are omitted for clarity to highlight the unit. Reproduced from Publication
5.
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Starting from this building block, the framework forms an annular assembly of six heterocubane
units arranged into a ring, stabilized by a central octahedral [Pbls]* unit (Figure 21, left). Within
the unit cell, these heterocubane-based ring systems form structural layers that propagate diag-
onally relative to the ac plane and are interconnected through bridging [NCN]?*~ units, iodide
ions and common oxygen atoms to produce an extended three-dimensional network (Figure 21,
right). In analogy to silicates and aluminosilicates, where corner-sharing [SiO4]/[AlO4] tetrahe-
dra form rings and layers, these heterocubane-based rings act as a cationic counterpart to such

tetrahedral building units.

Figure 21: The annular assembly of the heterocubane units (ring system) in PboQO:ls(CN);. The [Pbls]* octahe-
dron serves as the cohesive agent, binding the constituent units together (left). Section of a heterocubane-based
ring system in the unit cell of PbyOls(CN>);. For clarity, the lead—iodide octahedra ([Pbls]*) and iodide ions
have been removed, and each ring is shown with different transparency levels and colors to enhance visual dis-
tinction (right). Modified from Publication 5.

Pb160s114(CN2)s crystallizes monoclinic in P2i/n. Sixteen crystallographically independent
Pb?>" centers span coordination numbers from five to nine. Four distinct [NCN]*" groups are
each embraced in trigonal-antiprismatic Pb environments and connect cluster subunits. Two
motifs dominate the framework. The first motif (Figure 22, left) consists of two corner linked
heterocubanes that share lead and oxygen to give a [Pb703(CN2)4/2] cluster in which each oxy-
gen is tetrahedrally coordinated by four lead atoms. The second motif (Figure 22, right) couples
a heterocubane to a face-capped, distorted trigonal-bipyramidal [Pbs] fragment best viewed as
two face sharing [Pbs] tetrahedra with additional caps by iodide or oxide on one side and by
[NCNJ* on the other, written as [Pb712(CN2)4202]. These two motifs alternate within layers
that are separated and further connected by iodide ions and [Pbls]* octahedra, yielding a zig-
zag-chain like arrangement within each sheet and a lamellar stacking overall. Infrared spectros-

copy supports the assignment of carbodiimide ligands. PboO2I3(CNz)3 shows the asymmetric
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!, while

N=C=N stretch near 1881 cm!, together with a deformation mode near 625 cm™
Pb160s114(CN2)4 exhibits the asymmetric stretch near 1924 cm™! and a deformation near
656 cm . The band positions together with the near linear [NCN]?>~ geometry is consistent with

predominant carbodiimide character under mixed-anion coordination.

Pb6

Pb12

Pb9

Figure 22: Section of the [Pb;03(CN>)4.2] cluster-like arrangement in the compound Pbs05114(CN>)4. (left). Section
of the [Pb71,(CN3)420:] unit in the compound Pb605114(CN>)4 (right). Lead is shown in orange, iodine in purple,
oxygen in red, carbon in white and nitrogen in blue. For clarity the trigonal bipyramidal Pbs-polyhedra in the
[Pb71>(CN»)420;] unit is highlighted. Modified from Publication 5.

Diffuse-reflectance spectroscopy evaluated with the Kubelka-Munk function and Tauc plots
indicates indirect band gaps of about 2.35 eV for PboO:I3(CNz); and about 2.36 eV for
Pbi160s114(CN2)s with closely lying direct allowed transitions. The magnitude of these gaps
makes both compounds plausible candidates for photocatalysis under visible to near UV exci-
tation, though a robust assessment requires band edge alignment relative to the relevant redox
potentials and verification of stability and activity under operating conditions. Photolumines-
cence at 80 K displays broad green emissions centered near 520 nm for both compounds with
excitation bands around 301 to 377 nm (Figure 23). The emission is assigned to the *P;=>!Sy
transition of Pb*" in a 6s® configuration and is consistent with mono-exponential decays of
roughly 361 ns for PboO2Ig(CN2)3 and 265 ns for PbisOsl14(CN2)4, and both emissions are
largely quenched by 150 K. Taken together, the two structures demonstrate how [NCN]?*~ lig-
ands stabilize heterocubane based Pb-O cores and mediate their fusion into extended networks
alongside iodide and [Pbls]*" units. The combination of lone pair driven coordination variabil-
ity, cluster to framework assembly and mixed anion bonding yields semiconducting hosts with

characteristic low temperature green emission and band gaps that are compatible with
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photocatalytic concepts, underscoring the structural and optical versatility of lead oxide iodide

carbodiimides.
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Figure 23: Excitation and emission spectra of PboO:Is(CN,)3 at 80 K (left). Excitation and emission spectra of
Pb605114(CN3) 4 at 80 K (right). Modified from Publication 5.
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3.6 Synthesis, Structure, and Eu**-Activated Photoluminescence of

the Mixed-Anion Carbodiimide NaLa>F3(CN2): (Publication 6)%¢!

NaLaxF3(CN2), was obtained in high yield through solid-state metathesis of LaF3 with
Naz(CN»), affording an air- and moisture-stable white powder. Single-crystal X-ray diffraction
shows a monoclinic structure in space group [2/a that is isotypic with the
LiRE>F3(CN2)2 (RE = Ce, Pr, Nd, Sm, Eu, Gd)® family known in the symmetry-equivalent
C2/c setting.

Figure 24: Coordination environment of the sodium atoms (left) and of the lanthanum atoms (right). Fluorine
atoms are shown in green, lanthanum in turquoise, sodium in orange, carbon in black and nitrogen in blue. Re-
produced from Publication 6.

The framework contains one crystallographic La** and one Na" site. La*" is coordinated by five
nitrogen from nearly linear carbodiimide anions together with four fluoride ligands to form a
distorted tricapped trigonal-prism described as [La(NCN)sF4]. Na* adopts a distorted tetrago-
nal-pyramidal environment (Figure 24). The [NCN]?>" group bridges between La-centered pol-
yhedra and at the same time links into the Na sublattice, and infrared spectra recorded between
400 and 4000 cm ! display the asymmetric N=C=N stretch near 2011 cm™! together with a
pseudo-symmetric stretch near 1255 cm ™! and bending modes around 683 to 656 cm™!, in line
with a carbodiimide environment in mixed-anion hosts. Comparison with La>(CN2)3”! under-
scores the impact of mixed-anion chemistry (Figure 25). Both compounds crystallize in /2/a
and show layered arrangements. Lax(CN)3 features nearly regular [La(NCN)s] dodecahedra
and a more compact stacking motif. In NaLa,F3(CN), the competition between F~ and [NCN]*
at La produces pronounced polyhedral distortions and a more open stacking with Na* incorpo-
rated into the carbodiimide layers. The composition can be rationalized by replacing one

[NCNT* unit of the binary parent with Na® and balancing the charge with three additional
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fluoride ions, which corresponds to an [NaF3][La2(CNz):] partition or alternatively a NaF ad-

duct to LaF(CNy).

Figure 25: Comparison of the unit cell of NaLa>F3(CN>); (left) and La>(CN3)s (right). Fluorine atoms are shown in
green, lanthanum in turquoise, sodium in orange, carbon in black, and nitrogen in blue. Reproduced from Publica-
tion 6.

Eu*" doping produces a broad ligand-to-metal charge-transfer excitation near 302 nm together
with the characteristic >Do=>’F, emissions with J = 0—4 and an unusually intense *Do=>F4 band

(Figure 26). The high intensity of this transition is attributed to the low symmetry of the
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Figure 26: Excitation and emission spectra of NaLa>F3(CN2)2:Eu’". Modified from Publication 6.
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activator site and the high polarizability of the surrounding carbodiimide environment, which

increase the Judd-Ofelt parameter Q4 within the framework of Judd-Ofelt analysis.
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4. Conclusions

This dissertation demonstrates that [NCN]* based nitridocarbonates form a versatile mixed-
anion and mixed-cation design space in which structure, bonding, and optoelectronic function
can be tuned in a controlled way, enabled by robust moderate-temperature solid-state synthesis
routes (especially solid-state metathesis and complementary ceramic reactions) that yield single
crystals and near phase-pure powders suitable for comprehensive characterization. A central
outcome is the systematic development of mixed-anion lead carbodiimides including
Pb7l6(CN2)4, PbgOals(CN2), PboO2Is(CN2)3, and Pbi6Osl14(CN2)s, which progress from an io-
dide-carbodiimide framework with Pb cluster-like motifs to oxide, iodide and carbodiimides
built around discrete [PbsO4] heterocubanes and further to heterocubane-derived extended net-
works; across this series, the compounds behave as semiconductors (optical band gaps around
2.4 — 2.6 eV) and show characteristic broad green Pb?" emission near 520 — 525 nm at low
temperatures, with mono-exponential lifetimes on the order of a few nanoseconds and pro-
nounced thermal quenching by about 150 K. Beyond establishing structure — property continu-
ity within the Pb systems, PbgO4ls(CN>) is identified as an n-type semiconductor by Mott-
Schottky analysis and demonstrates photoresponse under AM 1.5G illumination, linking the
structural concept of heterocubane-based mixed-anion frameworks directly to photoelectro-

chemical relevance.

The dissertation also expands the chemistry in complementary directions. La>S2(CNz) consti-
tutes the first sulfide-carbodiimide and transfers a known layered rare-earth motif into dini-
tridocarbonate chemistry by formally replacing [C2]* with linear [N=C=N]*, while retaining
clear carbodiimide vibrational signatures. In main-group chemistry, the gallium dinitridocar-
bonates LiGa(CN3y)2, Li13.6Gaz8(CN2)10l2, and SrGaz(CN2)4 show how tetrahedrally coordinated
Ga units linked by [NCNJ*" generate either 3D frameworks or layered arrangements, with
SrGaz(CNy)s being air-stable and exhibiting wide-gap semiconducting behavior (indirect/direct
gaps 3.04/3.30 eV), and the IR spectra indicating coexisting carbodiimide- and cyanamide-

types in selected structures.

Finally, NaLa>F3(CNz). establishes a robust carbodiimide—fluoride rare-earth host lattice that
is stable in air and moisture and supports Eu**-activated photoluminescence with the expected
Do > F; emission pattern and a notably intense Do = 'F4 transition attributed to low local
symmetry and a highly polarizable carbodiimide environment. Taken together, the work pro-
vides a coherent structure — property picture in which the [NCN]?" unit serves as a structurally

adaptable linker across halide-, oxide-, sulfide-, and fluoride-containing lattices, while mixed-
32



anion chemistry and local coordination (including lone-pair effects in Pb**) control framework
connectivity, band gaps, and emission behavior; these insights suggest clear future pathways in
targeted anion/cation substitution and defect control to tune band edges and thermal lumines-
cence stability, and in systematic (photo)electrochemical benchmarking of the most promising

mixed-anion semiconductors under operating conditions.
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The luminescent semiconductor Pblg(CN5)4t
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The development of new compounds in the domain of metal dinitridocarbonates is most efficiently per-

formed via solid-state metathesis or simply by addition reactions. Our discovery of Pb;Ig(CN,), is the

result of a solid-state reaction of PbCN, with Pbl, at 420 °C. Its crystal structure was solved and refined

from X-ray diffraction data based on a single crystal with the space group P6s/mmc. The crystal structure
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rsc.li/dalton material is a semiconductor.

Introduction

The development of metal dinitridocarbonate compounds is
advancing, with many compounds remaining to be discovered.
The dinitridocarbonate ion is isolobal to oxygen and thus in
some ways analogous to the oxide ion. Generally, the dinitrido-
carbonate ion can appear as carbodiimide [N—=C=N]*" or cya-
namide [N=C-N]*", depending on the nature and surround-
ing with cations.

Within the last decades, a remarkable number of metal
dinitridocarbonates have been described, most of them having
been developed by solid-state metathesis reactions." Many
kinds of cations ranging from alkali** and alkaline earth,’
transition metal,® and a large number of rare earth metals”®
have been incorporated; the resulting materials have been
studied in terms of their luminescence,’ magnetism," electri-
cal conductivity,""'* and electrochemistry."?

Furthermore, complex compounds such as tetracyanamido-
metallates [T(NCN),]*~ with T being aluminium,'* gallium,"
silicon’® and germanium'’ have been developed. These
materials have shown remarkable photoluminescence pro-
perties when combined with a rare earth activator; non-centro-

“Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, University of Tiibingen, Auf der Morgenstelle 18, 72076 Tiibingen,
Germany. E-mail: juergen.meyer@uni-tuebingen.de

bDepartment of Materials, ETH Ziirich, Wolfgang-Pauli-Str.27, 8093 Ziirich,
Switzerland

‘Department of Chemical Engineering, FH Miinster University of Applied Science,
StegerwaldstrafSe 39, 48565 Steinfurt, Germany

tElectronic supplementary information (ESI) available. CCDC 2211751. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d4dt00369a
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is based on a network of lead tetrahedra, lead trigonal bipyramids and lead octahedra interconnected by
INCNI?~ and iodide. Properties of the material were investigated by diffuse reflection measurement,
photoluminescence measurements, and electronic band structure calculations demonstrating that this

symmetric structures have shown good second harmonic gene-
ration (SHG) properties.'®"'® Excellent photoluminescence pro-
perties were reported for doped pseudo-binary rare earth (RE)
carbodiimides RE,(CN,);,”"® such as RE,(CN,);:Ce."®*® The
structure of the oxide-carbodiimide Y,0,(CN,) is similar to
that of the oxide-sulfide Y,0,S, which is a well-known host
lattice material for photoluminescence.?* The formal substi-
tution of a chalcogenide versus (CN,)>” is very interesting from
a chemical point of view, because it demonstrates that a metal
oxide or metal sulfide may serve as a template for the compo-
sition of a yet-unknown metal dinitridocarbonate.

The recently discovered compounds Sn(CN,) and Sn,O
(CN,) were described as semiconductors with band gaps in the
order of 2.0 eV, according to band structure calculations and
optical measurements. They have been investigated as a nega-
tive electrode material in so-called conversion batteries. Like
other transition-metal compounds, carbodiimides M,(NCN),
with M = Mn, Cr, Zn have been successfully cycled versus
lithium and sodium ions.>*

The diversity of the reported dinitridocarbonate com-
pounds includes several lead-based compounds, such as Pb
(CN,),>** APb,CI;(CN,) (A = Li, Na, Ag), LiPb,Br;(CN,), LiPbCl
(CNZ),ZS K;,Pbs;Cls54(CN>)30 ** and Pb14.668n7.34Br26(CN2)702~27

In addition, some lead compounds have received special
attention over recent years. CsPbl; can be considered as the
archetype for perovskite solar cells following the well-known
substitution (MA)PbI; (MA = CH;NH;). CsPbl; has a bandgap
of 1.6-1.8 eV, which is favorable for photovoltaic appli-
cations.”® Other derivatives like (MA),Pb(SCN),I,, have also
been reported.>® In light of these interesting issues, we herein
describe the structure and properties of the new lead carbodi-
imide iodide Pb,Ig(CNy),.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Synthesis

The preparation of crystalline Pb,I4(CN,), was performed in a
straightforward manner from appropriate (3 : 4) proportions of
PbI, and Pb(CN,) heated in fused silica tubes at 420 °C for 5
days (1). This procedure appears to be more efficient than
solid-state metathesis, which was used in syntheses of the vast
majority of dinitridocarbonate compounds (2). The procedure
(1) removes the possibility of incorporation of lithium in the
product and avoids the need for leaching significant amounts
of the metathesis salt (LiI).

3Pbl, + 4Pb(CN,) — Pb;1s(CN,), (1)
7Pbl, + 4Li,(CN,) — Pb;Is(CN,), + SLil (2)

Pb,I5(CN,), was obtained as a dark yellow crystalline
material in high yield, with small amounts of lead being
obtained as side phase in the X-ray powder diffraction pattern
(Fig. 1).

The side-phase could be a result of the reducing nature of
the (NCN)?>~ ion.>® EDX measurements on nine different spots
on several single crystals revealed a lead to iodine ratio of
7:5.96(5), verifying the Pb:I ratio in Pb,I4(CN,), that was
found in the structure refinement.

Crystal structure of Pb;I(CN,),

The crystal structure of Pb,I¢(CN,), was solved and refined by
X-ray diffraction based on recorded single-crystal data. The
structure refinement yielded the hexagonal space group P63/
mmc. Some crystal structure and refinement data are given in
Table 1.

The crystal structure refinement revealed five crystallogra-
phically distinct sites for the lead atoms, with Wyckoff posi-
tions, site occupation factors, and atomic coordinates pre-
sented in the Table S1.f Pb1 is surrounded by five iodides and
three carbodiimide ions, [NCN]*". The environment of Pb2
appears similar to that of Pb1, with one more iodide, forming
a coordination pattern derived from a tricapped trigonal anti-
prism. The third lead site (Pb3) represents a coordination

1el,
1000

Pb716(CN2)4 powder.raw
90 Pb7I16(CN2)4 calculated
0. Pb calculated
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Fig. 1 XRD measurement of compound Pb7lg(CNy),.
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Table 1 Selected crystal and structure refinement data for Pb,lg(CN>),,

recorded at 150 K

Empirical formula Pb,14(CN,),
CCDC code 2211751%
Formula weight (g mol™") 5929.62
Wavelength (Mo-K,) (A) 0.71073
Crystal system Hexagonal
Space group P6;/mmc

Unit cell dimensions (A)

a=h=10.7144(1)
¢ =29.4426(4)

Volume (A 2927.13(7)
VA 5

Density (calculated) (g cm™®) 6.728
Absorption coefficient (mm™") 58.057

Ry = 0.0212, WR, = 0.0432
R; = 0.0220, WR, = 0.0436
1.113

Final R indices (I > 20(1))
R indices (all data)
GOOF

environment with four iodides and three carbodiimide ions.
Pb4 is coordinated by three iodine atoms and three [NCN]*~
units. Pb5, with a site-occupation factor of 0.75 (see
Table S17), is surrounded by six iodide ions in distorted octa-
hedral formation. Pb-I distances of the distorted octahedron
range from 3.0528(6)-3.2555(6) A. All other Pb-I distances in
the drawings outlined in Fig. 2 range from 3.4423(4) A to
3.7114(8) A.

The coordination environments of the three crystallographi-
cally distinct [NCNJ*~ units in Pb,I¢(CN,), are similar to those
in the previously reported compound Pb;,e6Sn; 34Bro6-
(CN,),0,.>” Two [NCNJ*~ units (centred by C1 and C2) are sur-
rounded by six lead ions forming a trigonal antiprismatic
arrangement. The third (C3) is surrounded by lead in a trigo-
nal prismatic fashion. A detailed view is shown in Fig. 3.

The Pb-N bond distances range between 2.478(4) and
2.606(4) A, and are similar to those in the related lead com-
pounds Pb(CN,) (2.31-2.62 A),>® LiPb,Cl;(CN,) (2.54 A) and
LiPbCI(CN,) (2.39-2.70 A).>® The C-N bond lengths of the
three crystallographically distinct [NCN]*~ units are given in
Fig. 3 and appear quite uniform. The C-N lengths around C1
are only slightly different, but the remaining two [NCNJ*~
are symmetrical, as a result of the a two-fold rotation axis
(through C,) and a mirror plane (cutting C3). Despite minor

[
¢ Pb1 o o Pb2 e

Pb5
Pb3
o
[ ] i
@
Fig. 2 Different coordination environments of lead atoms in

Pb,I¢(CN,)4. lodine is shown in purple, carbon in white and nitrogen in
blue.
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Fig. 3 Three crystallographically distinct [NCN]?>~ units; two are co-

ordinated nearly trigonal antiprismatic and the third pseudo- octahed-
rally by lead (red).

differences in length, all three [NCN]>~ units can be safely
described as carbodiimide ions. An infrared (IR) spectroscopic
measurement recorded on a sample of Pb,I5(CN,), reveals the
presence of three quite similar [NCN]>~ units, by showing an
asymmetric stretching vibration of the [NCN]*~ unit at
1900 cm™' and a C-N bending vibration at 630 cm™" (see
Fig. S17).

An interesting feature in the crystal structure of Pb,Is(CN,),
is the clustering of lead atoms. A section of the structure
showing all five lead atoms is presented in Fig. 4.

The arrangement of lead atoms in the structure may be
described as a triple-Pb,-tetrahedra cluster, composed of three
tetrahedra in a face-sharing and edge-sharing fashion, for
Pb1-Pb4, or as a trigonal bipyramid with a tetrahedron. All tri-
gonal faces are capped by a nitrogen atom of [NCN]*~ (except
for the shared one). Pb5 is situated in an octahedral environ-
ment of iodide ions. The structure section shown in Fig. 4 is
interconnected via iodide and carbodiimide ions to form the
crystal structure of Pb;Is(CN,),, as displayed in Fig. 5.
Interatomic distances between lead atoms in and between
adjacent Pb, tetrahedra and with Pb5 range between 3.92(3)-
4.23(7) A. These distances between lead atoms give rise to
define block layers within the ab-plane in the structure. The
given distances are essentially nonbonding distances of Pb*".
However, the distances are significantly shorter than intera-
tomic distances between lead atoms in cubic perovskite struc-

Fig. 4 Face-shared and edge-shared triple-Pb,-tetrahedra fragment
with face-capping carbodiimide ions and an associated [Pble] octa-
hedron (purple).

6418 | Dalton Trans., 2024, 53, 6416-6422
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b

Fig. 5 Section of the crystal structure of PbsIlg(CN,),. lodide atoms are
shown in purple, lead in red, carbon in white and nitrogen in blue.

ture of CsPblz, which correspond with the lattice parameter
a = 6.2894(2) A of CsPbl;. This distance resembles the arrange-
ment of edge-shared [Pbls] octahedra, and is similar with
twice the average Pb-I distance (2 x 3.154(1) A) in the [Pbl]
octahedron of Pb,I4(CN,),. The surroundings of Pb*>" ions in
the structure of Pb,I5(CN,), do not indicate a lone-pair effect
from Pb**, and the clustering of lead atoms in layers in the
structure ultimately suggests some interesting properties.

Electronic structure

The DFT-calculated electronic band structure of Pb,I4(CN,), is
shown in Fig. 6. The calculations reveal that the material is an

Energy / eV
J1ajoeIeyd auIpo|

Fig. 6 The electronic band structure of Pb;Ig(CNy)s;, with bands
coloured by their | character. Special points in the Brillouin zone are
labelledT"(000),Z(000.5),D(0050.5),B(00.50),A(-05050), E
(-0.50.50.5), C,(-0.50.50), and Y5 (—0.5 0 0) and were chosen follow-
ing literature.>

This journal is © The Royal Society of Chemistry 2024
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indirect band gap semiconductor, with a gap of about 1 eV.
The valence band maximum is close to degenerate (within
0.05 eV) at all special points in reciprocal space; the conduc-
tion band minimum is similarly close to degenerate at D (0 0.5
0.5), B (0 0.5 0), A (=0.5 0.5 0), E (—0.5 0.5 0.5), C, (—0.5 0.5 0),
and Y, (—0.5 0 0) points. This result suggests the correct
interpretation of the Tauc plot corresponds to an indirect
allowed transition with an energy of 2.38 eV (Fig. S27) rather
than a direct allowed transition of 2.47 eV (Fig. S3t). The
underestimation of experimental band gaps in DFT is a well-
known phenomenon.*® This problem can be alleviated by the
use of hybrid exchange-correlation functionals,*® however
these are significantly more computationally expensive and
their use was unfortunately precluded by the large size and
low symmetry of the unit cell.

The valence bands near the Fermi energy were found to
have significant iodine character (Fig. 6); as in lead halide per-
ovskites.>® However, the addition of carbodiimide ligands
leads to some hybridization of the iodine states with those of
nitrogen (Fig. S41). The complexity of the crystal structure
leads to flattening of the electronic bands and, consequently,
increased electron localization. It is important to note that,
due to this structural complexity and the presence of
vacancies, it was not possible to relax the crystal structure in
DFT prior to calculating the electronic band structure. This is
important as the vacancies would be expected to cause rotation
of the coordination polyhedra, which can play an important
role in the electronic properties.*?

Photoluminescence properties

Pb>" comprising compounds are well known for their photolu-
minescent properties.’>™° Therefore, an investigation of the
photoluminescence properties was carried out, while the exci-
tation and emission spectra of Pb,I4(CN,), at 77 K are shown
in Fig. 7.

As shown in Fig. 7, the excitation spectrum was observed
for monitoring the 525 nm emission and results from the

45 4 3,5 3 2,5 Ensgy. eV

4 L L 1 1 1 1

—— Emission g, = 378 nm

Pb.,I.{CN
Exitation 7.,= 525 nm 7 G( 2)4

Intensity / counts 10°
N w
1 1

-
1

0 T T T T T T T
250 300 350 400 450 500 550 600 650

Wavelength / nm

Fig. 7 Excitation and emission spectra of Pb;Ig(CN,)4 at 77 K.
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superposition of several sub-bands. More precisely, the spec-
trum could be resolved into three sub-bands peaking at
302 nm (4.11 eV), 333 nm (3.72 eV), and 378 nm (3.28 eV). As
Pb>* is an ns® type impurity ion, for the free ion the ground
state ('Sp RS term) arises from the electronic configuration 6s
and the first excited state from the 6s'6p’ configuration, con-
sisting of triplet P, ; , and singlet 'P, states (Fig. 8).”*°

Comparison of the measured data with the literature
suggests that the excitation bands at 302 nm, 333 nm and
382 nm correspond to the transitions from the ground state
'S, to the excited states 'Py, *P, and P, respectively.

The room temperature emission spectra of Pb**-comprising
materials is dominated by a broad emission band, which is
typically assigned to the *P,~'S, transition,*”*" although at low
temperatures the strongly forbidden *P,~'S, emission is also
observed.”® The emission spectrum of Pb,I4(CN,), at 77 K
shows a single broad band peaking at 525 nm (2.36 eV), while
the luminescence process is almost completely quenched at
150 K (Fig. 9).

The decay curve of the photoluminescence at 525 nm is
almost perfectly monoexponential and yields a decay time of
about 74, = 356 ns (Fig. 10).

Since the luminescence of compounds containing the s
ion Pb>" is rather diverse, it is useful to compare the found PL
data of Pb,I¢(CN,), with those reported for other Pb>* compris-
ing materials with low and high alkalinity (Table 2).

According to the work of Duffy,*® the optical alkalinity A of
Pb>* comprising compounds can be calculated by

33,40

A= (60700 cm™ —1)/31 000 cm™*

where v is the energy of the first absorption band in wavenum-
bers. By definition, this equation yields a A value of 1.00 for
calcium oxide (CaO). The A value of Pb,I4(CN,), is found to be
1.10, which points to an optical alkalinity comparable to SrO,
which is consistent with the presence of the highly polarizable
anions I~ and (CN,)*"in this compound.

Conduction band

c Ty,
B 3P, *Ta
Gslpl

A 3P, T
ipo 3A1

E|l E| E E

c c c c

g ) ,0\0 ~

2l 3| = %

3| 3| 3 3

9 R S B

<| o ] N

150 1A1 6s?
Pb?

Fig. 8 Energy level scheme of a free Pb?* ion, while the emission
occurs from the P, state resulting in a single broad emission band.
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Fig. 9 Temperature dependent emission spectra of Pb;Ig(CN;); upon
378 nm excitation between 77 and 300 K.
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Fig. 10 Decay curve of the 525 nm emission of Pb;Is(CN;),4 at 77 K after
excitation at 375 nm.

Table 2 PL data of PbIg(CN;)4 and selected lead compounds recorded
at low temperature

Exc. Emis. Stokes shift
Composition [nm] [nm] [em™] Ref.
PbSO, 235 340 13 000 42
Pb,0Mo0O, 345 525 10 000 43
Pb,I(CN,), 378 525 7500 This work
Pb,0OWO, 340 560 11 500 44

Conclusions

Reactions between lead carbodiimide and lead iodine led to
the formation of the previously unknown lead iodine carbodi-
imide Pb,Is(CN,),, as confirmed by EDX analysis. Single-
crystal X-ray diffraction revealed a complex coordination
pattern in the crystal structure, resulting in semiconducting
behaviour. Lead atoms form tetrahedral motifs, with an edge-
bridging connectivity to a trigonal bipyramid; they can be
alternatively viewed as a triple-Pb,-tetrahedron, with all unoc-

6420 | Dalton Trans., 2024, 53, 6416-6422
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cupied trigonal faces capped by terminally bond carbodiimide
ions. Relatively short but nonbonding Pb-Pb distances within
these Pb>" clusters give rise to semiconducting behaviour, as
determined by band structure calculations. Further electronic
properties, such as an evaluation of the photoelectric pro-
perties in comparison to the well-known material (MA)PbI;
have not yet been established.

Photoluminescence measurements show the presence of a
single broad emission band in the green spectral range with a
short decay time of 356 ns at 77 K. The complete quenching at
room temperature is likely caused by the large Stokes Shift,
which is in line with observations from literature. An emission
band of Pb>* at 525 nm points to a highly alkaline environ-
ment, which is in good agreement with the high polarizability
of the anions of the novel Pb,I5(CN,),.

Experimental section and calculation
details
Synthesis of Pb,I¢(CN,),

Powders of Pbl, (Sigma-Aldrich, 99.999%) and PbCN, (syn-
thesized as described in**) were mixed and pestled in a glove
box under dry argon atmosphere in a 3:4 molar ratio. The
reaction powder was filled into a silica ampoule and sealed
under vacuum. The ampoule was heated in a crucible furnace
at 420 °C at a heating and cooling rate of 2 K min~" for 5 d.
The reaction product was obtained as a dark yellowish powder
with an estimated yield of 90% and lead as a side-phase.

Powder X-ray diffraction

The powder X-ray diffraction pattern was recorded on a well-
ground powder in the range 5° < 26 < 120° using a StadiP diffr-
actometer (Stoe, Darmstadt) with Ge-monochromated Cu-K,q
radiation and a Mythen 1 Detector.

Single-crystal X-ray diffraction

Intensity data of single crystals of Pb,I4(CN,), were recorded
on a Rigaku XtalLAP Synergy-S single-crystal diffractometer,
equipped with a HyPix-6000HE detector and monochromatic
Mo-Ka radiation. The measurement was performed under N,
cooling at 150 K. Corrections for absorption effects of the X-ray
intensities were applied with a numerical method using
CrysAlisPro 1.171.42.64a (Rigaku Oxford Diffraction, 2022).
The structure was solved by SHelXL 2018/3 (Sheldrick, 2018)
using dual methods and full-matrix least-squares structure
refinements implemented in Olex2 1.5-ac5-024.

UV-Vis in diffuse reflectance

The reflectance spectra were recorded on an OceanOptics
Maya 2000 Pro spectrometer equipped with a Harrick praying
mantis sample chamber. A deuterium tungsten lamp (DH 200
BAL) from OceanOptics was used as the light source. The
measurement was performed with the following settings: scan
to average = 100, boxcar width = 10 and integration time =
300 ms using OceanView 1.6.7 (lite) software from

This journal is © The Royal Society of Chemistry 2024
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OceanOptics. To determine the optical band gap Eg, the Tauc
equation was used: (a-aw)"" = A(hv — E,), where a is the absorp-
tion coefficient, 4 is the Planck constant, A is a material
related constant and hv is the photon energy. For a direct
allowed bandgap transition, r = 1/2, and for an indirect
allowed bandgap transition, r = 2.

EDX measurements

The energy dispersive X-ray spectroscopy (EDX) were per-
formed with a Hitachi SU8030 scanning electron microscope
equipped with a Bruker QUANTAX 6G EDX detector.

Density functional theory (DFT)

Density functional theory (DFT) calculations were performed
using the Abinit software package (v. 9)*° and the Perdew-
Burke-Ernzerhof exchange-correlation functional.”” The elec-
tronic structure calculations used the projector-augmented
wave (PAW) method*® with an energy cutoff of 25 Ha outside of
the PAW spheres and a 125 Ha cutoff inside them. A 3 x 3 x 2
Monkhorst-Pack grid of k-points was used to sample reciprocal
space.*® Methfessel-Paxton cold smearing of the electronic
occupation was included in the calculations.>® To model the
partial occupation of the Pb5 site and respect stoichiometry
within the DFT calculations, a Pb5 vacancy was included in
the unit cell. The inclusion of this vacancy, along with the
structural complexity of the material, precluded structural
optimization prior to calculation of the electronic band struc-
ture. Special points in and paths through the Brillouin Zone
were chosen following Hinuma et al.>"

Photoluminescence

Excitation and emission spectra of Pb;Is(CN,), samples were
recorded wusing a fluorescence spectrometer FLS920
(Edinburgh Instruments) equipped with a 450 W xenon dis-
charge lamp (OSRAM) as the radiation source. For powder
samples a mirror optic was mounted inside the sample
chamber. For the collection of data, a R2658P single-photon-
counting photomultiplier tube from Hamamatsu was used.
For temperature adjustment a cryostat “MicrostatN” from the
company Oxford Instruments had been applied to the present
spectrometer. Liquid nitrogen was used as a cooling agent.
The photoluminescence decay curve was also measured on the
FLS920 spectrometer, while a 375 nm ps laser diode from
Edinburgh Instruments was used as an excitation source.

Infrared spectra

Vibrational spectra were recorded with a Bruker Vertex 70

spectrometer within the spectral range from 400to 4000 cm™;

sample were prepared using KBr pellets.
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Table S 1: Wyckoff position, site occupation factors and atomic coordinates of Pb;Ilg(CN,)4

Atom Wyck. Site S.O.F. x/a y/b z/c

Pbl 12k m. -0.21139(2) 0.21139(2) 0.67292(2)
Pb2  4f 3m. -2/3 -1/3 0.67125(2)
Pb3 12k .m. -0.41586(3) -0.20793(2) 0.56014(2)
Pb4 4f 3m. -1/3 1/3 0.55141(2)
Pb5 4e 3m. 0.75 0 0 0.61669(2)
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Figure S 1: Infrared spectrum of Pb;Ig(CN,),4
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The Mixed-Anion Compound La,S,(CN,)

Albert T. Schwarz,” Markus Strébele,” and H.-Jiirgen Meyer*”

Dedicated to Professor Martin Jansen on the occasion of his 80" Birthday

The new binary metal carbodiimide La,S,(CN,) was synthesized
via a solid-state metathesis reaction. The crystal structure was
solved and refined on the basis of single-crystal X-ray diffraction
data with space group C2/m. The structure is represented by a

Introduction

Increasing interest in solids is based on the expectation to
develop new materials which will make significant contributions
to relevant fields related to energy, electronic, or optical
devices, catalysis, and so on. To this end, functional solid-state
materials, such as borides, carbides, pnictides, and chalcoge-
nides have been successfully developed. Derived from metal
chalcogenide, another avenue of compounds with less-com-
mon inorganic molecular anions such as metal dinitridocarbon-
ates have emerged. The number of metal dinitridocarbonates,
commonly referred as carbodiimides (N=C=N)*" or cyanamides
(N-C=N)*", has been considerably growing during the past
20 years. The vast majority of these compounds can be
assigned as carbodiimides, with the (N=C=N)>~ being isolobal
with the chalcogenide anions O?~ and S*".

The preparation of compounds containing a complex anion
like (N=C=N)*" can be hardly controlled in reactions when
departing from a nitride (or azide) and carbide (or carbon) in
classical solid-state reactions, therefore, another method has
been successfully employed to develop a broader chemistry of
this class of compounds.

The solid-state metathesis reaction (SSM)™ is a highly
effective preparation technique beyond high-temperature solid-
state reactions (or ceramic methods). This method involves the
direct reaction of two or more solid reaction partners to form a
new compound and a metathesis salt. Following this method, a
salt-like carbodiimide (Li,(CN), or Na,(CN,), etc.) is reacted with
a metal halide to form a metal carbodiimide and a metathesis
salt. This reaction strategy has delivered several compounds

[a] A. T. Schwarz, Dr. M. Strébele, Prof. Dr. H.-J. Meyer

Section for Solid State and Theoretical Inorganic Chemistry
Institute of Inorganic Chemistry, Eberhard Karls University Tiibin-
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article under the terms of the Creative Commons Attribution
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0

layered arrangement, based on alternating layers of lanthanum,
sulfide, and carbodiimide units. A close resemblance of the
structure with that of La,0,C, is discussed, as well as the less-
common coordination number seven of the lanthanum atom.

with 16 electron anions like (NCN)>~ or (NBN)*" that are
reported in the literature.*™

From a strategic point of view, the field of binary metal
carbodiimides can be extended to mixed-metal compounds
and mixed-anion compounds. The largest field of hitherto
developed metal carbodiimides refers to rare earth (RE)
elements. Among them the mixed-anion compounds
RE,0,(CN,),” RE,0(CN,),"” RE,(SiO)(CN,),"™ RE;N(CN,),"™
RE,X(CN,)N™ and REX(CN,)'"*'® (X=halide) are prominent
examples.

As oxides and sulfides are important materials in various
applications, we successfully attempted the preparation of
La,S,(CN,), that to our knowledge, represents the first example
of a sulfide-carbodiimide compound.

Results and Discussion
Synthesis

Rare earth carbodiimides are usually prepared by SSM reaction
via thermal conversion of a rare earth trihalide with an alkali
metal carbodiimide. Typical ignition temperatures that initiate
the conversion reaction can be observed as an exothermic
effect in a thermoanalytical study, typically ranging between
400°C and 600°C.*"""'¥! Preparations aiming for homogeneous
and well-crystalline material are often performed at somewhat
higher temperatures. This concept of SSM reactions can be
extended to include three or more reaction partners, as has
been demonstrated for the synthesis of rare earth oxycarbodii-
mides (or oxide carbodiimides). The preparation of RE,O,(CN,)
can be successfully performed with diverse oxide sources,
which may be an alkali metal oxide (1) or a rare earth
sesquioxide (2).2%

2RECI; + Li,(CN,) + 2Li,O — RE,0,(CN,) + 6LiCl 1)

2RECI, + 3Li,(CN,) + 2RE,0, — 3RE,0,(CN,) -+ 6LiCl 2)

Based on the synthesis described above, many reactions of
mixed-metal carbodiimides can be envisioned, reaching for new
compounds. It is interesting to note that generally, even inert

Z. Anorg. Allg. Chem. 2024, 650, e202400038 (1 of 4)
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reactants (RE,O;, RE,S;) can be employed in reactions due to
the internal heat production of exothermic SSM reactions.!" The
employment of an appropriate sulfur source, as demonstrated
in reactions (3) and (4), leads to the title compound La,S,(CN,).
A well-crystalline product of La,S,(CN,) was obtained by
reacting appropriate mixtures corresponding to (4) for three
days at 670°C (Figure 1). Despite the dominance of the desired
product and the accompanied metathesis salt (LiCl), there is a
small amount of an unknown side-phase present.

2LaCl; + Li,(CN,) + 2Na,S — La,S,(CN,) + 2LiCl + 4NaCl  (3)

2LaCly + 3Li,(CN,) + 2La,S; — 3La,S,(CN,) -+ 6LICl @)

Crystal Structure of La,S,(CN,)

The crystal structure of La,S,(CN,) was solved and refined by X-
ray diffraction based on recorded single-crystal data. The
refinement led to the monoclinic space group (C2/m), with

cts

2800 La,S,(CN

LiCl
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Figure 1. Powder XRD pattern of La,S,(CN,) and the metathesis salt
(LiCl) in comparison to the position of the calculated Bragg
reflections from single-crystal XRD.

Table 1. Selected crystal and structure refinement data for
La,S,(CN,), recorded at 100 K.

Empirical Formula La,S,(CN,)
CCDC code 2284703
Formula weight (g/mol) 381.97
Wavelength (Mo-K,) (A) 0.71073
Crystal system monoclinic

Space group C2/m

Unit cell dimensions (A) a=9.40083(2)
b=4.27512(7)
c=7.06013(1)
£=983161(2)

Volume (A 280.761(8)
Z 2

Density (calculated) (g/cm®) 4518
Absorption coefficient (mm™") 15611

Final R indices (1> 2a(1))® R1=0.0077, wR2=0.0185
R indices (all data) R1=0.0083, wR2=0.0186
GOOF 1.180

RESEARCH ARTICLE

some selected crystal structure and refinement data summar-
ized in Table 1.

The structure of La,S,(CN,) is very simple from a crystallo-
graphic point of view, being defined by only one crystallo-
graphic position for each atom type. The overall crystal
structure of La,S,(CN,) shows a close resemblance to that of
La,0,C,>% also crystallizing in the space group C2/m*. The
relationship between both structures is dominated by the fact
that the (C,)* unit in La,0,C, is substituted for [N=C=N]? in
La,S,(CN,), as displayed in Figure 2.

The structure of La,S,(CN,) can be described by a layered
arrangement following the sequence —(NCN)-La—S-S—La—,
stacked along the [001] direction, as can be seen in Figure 3.
This layer arrangement is typical for many metal carbodiimides
such as RE,(CN,); (RE=Y, Ce-Nd and Sm-Tm)®# or
La,0,(CN,),"" Y,0,(CN,)® and Bi,0,(CN,).*"

As shown in Figure 3, the lanthanum sulfide layer consists
of corner sharing [La,S] tetrahedra. The sulfur atom is
surrounded by four lanthanum atoms, with La—S distances
ranging between 2.8676(2) A and 2.9026 (2) A. The distances
between La and N of the carbodiimide ions range between
2.6623(5) A and 2.6711(8) A. The C-N distance within the
IN=C=NI]*>"ion is 1.2317(8) A, with a N—C—N bond angle of 180°.
The carbodiimide character is supported not only through the
crystal structure refinement but also by DRIFT spectroscopy

£

e

«
(f\; Vs

!

£

[ [

Figure 2. Comparison of unit cells of La,0,C, (left) and La,S,(CN,)
(right). Lanthanum atoms are shown in dark turquoise, sulfur
, oxygen in red, nitrogen in blue, and carbon in grey.

Figure 3. A section of the layered arrangement in the structure of
La,S,(CN,). Environments of sulfur atoms are highlighted as yellow
tetrahedra.
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Figure 4. DRIFT measurement of La,S,(CN,).

measurement, which showed asymmetric stretching of the
[N=C=N]*" unit at 1951 cm ' and the bending vibration peaking
at 653 cm ™. The presence of smaller side-peaks is likely due to
a side-phase indicating the presence of another carbodiimide
species in the measured sample (Figure 4) that is not clearly
detectable in the XRD pattern (Figure 1).

For completeness, we have a look at local atom environ-
ments, shown in Figure 5. Lanthanum atoms are surrounded by
four sulfide ions and three carbodiimide ions in a sevenfold
environment. A similar environment is seen for lanthanum in
the structure of a modification of lanthanum sesquioxide.
A—type La,0; crystallizes in a hexagonal space group (P3m1)
and shows a close relationship with the given structure because
atoms in A-La,0; and La,S,(CN,) occupy similar centers of
gravity, although carbodiimide ions have different space
requirements. This analogy points out once more the resem-
blance between carbodiimide and chalcogenide ions.

1.2317(8) A

c1

Figure 5. Coordination environments in La,S,(CN,).
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Conclusions

Research on binary metal carbodiimides can be expanded to
the vast majority of metals of the PSE. Some limitations appear
for 3d carbodiimides, which tend to be unstable at elevated
temperatures. Additionally, for 4d and 5d elements, because
they can be reduced by [N=C=N]*", sometimes resulting in the
formation of nitride compounds. There is already a large
number of compounds with [N=C=N]*" ions (mostly carbodii-
mides) known and still many to be discovered when this
chemistry is extended to mixed-metal compounds and to
mixed-anion compounds. The new La,S,(CN,) represents the
first mixed-anion compound based on a sulfide-carbodiimide
that has been successfully synthesized through a conventional
and straightforward solid-state metathesis reaction of lantha-
num chloride, lanthanum sulfide, and Li,(CN,). The structure
resembles alternating layers, typical for the majority of
carbodiimides, and shows a close relationship to the structure
of La,0,C, when substituting (C,)*~ by [N=C=N]*".

Experimental Section

Synthesis

La,S,(CN,) was prepared from LaCl; (Sigma Aldrich 99,99 %),
Li,(CN,), and La,S; (Alfa Aesar, 99%) in 2:3:2 molar ratio (see
eq. (4)) with a total mass of approx. 250 mg. Li,(CN,) was prepared
according to a previously reported synthesis."¥ The reactants were
ground under argon in an argon-filled glove box and filled into
silica ampoules which were flame-sealed under vacuum. The
ampoule was heated to 670°C and remained at this temperature
for 72 h. After cooling to room temperature, the ampoules were
opened in the glove box. The metathesis salt (LiCl) was washed out
with dry ethanol under an argon atmosphere, leaving behind a
dark brownish crystalline powder. The X-ray powder pattern
indicates a high-yield product (>85%) after superposition with the
calculated pattern. Single crystals of La,S,(CN,) were obtained by
heating the reaction mixture with a LiCl/KCl flux (59:41) at a rate of
2 K/min to 650°C and maintaining the temperature for 200 hours,
followed by a cooling rate of 0.1 K/min. La,S,(CN,) behaves
sensitively in moist air.

Powder X-Ray Diffraction

The powder X-ray diffraction pattern was recorded on a well-
ground powder in the range 5<260 <120 using a StadiP diffrac-
tometer (Stoe, Darmstadt) with Ge-monochromated Cu-K,, radia-
tion and a Mythen 1 Detector.

Single-Crystal X-Ray Diffraction

Intensity data of single crystals of La,S,(CN,) were recorded on a
Rigaku XtalLAP Synergy-S single-crystal diffractometer, equipped
with a HyPix-6000HE detector and monochromatic Mo—Ko. radia-
tion. The measurement was performed under N, cooling at 100 K.
Corrections for absorption effects of the X-ray intensities were
applied with a numerical method using CrysAlisPro 1.171.42.70a
(Rigaku Oxford Diffraction, 2022).”' The structure was solved by
ShelXS (Sheldrick, 2008)?® The model was refined with ShelXT
2018/3 (Sheldrick, 2015)®” using full matrix least squares imple-
mented in Olex2 1.5-ac5-024 (Dolomanov et al., 2009).*®
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DRIFT (Diffuse Reflectance Infrared Fourier Transform)
Spectroscopy

Samples of La,S,(CN,) were measured at room temperature using a
Bruker Vertex 70 infrared spectrophotometer with a deuterated
triglycine sulfate (DTGS) detector and KBr beamsplitter. Diffuse
reflectance was employed with a Harrick Praying Mantis attach-
ment. The background spectra were collected using pure dried KBr
in powder form.
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Characterizing Gallium Dinitridocarbonates: A Focus on
LiGa(CN,),, Liy36Ga,s(CNy)qola, and SrGa,(CN,),

Albert T. Schwarz, Oleksander Kysliak, Klaus Eichele, Markus Strobele,

and H.-Jurgen Meyer*

This study describes the synthesis and characterization of three
new gallium dinitridocarbonates: LiGa(CN,),, Li;36Ga;s(CNy)iols,
and SrGa,(CN,);. These compounds are obtained through
solid-state metathesis reactions, demonstrating an efficient route
for the formation of dinitridocarbonate-based materials. The crys-
tal structures of LiGa(CN,), and Li;5¢Ga, g(CN,)q0l> are solved and
refined in the orthorhombic space groups /2,2,2;, and Imma,
respectively. The single-crystal diffraction study of SrGa,(CN,),
revealed the monoclinic space group P2,/c. All the compounds

1. Introduction

Group 13 nitride (llI-V) semiconductors have emerged as strong
candidates in a multitude of electronic and optoelectronic appli-
cations.”"’ For example, In,Ga,.,N alloys span band gaps ranging
from approximately 0.7 eV (InN)"? to 3.4 eV (GaN),® making this
material useful for light-emitting diodes and laser diodes.™”
Metal dinitridocarbonates, which are more commonly referred
to as carbodiimides (N=C=N)>" or cyanamides (N=C-N)*" have
been successfully established as salt-like compounds with a wide
range of metal atoms throughout the periodic table. The discovery
of new compounds in this class continues to expand. The synthesis
of group 13 metal carbodiimides has been demonstrated in previ-
ous studies. In 1995, the synthesis of Naln(CN,), was achieved
through a reaction of InBr and NaCN at 400 °C.”™! With the excep-
tion of In,,4(CN,);™ and TI,(CN,)," no other binary carbodiimide
comprising a group 13 metal has been reported to this date.
However, reactions also resulted in the formation of multinary
compounds, exemplified by ternary LIAI(CN,),.”" Another particu-
larly appealing category of compounds in the chemistry of
(NCN)*~ ions are tetracyanamidometallates, exemplified by
LiSr,[Ga(CN,),]1.® The structure of the [T(CN,),]"~ ion, where T

A. T. Schwarz, O. Kysliak, M. Strébele, H.-J. Meyer

Section for Solid State and Theoretical Inorganic Chemistry, Institute
of Inorganic Chemistry, Eberhard Karls University, Auf der
Morgenstelle 18, D-72076 Tiibingen, Germany

E-mail: juergen.meyer@uni-tuebingen.de

K. Eichele

Institute of Inorganic Chemistry, Eberhard Karls University, Auf der
Morgenstelle 18, D-72076 Tiibingen, Germany

© 2025 The Author(s). Zeitschrift fiir anorganische und allgemeine
Chemie published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

under consideration feature networks based on metal-centered
tetrahedral arrangements. The presence of lithium in the
compounds LiGa(CN,), and Li;36Ga,g(CN,)qol, is confirmed by
’Li magic-angle spinning nuclear magnetic resonance (MAS
NMR) spectroscopy. Infrared spectroscopy measurements indi-
cate the presence of carbodiimide and cyanamide units within
the compounds. Furthermore, the optical reflectance of the
air-stable compound SrGa,(CN,), has shown to be a wide gap
semiconductor.

represents a main group element including Al or Ga, can be
derived from the orthosilicate ion.®® Additionally, compounds
comprising a group 14 element, namely silicon or germanium,
have been identified: Tetracyanamidosilicate compounds
ARE[SI(CN,),] (A=K, Rb, Cs; RE = rare-earth element) are reported
to possess exemplary optical characteristics, including photolumi-
nescence and/or second harmonic generation, as well as remark-
able good stability in air."® The synthesis of these compounds has
previously involved the preparation of suitable mixtures of hexa-
fluorometallate salts, such as K,(SiFg) with RECI; and Li,(CN,), which
then undergo a reaction to produce KRE[SI(CN,),]. Recently, the
fundamental compounds Li4[Si(CN,),] and Li,[Ge(CN,),] were pre-
sented from reactions of Sil, or Gel, with Li,(CN,) at 500°C!""
Given the existence of tetracyanamidometallates with Al and
Ga, it seems reasonable to posit that the basic form of the respec-
tive metallates, such as Lis/Ga(CN,),] or LisfAI(CN,),], could also exist.
To this end, a series of reactions were conducted in the area, result-
ing in the synthesis of the three ternary gallium carbodiimides pre-
sented in this work.

2. Results and Discussion

2.1. Synthesis of LiGa(CN,),, Li;36Ga,s(CNs)qol, and
SrGa,(CN,),

Solid-state metathesis (SSM) reactions have been demonstrated to
be an efficient method for the synthesis of several metal dinitrido-
carbonates.!'? This approach offers numerous advantages, includ-
ing a rapid reaction, moderate heating requirements, and an
option to prepare thermally labile compounds or even refractive
materials. Hence, a diverse range of new compounds and materials
may be prepared using this way of synthesis."® The majority of
metal carbodiimides were synthesized through the reaction of
metal trihalides with Liy(CN,). Li,(CN,) is a good carbodiimide
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source having a high thermal stability. However, other carbodii-
mide sources like Nay(CN,) or K»(CN,) may be used instead.” 411!
The new compounds LiGa(CN,), and Li;36Ga,g(CN,)q0l, were syn-
thesized by SSM reactions from mixtures of GaCl; or Gal; and
Li,(CN,) following Equation ((1) and (2)). SrGa,(CN,), was obtained
from a mixture of SrCl,, GaCl;, and Na,(CN,) following Equation (3).
See the experimental section for more details.

GaCl, + 2 Li,(CN,) — LiGa(CN,), + 3 Lil (1)
2.8Galy + 10Liy(CN,) — Liys 6Gay5(CNy) ol + 6.4 Lil 2)
2 GaCl; + SrCl, + 4 Na,(CN,) — SrGa,(CN,), + 8 NaCl (3)

The compound LiGa(CN,), was obtained as a white powder.
Li;36Gazs(CN,)q0l, was synthesized as a white-grayish powder

1600

RESEARCH ARTICLE

with the presence of an unknown side-phase. It was observed
that both compounds exhibit a high degree of sensitivity to
moist air. SrGa,(CN,), was successfully synthesized by SSM and
obtained as a crystalline, grayish-white powder. Following a
five-day exposure to air and subsequent inspection via X-ray
diffraction, it was observed that the compound remained
unchanged in the presence of air. All three compounds were
obtained as crystalline powder in high yields, as represented with
their X-ray powder-diffraction patterns displayed in Figure 1-3.
Some crystallographic data are summarized in Table 1. Further
details of the crystal-structure investigations may be obtained
from the Fachinformationzentrum  Karlsruhe, D-76,344
Eggenstein-Leopoldshafen, Germany, on quoting the depository
numbers given in Table 1.
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Figure 1. X-ray powder diffraction pattern of LiGa(CN,), (blue) in comparison to the calculated pattern and Bragg reflections (both red)

from single-crystal refinement data.
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(both red) from single-crystal refinement data.

Table 1. Crystal and structure refinement data.
Empirical formula Li136Gaz8(CNy)qol2 SrGa,(CN,),4 LiGa(CN,),
CCDC code 2250452 2321110 2245222
Formula weight [g mol™] 942.76 387.18 156.68
Crystal system orthorhombic monoclinic orthorhombic
Space group Imma P2,/c 12,22,
Unit cell dimensions [A] a=9.1235(3) a = 10.4444(5) a=8.7490(3)
b=12.9465(4) b=13.1942(5) b=16.3146(5)
c=10.8785(3) c=6.5215(2) c=8.6435(3)
Volume [A%] 1284.94(7) 872.52(6) 1233.75(7)
4 2 4 12
Wavelength [A] 1.54184 0.71073 0.71073
Radiation type Cu-K, Mo-K, Mo-K,
T/K 150 200 130
Density (calculate [g cm™3]) 2437 2.947 2.531
Absorption coefficient [mm™'] 22.703 12.196 6.520
Final R indices (I > 24(l)) R, =0.0287, wR, = 0.0694 R, =0.0476, wR, =0.1188 R, =0.0140, wR, = 0.0391
R indices (all data) R, =0.0289, wR, = 0.0695 R, =0.0490, wR, =0.1192 R, =0.0144, wR, = 0.0393
GooF 1.272 1.409 1.082
Flack - - 0.01(2)
Largest Peak 0.936 1.695 0.397

2.2. Crystal Structures
2.2.1. LiGa(CN,),

The crystal structure of LiGa(CN,), was solved and refined by
single-crystal X-ray diffraction with the orthorhombic space
group 12,2,2, and contains two crystallographically distinct Ga,
four Li positions and, four carbodiimide groups. The asymmetric
unit contains 1 1/2 formula units. The lithium position Li1 is fully
occupied, while the other positions show partial occupancies
(Li2 =34.3%, Li3 =28.7%, and Li4 = 17.6%), revealing a lithium
disordering within channels of the structure along the c-axis
(see Figure 4). All lithium positions (including Li1) were restraint
to yield one lithium ion per formula unit. In contrast to the

previously published compound LiSr,[Ga(CN,),]® no evidence
of mixing between lithium and gallium positions was found.
The overall crystal structure of LiGa(CN,), includes a network
of Ga- or Li-centered tetrahedra, some of which are corner-linked
via nitrogen atoms of (NCN)>~ units (Figure 5) with Ga—N bond
lengths ranging from 1.883(2) to 1.930(2) A and Li—N bond
lengths ranging from 1.93(2) to 2.30(2) A. Furthermore, the net-
work contains four distinct (NCN)?~ units, which are surrounded
by lithium and gallium ions in different ways (Figure 6). It is well
known in the chemistry of dinitridocarbonates that the geometry
of the (NCN)>~ ion very much depends on whether it is coordi-
nated symmetrically to appear as carbodiimide, or asymmetrical
to appear as cyanamide. The carbon atoms C1 and C2 are situated
on a twofold rotation axis and represent the carbodiimide unit
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Figure 4. The unit cell of the LiGa(CN,), with the disordered
lithium ions in channels along the c-axis.

Figure 5. Section of the structure of LiGa(CN,),, showing the tetra-
hedral environments of the lithium and gallium atoms. Here Li is
gray, Ga turquoise, C black, and N blue.

N5 N2 N3
1.227(2) A 1.223(2) A
cie P co 7P ¢3
N5 N2
¢ ¢ ¢

Figure 6. Coordination environments and C—N bond lengths of
four distinct (NCN)?~ ions in the structure of liGa(CN,),. Lithium
ion positions (gray spheres) marked with *) represent average
positions of disordered lithium ions (Li2, Li3, and Li4).

*) *)

1.1733) A N 1.174(3) A

1.292(3) A 1.286(3) A
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with their respective nitrogen atoms (see Figure 6). Conversely,
the dinitridocarbonate groups based on C3 an C4 are surrounded
by lithium atoms and gallium on opposite N-atoms of the
(NCN)*~ ion and represent the cyanamide unit. To facilitate
comprehension, one of the respective lithium positions (marked
with *) is shown as an average of the respective Li2, Li3, and Li4
positions. The carbodiimide units (C1 and C2) with NCN bond
angles of 179.7(3)° and 173.7(4)° are showing bond lengths
of dej—ns=1.227(2) and de—no = 1.223(2) A. The two (NCN)*~
units (C3 and C4) include NCN bond angles of 177.1(3)° for
(N4-C3-N3) and 177.6(3)° for (N6-C4-N1) and exhibit bond
lengths of des_na=1.292(3) A; des_ns=1.173(3) and dcsni=
1.286(3) A and dcs_ns = 1.174(3) A, close to the cyanamide shape
in H,CN, (1.15 and 1.31 A).1"®

2.2.2. SrGa,(CN.),

SrGa,(CN,), appears as colorless crystals that crystallize in the
monoclinic space group P2,/c, with relevant crystal data presented
in Table 1. The structure contains one crystallographically indepen-
dent Sr and two different sites for Ga ions. Coordination numbers
of the strontium ions are seven, and of the gallium ions are four,
represented by a trigonal prism (ds,._n=2.621(9)-2.697(9) A)
mono-capped by one nitrogen atom (ds_n=2.97(1) A) and a
tetrahedral environment with nitrogen atoms of (NCN)? units
(dgan=1.81(1)-1.936(8) A) shown in Figure 7.

Metal ions in the network structure of SrGa,(CN,), are con-
nected through five crystallographically independent (NCN)*~
units. The (NCN)?~ units including N1-C1-N2, N3-C2-N4 and
N5-C3-N6 are coordinated by two Ga*" on one end and two
Sr*" cations on the other, introducing a cyanamide-like pattern
of (NCN)>~ ions. The units N7-C4-N7 and N8-C5-N8 are sur-
rounded symmetrically by one Ga*" and one Sr*™ on each nitro-
gen atom (Figure 8). The respective (NCN)?~ units can be referred
to as three cyanamide ions with C—N bond lengths ranging from

Figure 7. Unit cell of SrGa,(CN,), showing network of Ga** and
Sr** cations interconnected via carbodiimide bridges.
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Figure 8. Coordination environments of each crystallographically
independent (CN,)?>~ ion in the structure of SrGa,(CN,),.

1.18(1) to 1.30(2) A and two carbodiimide ions exhibiting typical
N=C=N bond lengths of 1.210(9) and 1.26(1) A" The bond
angle of the cyanamide units include a range from 175.4(1)° to
178.6(1)°. Bond angles of the carbodiimide units are at 180°.

The crystal structure of SrGa,(CN,), is based on tetracyanami-
dometallate units which have been described in the introduction
part. The crystal structure of LiBa,[AI(CN,),] contains isolated tet-
racyanamidoaluminate ions, whereas the structure of SrGa,(CN,),
is based on chains of condensed tetracyanamidogallate ions of
the type -Ga-NCN-Ga-NCN- running through the structure
(Figure 7).82

223 Li13.6Gaz.8(CN2) 10’2

The crystal structure of Li 3 6Ga,g(CN,);ol, was solved and refined
on a colorless single crystal by single-crystal X-ray diffraction with
the orthorhombic space group Imma, with relevant crystallo-
graphic data presented in Table 1.

The structure contains five distinct cation positions, all linked
via carbodiimide units. Two of these positions are refined as
shared Li1/Gal and Li2/Ga2 positions (with 24% Li for position
Li1 and 46% Li for position Li2), and the remaining three positions
are occupied by lithium ions (Li3, Li4, Li5). In order to ensure
charge neutrality, lithium positions Li3 and Li4 are partially occu-
pied with 95% and 32%. It is evident that the ionic radii
(Shannon)™® of the Li/Ga couple (59/47 pm for coordination
number 4) are close, and that they share the same preference
for a tetrahedral coordination environment. Consequently, a
mixed occupation between lithium and gallium is observed in
the compound. A corresponding mixed occupation for lithium
and gallium was also described in LiSr,[Ga(CN,),].¥' The overall
structure of Li;36Ga,g(CNy)q0l, can be described as a layered
arrangement in which a layer of (NCN)?~ ions alternates with a
layer of metal ions (Figure 9) which is very common for the
majority of metal dinitridocarbonates. Three out of five lithium
positions in the structure (Li1-Li3) are surrounded by (NCN)*~ ions
in tetrahedral arrangements with Li-N distances ranging from
1.968(4) to 2.079(5) A. The environment of Li4 and Li5 is different:
Li5 has only three nitrogen neighbors (d;_y = 2.07(1)-2.104(7) A

RESEARCH ARTICLE

L.

Figure 9. Layered arrangement in the crystal structure of
Liy36Gaz.8(CNo)1ol>.

and Li4 is situated in a side-on coordination to a cyanamide ion at
a longer distance (d._y = 2.46(5) A) due to the repulsive interac-
tions with the central carbon atom. (Figure 10). Further-
more, the Li-l distances range from 2.804(1) to 2.85(5) A.

The crystal structure refinement revealed three independent
carbodiimide units surrounded by lithium and gallium in a nearly
trigonal prismatic coordination environments (Figure 11). Due to
the symmetrical arrangement imposed by the symmetry ele-
ments (mirror plane cutting through C1 and C2 and a twofold
rotation-axis in C3), all three (NCN)>~ units are showing identical
C—N bond lengths, ranging between 1.219(6) A and 1.227(4) A,
including bond angles for N1-C1-N1 of 176.0(7)°, N2-C2-N2 of
179.0(1)°, and N3-C3-N3 of 176.0(1)°.

Figure 10. A section of the metal carbodiimide layer in the struc-
ture of Li;36Ga,s(CN,)qol, with highlighted Li1/Ga1, Li2/Ga2, and
Li3 tetrahedra, with lithium ions shown in gray color and iodide in
violet.
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Figure 11. Three crystallographically independent carbodiimide 0.65
units in the compound Li;36Ga;g(CNy)qls.
. 0.60 -
2.3. Infrared Studies

4000 ' 35|00 ' 30100 ' 25100 ' 20100 ' 1&')'00 ' 10100 I
The infrared spectrum of LiGa(CN,), (Figure 12) displays the char-
acteristic features of both, carbodiimide and cyanamide units.
The asymmetric stretching of the units is divided into two signals,
with their center at 2035 and 2148 cm™', respectively. The sym-
metrical stretching vibrations in the range of 1249 and 1181 cm ™'
can be assigned to the cyanamide units present in the com-

Wavenumber in cm’™

Figure 13. Infrared spectrum of the compound Li;36Ga,g(CN,)q0l,.

pound. The bending vibrations of the units are in a range from SrGa,(CN,),
754 to 598 cm™". In the crystal structure of Liy36Gass(CNo)qola, 0.85 1
three crystallographically distinct carbodiimide units are 0.80 -
observed. In accordance with the symmetry description provided g

in the crystallographic section, the infrared spectrum (Figure 13) é 0.75
exhibits the anticipated asymmetric vibrations at 2122 and i=

2033 cm™', the deformation vibrations at 708 and 637 cm™’ § 0.70 ~
which are characteristic of such carbodiimide units. The presence E G
of additional bands can be attributed to the commencement of '
hydrolysis of the compound, a process that occurred during the 0.60 -
measurement due to the presence of relative humidity and an as

yet unidentified secondary phase, indicating the presence of 0.55

other cyanamide.

The IR spectrum of SrGa,(CN,), (Figure 14) exhibits a promi-
nent band at 2125 cm™', which can be attributed to the stretch-
ing vibrations of the (NCN)?~ units. Additionally, there are several
bands at 1275, 1246, and 1194 cm ™" which can be assigned to the

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Figure 14. Infrared spectrum of the compound SrGa,(CN,),.

symmetrical stretching vibrations for the three independent crys-
tallographic cyanamide units in the compound. The bands at

090 781, 750, 737, and 692 cm ' are indicative of bending vibrations
LiGa(CN,), of the (NCN)?~ units. Table 2 offers a summary of relevant vibra-
0.75 1 tion frequencies of the reported compounds in comparison with
other cyanamide and carbodiimide compounds.
g 0.60 -
£ 2.4. Solid-State NMR
§ 0.45
s The ’Li MAS nuclear magnetic resonance (NMR) spectrum of
= 0.30 LiGa(CN,), consists of one relatively sharp (Av=390Hz) and
intense isotropic peak at 0.3 ppm, flanked by weaker spinning
0.15 sidebands spaced at integral multiples of the spinning frequency
(Figure 15, upper trace). While the strong isotropic peak arises
0.00 : : : : : : mainly from the central transition of the spin-3/2 ’Li nucleus,
4000 3500 3000 2500 2000 1500 1000 the spinning sidebands are associated with the satellite transi-
Wavenumber in cm™ tions and reflect the quadrupole interaction of the ’Li nuclear
quadrupole moment with the electric field gradient (EFG) at
Figure 12. Infrared spectrum of the compound LiGa(CN,),. the lithium site® An exception are the first-order spinning

Z. Anorg. Allg. Chem. 2025, 00, 202500085 (6 of 9)  © 2025 The Author(s). Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH

2SUQDIT SUOWIW0)) dA1ea1) d[qeardde ayy Aq pauraAoS a1e so[onIe Y() {asn JO SA[NI 10§ AIRIQIT SUI[UQ) A[IAY UO (SUOHIPUOD-PUE-SULID} W0 KA[IM ATeIqT[aul[uo//:sdny) suonipuoy) pue sua [, ay1 23S "[$707/60/LZ] uo Areiqi auruQ Aaip\ ‘uaSuiqn [ Yoyorjqiqsjensioatun £q §8000$70Z 98ez/Z001 0 1/10p/wod Aa]im Aeiqrjaurfuo//:sdny woij papeoy



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

RESEARCH ARTICLE

Table 2. Overview of vibrational frequencies of the described compounds in comparison to selected carbodiimides and cyanamides.
Compound Vas [cm™] v [em™] o [em™]
LiGa(CN,), 2035, 2148 1249, 1181 754, 722, 668, 641, 598
Li;36Gazs(CNy)qol2 2122, 2033 - 708, 637
SrGa,(CN,), 2125 1275, 1246, 1194 781, 750, 737, 692
Pb,ls(CN,),2® 1900 - 630
Pb(CN,)® 2000 1215, 1305 643
Tl,(CN,)™ 1851 - 632
Li4[Si(CN,), ] 2102, 2193 1310 621
not very sensitive to the chemical environment but differ clearly
from Lil, 6(Li)=—43ppm, a potential contaminant?" For
that purpose we also acquired the '¥I MAS NMR spectrum
of Li;36Gass(CNy)iol,, because the 71 NMR signal of Lil at
‘ ‘ 411 ppm is very easy to detect. However, no signal was observed.
y easy
M \ The observation of '¥I NMR signals for iodine in noncubic situa-
| ‘ | ‘ \ tions succeeds rarely, because the '¥’I quadrupole coupling con-
LiGa(CN,), N il x5 stant can amount to several hundreds of MHz.*?
,wr_““'ul‘ L
2.5. Band Gap Determination
|
l | In the pursuit of predicting the photophysical and photochemi-
cal properties exhibited by a material, the determination of
‘ “ its band gap constitutes a pivotal point. This parameter is
‘ | M [ frequently cited in discourse pertaining to the photocatalytic
(l |, properties of semiconductors. The stability of SrGa,(CN,), in
LitgsGars(CNo)ioly || | . x5 air, in conjunction with its straightforward synthesis, positions
"l ‘v., ‘ this compound as a promising candidate for wide band gap
————————— i — semiconductor material. Consequently, the Tauc plot formalism

1000 500 0 -500 -1000

Figure 15. Lithium-7 MAS NMR spectra of LiGa(CN,), and
Li136Ga»s(CN,)0l, obtained at 7.05 T and a spinning rate of 4 kHz.

sidebands, which are also affected by direct dipolar interactions,
mostly of the homonuclear kind.?”

The “Li MAS NMR spectrum of Liy36Ga,g(CN,)iols is similar
(Figure 15, lower trace), but the spinning sidebands cover a wider
range around the isotropic peak at 0.0 ppm (Av=810Hz). For
both compounds, the envelope of spinning sideband intensities
is close to a Gaussian distribution, indicating that several lithium
sites contribute to the ’Li MAS NMR spectrum, in agreement with
the results of the X-ray diffraction results. In the case of
LiGa(CN,),, the Li1 position is fully occupied and contributes most
(67%) to the “Li MAS NMR spectrum. Independent of the asym-
metry parameter of the EFG tensor, the separation of the outer-
most spinning sidebands corresponds for a spin-3/2 nucleus to
the greatest quadrupolar coupling, y =140 kHz. The situation
is more complicated for Li;36Ga, g(CN,)10lo, because there are five
different lithium positions with different occupation numbers and
multiplicities, so that five different positions with relative contri-
butions of 5%-30% contribute almost equally to the “Li NMR
spectrum. The separation between the outermost spinning side-
bands amounts to y = 196 kHz. Both compounds demonstrate
with their very similar chemical shifts that the ’Li nucleus is

was employed for the experimental determination of the band
gap. The absorption coefficient was obtained from the Kubelka-
Munk relation.

(1-R.)

= @

a
FR)=5="2z

R.. is defined as the reflectance of an infinitely thick sample,
while a is the absorption coefficient and S is the scattering coef-
ficient. In the case of particle sizes that exceed the wavelengths
employed in the measurement process, the scattering coefficient
is regarded as being approximately frequency-independent and
therefore the F(R..) = a. Consequently, F(R..) can be utilized as a
‘pseudo-absorption coefficient’ .

The optical band gap was determined by employing the Tauc
method in accordance with the following relationship:

(a-hv) = A(hv—E,) (5)

where o is the absorption coefficient, hv is the photon
energy, h is the Planck constant, and A is a material-related
constant. In the case of a direct allowed bandgap transition,
p=1/2; for an indirect allowed bandgap transition f=2.
Substituting the previously derived relationship for the absorp-
tion coefficient in this particular equation results in the subse-
quent equation¥

(F(R..) - hv)i = A(hv — E,) (6)
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Figure 16. Tauc plot of SrGa,(CN,), for indirect band gap fitting
(black) along with the linear extrapolation (red) for the determina-
tion of the optical band gap.
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Figure 17. Tauc plot of SrGa,(CN,), for direct band gap fitting
(black) along with the linear extrapolation (red) for the determina-
tion of the optical band gap.

The value of the band gap was determined by the intersec-
tion between the energy axis at the absorption offset and the line
extrapolated from the linear part of the absorption edge in the
diagram of (F(R..) - hv) against E. The Tauc plot analysis resulted
in an indirect band gap of 3.04eV and a direct band gap of
3.30 eV for SrGa,(CN,),. (Figure 16 and 17).

3. Conclusions

This study presents the synthesis and characterization of
three ternary gallium carbodiimides. The formation of these

compounds was enabled by SSM reactions under optimized con-
ditions, thereby demonstrating the efficacy of this approach.
Structural analysis through single-crystal XRD revealed distinct
crystallographic arrangements, including tetrahedral and layered
configurations, thus highlighting the diverse bonding environ-
ments of strontium, gallium, and lithium in carbodiimide frame-
works. Infrared spectroscopy (IR) confirmed the presence of
characteristic carbodiimide and cyanamide units. One compound
prepared is SrGa,(CN,),;, which has been shown to behave stable
under ambient conditions and is showing a band gap in the order
of 3eV.

This study contributes to the expanding field of main group
metal carbodiimides and opens up further opportunities to
explore their optical and electronic properties. The development
is still ongoing. Generally, metal dinitridocarbonates have dem-
onstrated the capacity to act as semiconductors, exhibiting the
potential for luminescence, function in lithium batteries, or dis-
play photocatalytic properties.

4. Experimental Section

Preparation of LiGa(CN,),: Li,(CN,)*' and GaCl; (Alfa Aeser 99.999%)
were mixed in a molar ratio of 2:1 within an argon atmosphere (total
mass ca. 200 mg) and subsequently filled in an evacuated quartz
glass ampoule. The reaction mixture was heated at a rate of
2Kmin~' to a temperature of 525 °C. Following a holding period
of 15 h, the mixture was cooled again at the same rate to room tem-
perature. The resulting powder was white in color and contained
both the novel compound LiGa(CN,), with a yield of over 95% (with
respect to Ga) and the metathesis salt, LiCl, which was removed from
the crude product by washing it with dry methanol using the stan-
dard Schlenk technique.

Preparation of Li;36Ga,s(CN,)iol2: A molar ratio of 2.8:10 of Gals
(Sigma-Aldrich, 99.99%) and Li,(CN),”**" was prepared and sealed
in a dry box under argon. The mixture was then charged with a total
mass of 200 mg into a quartz tube and flame-sealed under vacuum.
The quartz ampule was placed vertically in a carbolite chamber oven
and heated to 470 °C at a rate of 2 Kmin~", where it was maintained
for 20 h.The oven was then cooled to 25 °C at a same rate resulting in
the formation of the compound as a grayish powder with a yield of
90% (with respect to Ga). Lil, which is formed as a by-product, was
removed by washing the crude product with acetonitrile using the
standard Schlenk technique.

Preparation of SrGa,(CN,);: A mixture of SrCl, (Alfa Aesar, 99.5%),
GaCls(Alfa Aeser 99.999%), and Na,(CN,)?® in a molar ratio of 1:2:4
was prepared by grinding the components together. The resulting
homogeneous mixture (total mass ca. 200 mg) was transferred into
a quartz ampoule and sealed under vacuum. The ampoule was
placed into the oven and heated at 550 °C for 72 h, with a heating
and cooling rate of 1Kmin~'. Subsequently, the ampoule was
opened in the glove box, and the product was analyzed by X-ray
powder diffraction. The yield of the product is 95% (with respect
to Ga). The metathesis salt NaCl was removed by washing the crude
product with dry methanol.

Single-Crystal X-Ray Diffraction (XRD): Single-crystal XRD studies
were performed using a Rigaku XtaLab Synergy-S diffractometer with
monochromatic Cu—Ka (4 = 154.0598 pm) and Mo Ka (A = 71.073 pm)
radiation and a mirror monochromator. Measurements were con-
ducted under N, cooling. Crystal structure refinements and solutions
were performed with direct methods (SHELXS) and least square refine-
ments of F.
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Powder XRD: The powder samples were analyzed using an X-ray
powder diffractometer (STOE Darmstadt, STADI-P, Ge-monochroma-
tor) with Cu-Ka, radiation (A =154.0598 pm) in the 26 range of
5°-120°.

Infrared Spectroscopy: IR spectra were recorded using a VERTEX
70 FT-IR Spectrometer in the range of 400-4000 cm~' using KBr pel-
lets. Samples were prepared in a glove-box under argon atmosphere
(Sh.

Solid-State NMR: Solid-state magic-angle spinning (MAS) NMR spec-
tra were obtained at 7.05 T on a Bruker Avance Ill HD spectrometer
with a 300 MHz wide-bore magnet equipped with a double-bearing
broad-band cross-polarization/MAS probe head, operating at
116.642 MHz for ’Li and 60.048 MHz for '*’I. Powdered samples were
packed in a glove box into 4 mm (0.d.) zirconia rotors and spun at the
magic angle at a spinning rate of 4000 Hz. Spectra were acquired
after single-pulse excitation for “Li using a 1.0 us pulse (solution
30°). The “Li MAS NMR spectra were simulated using the sola module
of Bruker TopSpin 4.4.1. Referencing against 38.863796% (’Li) or
20.007486% ('#1)*” was achieved by the substitution method: an
external sample of CHCl; in acetone in a zirconia rotor was spun
at 1.5kHz and the external magnetic field was adjusted such that
the 'H chemical shift of CHCl; matched a predetermined chemical
shift wrt. external 1% TMS in CHCls.

UV-Vis in Diffuse Reflectance: The reflectance spectra were recorded
on an OceanOptics Maya 2000 Pro spectrometer equipped with a
Harrick praying mantis sample chamber. The light source employed
was a deuterium tungsten lamp (DH 200 BAL) from OceanOptics. The
measurement was carried out with the following settings: scan to
average = 80, boxcar width =10 and integration time =300 milli s,
using OceanView 1.6.7 (lite) software from OceanOptics.
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Table S2: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for Li13.6Gaz.s(CN2)1ol2. Ueq is defined as 1/3 of the trace of the orthogonalised U

Atom X y zZ Ueq
11 b7 % 0.61397(6) 20.7(2)
Gal 34 0.6449(2) Ya 11.8(8)
Ga2 0.7556(2) % Y2 10.6(5)
N1 0.8656(4) 0.6074(3) 0.5887(3) 18.3(8)
N2 0.6341(5) 0.5489(3) 0.3564(4) 26(1)
N3 0.8665(6) % 0.3446(5) 21(1)
C1 0 0.6043(5) 0.5872(5) 13(1)
C2 b7 0.5488(5) 0.3574(5) 13(1)
C3 0 % 0.341(1) 31(3)
Lil £ 6449(2) Ya 11.8(8)
Li2 0.7556(2) 3 Y2 10.6(5)
Li3 £ 0.579(1) 4 40(3)
Li4 0 % 0.148(5) 21(9)
Li5 0.788(1) % 0.523(1) 21(2)

Table S2: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for SrGaz(CNz)a. U is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y z Ueq
Srl -0.1159(1) 0.35648(8) 0.0682(1) 20.8(3)
Gal 0.3926(1) 0.27877(8) 0.4136(2) 11.7(3)
Ga2 0.2703(1) 0.44189(8) 0.6940(2) 14.8(3)
N1 0.4861(8) 0.2528(7) 0.199(1) 17(2)
N2 0.7280(9) 0.2518(8) 0.268(1) 27(2)
N3 0.2490(8) 0.1879(6) 0.318(1) 16(2)
N4 0.0300(9) 0.2385(8) 0.354(1) 28(2)
N5 0.3167(9) 0.4098(7) 0.431(1) 21(2)
N6 0.138(1) 0.4671(9) 0.129(2) 41(3)
N7 0.1064(9) 0.5107(7) 0.622(1) 22(2)
N8 0.387(1) 0.5165(9) 0.884(2) 56(3)
C1 0.612(1) 0.2535(7) 0.237(1) 15(2)
C2 0.132(1) 0.2138(8) 0.336(2) 19(2)
C3 0.228(2) 0.4405(9) 0.271(2) 36(3)
C4 0 Y Y 16(3)

cs 1, Y 0 36(4)



Table S3: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for LisGa(CNz)4. U is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y zZ Ueq
Gal 0.3010.9(3) 0.83158(2) 0.74440(3) 7.53(7)
Ga2 0 % 0.55113(4) 4.89(8)
N1 0.4468(3) 0.8419(1) 0.5746(3) 7.8(4)
N2 0.1898(3) 0.9278(1) 0.7871(3) 10.6(4)
N3 0.1898(3) 0.6056(1) 0.8153(3) 12.5(4)
N4 0.1756(2) 0.7396(1) 0.6845(2) 7.8(4)
N5 0.4221(3) 0.8125(1) 0.9264(2) 8.6(4)
N6 -0.0552(3) 0.0198(1) 0.0460(3) 14.5(5)
C1 Vs % 0.9268(3) 4.2(5)
C2 0.1976(3) 0 4 3.6(5)
C3 0.1857(2) 0.6700(1) 0.7552(3) 5.8(4)
C4 0.5053(3) 0.9137(1) 0.5574(3) 6.7(4)
Lil 0.0108(7) 0.9132(3) 0.9481(7) 18(1)
Li2 0.294(2) % % 4(2)
Li3 -1 0.965(1) 0 4(2)

Li4 0.236(2) 0.508(2) 0.646(3) 4(2)



Picture S1: Drawing of the anisotropic displacement parameters of the N5-C1-N5 unit in
LiGa(CNy2)2. Ellipsoids drawn with 99 % probability.
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Picture S2: Drawing of the anisotropic displacement parameters of the N2-C2-N2 unit in
LiGa(CNy2)2. Ellipsoids drawn with 99 % probability.
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Picture S3: Drawing of the anisotropic displacement parameters of the N3-C3-N4 unit in
LiGa(CNy)2. Ellipsoids drawn with 99 % probability.
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Picture S4: Drawing of the anisotropic displacement parameters of the N1-C4-N6 unit in
LiGa(CNy2)2. Ellipsoids drawn with 99 % probability.
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Picture S5: Drawing of the anisotropic displacement parameters of the N1-C1-N2 unit in
SrGax(CNz2)4. Ellipsoids drawn with 75 % probability.
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Picture S6: Drawing of the anisotropic displacement parameters of the N3-C2-N4 unit in
SrGaz(CN2)4. Ellipsoids drawn with 75 % probability.
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Picture S7: Drawing of the anisotropic displacement parameters of the N5-C3-N6 unit in
SrGax(CNz2)4. Ellipsoids drawn with 75 % probability.
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Picture S8: Drawing of the anisotropic displacement parameters of the N7-C4-N7 unit in
SrGaz(CN2)4. Ellipsoids drawn with 75 % probability.
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Picture S9: Drawing of the anisotropic displacement parameters of the N8-C5-N8 unit in
SrGaz(CN2)s. Ellipsoids drawn with 75 % probability.
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Picture S10: Drawing of the anisotropic displacement parameters of the N1-C1-N1 unit in
Li13.6Gazs(CN2)10l2. Ellipsoids drawn with 75 % probability.
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Picture S11: Drawing of the anisotropic displacement parameters of the N2-C2-N2 unit in
Li1z.6Gaz.s(CN2)1ol2. Ellipsoids drawn with 75 % probability.

Li3 Li1

Li1

Lis @,

Picture S12: Drawing of the anisotropic displacement parameters of the N3-C3-N3 unit in
Li13.6Gaz.s(CN2)10l2. Ellipsoids drawn with 75 % probability.
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The present study reports the synthesis, crystal structure, and electronic properties of the lead—oxide—-

iodide—carbodiimde PbgOy4l¢(CN,). The n-type semiconducting compound was obtained via ceramic

method from Pbl,, PbO and Pb(CN,), yielding an air stable, dark yellow crystalline material. Single-crystal
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Introduction

Over the past decades, the chemistry of metal dinitridocarbo-
nates—commonly referred to as carbodiimides ((N—=C=N)>")
or cyanamides ((N-C=N)*")—has become a dynamic field in
solid-state chemistry. This interest is driven by the discovery of
structurally diverse compounds exhibiting notable luminescent,'
magnetic,”*° and electronic properties."* ™ Due to their isolo-
bal relationship with chalcogenide anions (0*>~, $*>7), dinitrido-
carbonate units can be considered to replace oxide and sulfide
anions, enabling the rational design of carbodiimide or cyana-
mide-based analogues of established oxide and sulfide struc-
tures. The electron distribution within the (NCN)>~ unit is
strongly influenced by the nature and arrangements of sur-
rounding metal atoms. The carbodiimide shape is preferred by
hard cations, while the cyanamide form is typically stabilized
by softer cations, as anticipated by Pearson’s HSAB concept.'*
Dinitridocarbonates based on group 14 elements—including
silicon, germanium, tin, and lead—display a wide range of
structural patterns and functional properties. These com-
pounds often form extended frameworks composed of
tetrahedral or octahedral coordination polyhedra, with the
(NCN)*~ ligand connecting multiple metal centres."””
Tetracyanamidometallates of the type [M(CN,),]"~ (M = Si, Ge)

“Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, University Tibingen, Auf der Morgenstelle 18, 72076 Tiibingen, Germany.
E-mail: juergen.meyer@uni-tuebingen.de

bDepartment of Chemical Engineering, FH Miinster University of Applied Science,
StegerwaldstrafSe 39, 48565 Steinfurt, Germany

“Chair of Inorganic Chemistry, University of Wuppertal, GaufistrafSe 20,

42119 Wuppertal, Germany
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X-ray diffraction revealed the monoclinic space group C2/c featuring a heterocubane-type [PbsO4] motif
interconnected by iodide bridges and (NCN)?~ units. The optical properties were characterized by diffuse
reflectance UV-Vis spectroscopy, Mott—Schottky analysis, and photoluminescence spectroscopy, provid-
ing insights into the electronic structure.

resemble a tetrahedral environment of M atoms, as can be
derived from the orthosilicate ion. These compounds are
notable for their pronounced photoluminescent properties,
second-harmonic generation (SHG) activity, and exceptional
thermal as well as hydrolytic stability."*>* Tin-based carbodii-
mides such as Sn(CN,) and Sn,0O(CN,) exhibit semiconducting
behavior with band gaps near 2.0 eV, and have been investi-
gated as potential materials for energy storage applications,
including as electrodes in conversion-type batteries.>*° Lead-
based carbodiimides display even greater structural complex-
ity. Compounds such as Pb(CN,), APb,Cl;(CN,) (A = Li, Na, Ag)
form extended three-dimensional frameworks consisting of
Pb-polyhedra—ranging from trigonal bipyramids and octa-
hedral to more complex arrangements—interconnected by
halide and carbodiimide ligands.?”?® In Pb,I5(CN,),,
several Pb-based structural motifs coexist within a layered
crystal structure, giving rise to semiconducting behavior
with an indirect optical band gap of approximately 2.4 eV.
Furthermore, this compound exhibits green photo-
luminescence at 77 K. Such mixed-anion compounds provide
an additional degree of freedom in materials design. In a
recent review, Kageyama et al. summarized the progress on the
synthesis and electronic structure for this class of com-
pounds.”*® Interestingly, the 6s® lone-pair of Pb*>" in many
carbodiimide-containing compounds appears to be stereoche-
mical inactive or structurally suppressed. By contrast, the influ-
ence of the 6s® lone pair becomes prominent in Pb-O-based
cluster-like or oxide halide compounds,*® where low coordi-
nation numbers allow its expression. In such systems, Pb>*
often adopts pyramidal [PbOs] coordination, resulting in dis-
tinct distortions from ideal geometries. A characteristic
example is the occurrence of heterocubane-type [Pb,O,] units

Dalton Trans.
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—comprised of four Pb*" cations and four bridging oxide ions
—found in various oxide halides. These building units, charac-
terized by pseudo-tetrahedral geometries and lone-pair-
induced distortions, constitute a structurally versatile motif
within Pb** coordination chemistry. In this context,
PbgO,I4(CN,) represents the first structurally characterized
dinitridocarbonate compound with a heterocubane-type
[Pb,0,] unit, wherein the stereochemically active 6s> lone pair
of Pb** influence on the local coordination
environment.

exerts an

Results and discussion
Synthesis of PbgO,I5(CN,)

Although solid-state metathesis (SSM) reactions involving
Li,(CN,) or Na,(CN,) have proven to be efficient and effective
methods for the synthesis of a wide range of dinitridocarbo-
nates,’® the ceramic method,** was employed for the prepa-
ration of PbgO,4I4(CN,). This approach involves the homogeniz-
ation and mechanical grinding of the starting materials Pbl,,
PbO, and Pb(CN,) in a stoichiometric ratio of 3 :4:1 according
to reaction (1). The resulting mixture is then subjected to elev-
ated temperatures, yielding PbgO,I4(CN,) as a dark yellow
powder in high yield. Minor amounts of elemental lead were
detected as a side-phase (Fig. 1). Powder XRD confirmed the
compound’s stability under ambient air and humidity after
five days.

An analysis by energy-dispersive X-ray spectroscopy (EDX)
on seven distinct points on different single crystals resulted in
a lead to iodine ratio of 8:5.92(2), thus confirming the Pb:I
ratio of PbgO,I5(CN,) determined by single-crystal XRD.

Crystal structure

The crystal structure of PbgO,Is(CN,) was solved and refined by
single-crystal X-ray diffraction (XRD) with monoclinic space

caculated

|

measured powder
Pb

PbgO4l6(CN2)

Intensity (a.u.)

|

LWL VIO VURIRE A 0B ORIV T W U
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 54

Fig. 1 Recorded powder X-ray diffraction pattern of PbgOylg(CNy)
(blue) in comparison with the calculated pattern from the single-crystal
refinement (red) and the Bragg positions of the compound (red).
Elemental lead appears as a side-phase, shown with its Bragg positions
with green color.
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group C2/c. Some selected crystal structure and refinement
data are given in Table 1.

The single-crystal refinement revealed the presence of four
crystallographically distinct lead positions with unique
environments. As demonstrated in Fig. 2, the lead sites Pb1
and Pb2 are surrounded by three oxygen and two iodine atoms
for Pb1, and by three iodine atoms for Pb2. The position of
Pb3 represents a surrounding with five iodine atoms, one
oxygen atom and one (NCN)®>~ unit. Moreover, the coordi-
nation environment of Pb4 comprises four iodine atoms, one
oxygen atom, and one (NCN)>~ unit. There is one crystallo-
graphic (NCN)®>~ unit present in the structure, where both
nitrogen atoms in the (NCN)*~ unit are surrounded by two
lead atoms (Pb3 and Pb4) each, including Pb-N bond lengths
of dpps_n = 2.583(4) A and dpps_n = 2.493(4) A, which are com-
parable to corresponding Pb-N distances in related lead com-
pounds Pb,Ig(CN,),," PbCN,,*” LiPb,Cl3(CN,) and LiPbCl
(CN,).?® The (NCN)*~ unit adopts a nearly linear geometry with
an N-C-N angle of 179.4(7)° with an identical C-N bond

Table 1 Selected «crystal and structure refinement data for
PbgO4ls(CN>,) measured at 150 K

Empirical formula PbgO,4I4(CN,)

CCDC code 2389167

Formula weight (g mol™") 2522.95

Wavelength (Mo-K,) 0.71073

Crystal system Monoclinic

Space group Cc2/c

Unit cell dimensions (A) a=18.8050(5)

b =8.13080(1)
¢=16.1378(4)
f=114.053(3)

Volume (A%) 2253.21(1)

VA 4

Calculated density (g cm ™) 7.437

Absorption coefficient (mm™") 67.772

Final R indices (I > 20(1)) R, =0.0108, WR, = 0.0214
R indices (all data) R, =0.0113, wR, = 0.0215
GooF 1.222

Pb1 Pb2

Pb3__@ e

@

.

Fig. 2 Coordination environments of four distinct lead positions in
PbgO4l6(CN,). lodine atoms are shown in purple, oxygen in red, carbon
in white, and nitrogen in blue.

This journal is © The Royal Society of Chemistry 2025
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lengths of 1.223(4) A as a result of a crystallographic twofold
rotation axis passing through the central carbon atom.
Infrared spectroscopic data (Fig. S1) further confirm the sym-
metric nature of the carbodiimide unit, revealing the charac-
teristic deformation vibration at 638 ecm™ and the asymmetric
stretching vibration at 1908 cm™. A notable feature in the
crystal structure of PbgO4I4(CN,) is the presence of [Pb,Oy]
unit, resembling the motif of carbon atoms in the cubane
structure (CgHg) (Fig. 3). In the heterocubane arrangement,
each oxygen atom adopts a tetrahedral coordination environ-
ment with four lead atoms, including the Pb3 and Pb4 atoms,
exhibiting Pb-O bond distances between 2.272(3) A and 2.382
(3) A. The Pb positions Pb1 and Pb2 at the corners of the het-
erocubane adopts pyramidal (PbO;) geometries, suggesting a
localization of the 6s® lone pair of Pb*". The described Pb-O
motif is connected through iodide bridges and (NCN)*~ units,
with the iodide-bridged heterocubane units being related by a
center of symmetry (1) (Fig. 4 and 5). Such [Pb,0,] motifs and
coordination patterns have also been observed in lead oxide
halide alcoholates®® and tin oxide halides.>® In these lead
oxide halide alcoholates, however, the heterocubane cores
consist of four oxygen atoms, two of which two are from alkox-
ide groups (OR7). In contrast, the heterocubane units in
Pb30,14(CN,) are composed exclusively of oxide ions.

Pb1

Pb3 Pb4

‘ Pb3

Fig. 3 The heterocubane motif with surrounding lead atoms (Pb3 and
Pb4) in the structure of PbgO4l¢(CN>).

Fig. 4 Section of two iodine-bridged heterocubanes, interconnected
by a center of symmetry (1).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Representation of the atomic arrangement within a single layer
of the PbgO4ls(CN,) structure.

Notably, in a-Pbg(C,HgO3)0,] a comparable arrangement is
observed, where the heterocubane units are linked by two di-
ethylene glycolate ligands instead and exhibit an analogous
symmetrical relationship (1). In the aforementioned lead oxide
alcoholates, the lead atoms predominantly adopt pyramidal
PbO; coordination geometries, with an average Pb-O bond
length of 2.318 A, which aligns well with the values observed
in PbgO,I4(CN,). A comparison of the overall structures of
a-Pbe(C4Hg03)0,1s and PbgO,I6(CN,) reveals distinct differ-
ences in the connectivity of the [Pb,0,] units. In the lead alco-
holate compound, the [Pb,O,] units are arranged in one-
dimensional chain-like assemblies that extend into layers
within the unit cell. In the crystal structure of PbgO4Is(CN,),
one type of layer extends within the bc-plane and consists of
chains running along the b-axis, composed of alternating
[Pb,0,] units and (NCN)*~ ligands. Along the c-axis, these
[Pb,O,] units are interconnected by iodide bridges, forming a
two-dimensional heterocubane-based network (Fig. 5).
Alternating with these layers are planes composed exclusively

Fig. 6 Unit cell of the compound PbgO4lg(CNy).
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of iodide ions. Together, these two types of layers stack along
the a-axis to form the overall layered structure of the com-
pound (Fig. 6). Heterocubane clusters of the type [Pb,(OH),]*"
are quite common in aqueous lead(u) chemistry. They appear
in the presence of weakly coordinating ligands, for example in
[Pb,(OH),][NO;],,** whereas neutral [Pb,O,] species, as in
[Pb4O,4]Pb,Is(CN,) remain less common.

Electronic structure and photoelectrochemistry

In order to determine the band gap of PbgO,I5(CN,), the Tauc
method was employed in accordance with the following
equation:

(a )P = A(hw — Eg)

where « is the absorption coefficient, E, is the optical band
gap, hv is the photon energy with the frequency v, & is the
Planck constant, and A is a material-related constant.>> The
Kubelka Munk relation was used to determine the absorption
coefficient .*® The material exhibits indirect and direct band
gaps of 2.58 eV and 2.63 eV, respectively (Fig. S2 and S3). This
would render the compound a candidate for use as photo-
anode in the water oxidation process. Therefore, Mott-
Schottky (MS) experiments were conducted to ascertain the
semiconducting type and the band edge positions. It is
evident from the measured curves (Fig. S4) that they all exhibit
a positive slope, thus indicating that PbgO,I¢(CN,) is an n-type
semiconductor. The semiconductor type and the photoactivity
was further confirmed by interrupted AM 1.5G illumination
(quantum design), as irradiation led to an increase of the
measured current density with subsequent decrease to the
baseline after switching off the irradiation (Fig. S5). The dark
current contribution originates most likely from the photocor-
rosion, because no passivating layer, e.g. amorphous sub-stoi-
chiometric titania, has been applied; a phenomenon known
for nitrogen-containing photoanodes.*”*® The extrapolation of
the measured data recorded at 700 Hz yields a flat-band poten-
tial of 0.09 V vs. reversible hydrogen electrode (RHE) (Fig. 7).
For n-type semiconductors, the given potential is close to the
conduction band edge (CBE) position. Considering the deter-
mined band gaps, the valence band edge (VBE) is positions at
2.67 eV (indirect) and 2.72 eV (direct). The compound exhibits
a VBE that is more positive than 1.23 V vs. RHE, suggesting its
potential as a photoanode for the oxygen evolution reaction
(OER).>**° The stability of the material under electrochemical
conditions was confirmed by cyclic voltammetry before and
after the MS measurements. The resulting cyclic voltammo-
gram displays a stable hysteresis, thus confirming the com-
pound’s stability (Fig. S6).

Photoluminescence properties

Compounds comprising Pb*>* are well known for their intense
and long-term stable photoluminescence.’™** The high stabi-
lity of PbgO4I4(CN,) in air and against relative humidity, in
combination with the straightforward synthesis of the com-
pound, leads to its consideration as a promising material for
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Fig. 7 Mott—Schottky plot of PbgO4lg(CN) on FTO substrate in 0.1 M
KPi—electrolyte (Serensen) with pH 7.0 at a frequency of 700 Hz.
Inserted is a schematic representation of the energy levels for
PbgO4l6(CNy).

application in fluorescent light sources or optical marker.
Therefore, an investigation of its photoluminescence pro-
perties was carried out.

As demonstrated in Fig. 8, the emission spectrum was
observed for the purposes of monitoring the 377 nm excitation
at 80 K, resulting in a broad band peaking at 520 nm
(19200 cm™). The excitation spectrum was observed for moni-
toring the 520 nm emission at 80 K. As was the case in the pre-
ceding research, including the compound Pb,I¢(CN,),," the
excitation spectrum is a superposition of three sub-bands
peaking at 310 nm (32300 cm™), 333 (30000 cm™') nm and
376 nm (26 600 cm ™ '). In order to interpret the excitation and
emission spectrum, it is necessary to understand that Pb** is
considered to be an impurity ion of the ns” type, with the
ground state ('S,) in the 6s> electronic configuration and the

6x10°
Excitation Ag,,, = 520 nm)
Emission Ag, = 377 nm
5x10° 4
PbgO,I,(CN,)

12}
T 4x10°
>
Q
[&]
b
2 3x10°4
‘®
C
)
£ 2x10°

1x10°

0 T T T T T { ] T T
250 300 350 400 450 500 550 600 650
Wavelength / nm
Fig. 8 Excitation and emission spectra of PbgO4Ils(CN,) at 80 K.
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Fig. 9 Temperature dependent emission spectra of PbgO4I¢(CN,) upon
377 nm excitation between 80 and 200 K.

Decay measurement
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Fig. 10 Decay curve monitored for the 525 nm emission of
PbgO4l(CNy) upon 375 nm excitation at 80 K.

first excited state in the 6s'p" electronic configuration. The
first excited state splits into four states consisting of three
triplet (*P,, *P;, ®P,) and a single state (*P;). The excitation
band observed in the spectrum peaking at 310 nm, 333 nm,
and 376 nm can be assigned to the transitions from the ground
state 'S, to the three excited states °P,, P, °P, of Pb*>' The
emission band can be assigned to the *P;-'S, transition, which
is almost completely quenched at 150 K (Fig. 9). The decay
curve of the photoluminescence at 80 K (Fig. 10) shows a mono-
exponential behavior with a decay time of about 7y,. = 380 ns.

Conclusions

The reaction between lead cyanamid, lead oxide and lead
iodide resulted in the formation of the new PbgO,I4(CN,), as
confirmed by PXRD and EDX analysis. The compound features
a heterocubane-like [Pb,0,] motif interconnected via iodide

This journal is © The Royal Society of Chemistry 2025
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bridges and carbodiimide units. The material demonstrates
chemical and structural stability under ambient conditions.
Optical and electrochemical measurements reveal an indirect
band gap of 2.58 eV, a direct band gap of 2.63 eV, and n-type
semiconducting behavior with a flat-band potential conducive
to water oxidation. Moreover, photoluminescence of PbgO,I5(CN,)
at low temperatures was confirmed by photoluminescence
spectroscopy. The straight forward synthesis and the air-stabi-
lity of PbgO,I4(CN,) emphasize its potential as a photoactive
material for photoelectrochemical applications and as a lumi-
nescent compound for optical technologies.

Experimental section and calculation
details
Preparation of PbgO,14(CN,)

Crystalline powders of PbCN, (synthesized as described in the
literature*®), Pbl, (purchased from Sigma-Aldrich, 99.999%
purity) and PbO (purchased from Sigma-Aldrich, 99.999%
purity) were mixed in a glove box under dry argon atmosphere
in a 3:1:4 molar ratio. The reaction mixture was then trans-
ferred into a silica ampoule and sealed under vacuum. The
ampoule was then heated in a crucible furnace at 420 °C at a
heating and cooling rate of 2 K min™" for a duration of five
days. The reaction product was obtained as a dark yellowish
powder, with an estimated yield of 90%, and elemental lead as
a side phase.

Synthesis of PbgO,I5(CN,) thin film on FTO

The FTO glass was first thoroughly washed with water and
acetone. For EPD, a suspension was prepared by dissolving
20 mg of iodine in 20 mL of acetone. Subsequently, approx.
100 mg of PbgO,Is(CN,) powder was added to the solution.
The mixture was sonicated for 60 min at room temperature to
obtain small particles and ensure homogeneity of the suspen-
sion. The EPD cell consisted of FTO glass as conductive sub-
strate connected as the working electrode (negative terminal)
and a platinum wire as the counter electrode (positive term-
inal). The electrodes were positioned parallel to each other at a
fixed distance. A voltage of 45 V was applied to the system
using a Voltcraft HPS-16010 power supply. The resulting
coated FTO glass was gently rinsed with water and acetone to
remove loose particles and the electrode was dried at room
temperature overnight.

Single-crystal XRD

Single-crystal XRD studies were performed using a Rigaku
XtaLab Synergy-S diffractometer with monochromatic Mo-Ka
(A = 0.71073 A) radiation and a mirror monochromator.
Measurements were conducted under N, cooling at 150 K.
Corrections for absorption effects of the X-ray intensities were
applied with a numerical method using CrysAlisPro
1.171.43.121 (Rigaku Oxford Diffraction, 2024).*° The structure
was solved by ShelXT (Sheldrick, 2008)*” The model was
refined with ShelXL 2019/3 (Sheldrick, 2015)*® using full
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matrix least squares implemented in Olex2 1.5-ac5-024
(Dolomanov et al., 2009).*°

Powder XRD

The powder samples were analysed using an X-ray powder
diffractometer (STOE Darmstadt, STADI-P, Ge-monochromator)
with Cu-Ko; radiation (1 = 154.0598 pm) in the 26 range
between 5° to 70°.

IR-spectroscopy

Infrared spectra were recorded using a VERTEX 70 FT-IR
Spectrometer in the range of 400 cm™" to 4000 cm ™" using KBr
pellets of PbgO,Is(CN,). Samples were prepared in a glove-box
under Argon atmosphere.

Photoluminescence spectroscopy

Excitation and emission spectra of PbgO4I4(CN,) sample were
recorded wusing a fluorescence spectrometer FLS920
(Edinburgh Instruments) equipped with a 450 W xenon dis-
charge lamp (OSRAM) as the radiation source. For powder
samples a mirror optic was mounted inside the sample
chamber. For the collection of data, a R2658P single-photon-
counting photomultiplier tube from Hamamatsu was used.
For temperature adjustment a cryostat “MicrostatN” from the
company Oxford Instruments had been applied to the present
spectrometer. Liquid nitrogen was used as a cooling agent.
The photoluminescence decay curve was also measured on the
FLS920 spectrometer, while a 375 nm ps laser diode from
Edinburgh Instruments was used as an excitation source.

UV-Vis in diffuse reflectance

The reflectance spectra were recorded on an OceanOptics
Maya 2000 Pro spectrometer equipped with a Harrick praying
mantis sample chamber. A deuterium tungsten lamp (DH 200
BAL) from OceanOptics was used as the light source. The
measurement was performed with the following settings: scan
to average = 100, boxcar width = 10 and integration time =
300 ms using OceanView 1.6.7 (lite) software from
OceanOptics. To determine the optical band gap Eg, the Tauc
equation was used: (a-hv)"" = A(hv — E), where « is the absorp-
tion coefficient, 4 is the Planck constant, A is a material
related constant and hv is the photon energy. For a direct
allowed bandgap transition, r = 1/2, and for an indirect
allowed bandgap transition, r = 2.

EDX measurements

The energy dispersive X-ray spectroscopy (EDX) was performed
with a Hitachi SU8030 scanning electron microscope equipped
with a Bruker QUANTAX 6G EDX detector.

Photoelectrochemistry

Mott-Schottky (MS) measurements were performed with a
BioLogic SP-300 potentiostat using a three-electrode setup and
floating ground. The prepared electrode was used as working
electrode, a platinum wire was used as counter electrode
and an Ag/AgCl electrode in saturated KCI was used as refer-
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ence electrode. The measured potential was recorded vs.
Engiagcl (xcl sar) (V) and then converted to the reversible hydro-
gen electrode (RHE) Egyg (V) according to Egyg (V) = 0.197 +
Engjagcijkcl sat T (0.059-pH) at 25 °C. The measurements were
performed in a potassium phosphate buffer (0.1 M KPi) as
electrolyte pH 7 in the dark at an AC amplitude of 10 mV with
frequencies in the decadic distant range of 0.7 Hz to 700 Hz,
to determine the band edge Egp.

Chronoamperometry (CA) was performed at 0 V vs. RHE to
again determine whether PbgO,l4(CN,) exhibits p-type or
n-type behaviour by applying an AM 1.5G illumination at
100 mW cm™ to the electrode and interrupting the illumina-
tion every 30 seconds for 30 seconds. The measurement was
started in the dark.

Capacitance measurement according to the MS function

1 2
- |(g-
Csc2  A’egoqNp

In the equation, Cyc is determined to be the capacitance in the
space-charge-layer, ¢ is the dielectric constant of the material,
A is the interfacial area of electrode and electrolyte, the permit-
tivity of free space is ¢, g is the electronic charge, Ny is the
donor density, E is the potential that is applied, &, the
Boltzmann’s constant, 7T is the absolute temperature, and Erg
is the flat-band potential. Epz and 2/(A%ee,gNp) can be deter-
mined using a plot of 1/Csc” against E from the x-axis intercept
and the slope of the linear region, respectively. The type of
semiconductor can be identified by the slope of 2/(A%ee,qNp)
being positive for an n-type or negative for a p-type. The
obtained results for Epp correspond approximately to the con-
ducting band edge, Ecg, of an n-type or to the valence band
edge, Eyg, of a p-type semiconductor respectively. When one of
the potentials (Eyg or Ecg) is defined, the respective other
potential can be deduced based on E, = Eyg — Ecg.
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ABSTRACT

The compounds PbyO,I5(CN,); and Pbys0sI;4(CN,), were synthesized via solid-state methods and structurally characterized by
single-crystal X-ray diffraction. Both materials feature heterocubane units interconnected through iodide and carbodiimide

ligands. Optical measurements reveal indirect bandgaps of 2.35eV and 2.36 eV, respectively. Photoluminescence spectra at

80 K show a broad green emission centered at 520 nm. The results demonstrate the structural and optical potential of hetero-

anionic Pb-based carbodiimide frameworks.

1 | Introduction

The chemistry of lead and tin compounds incorporating oxide,
halide, and carbodiimide ions has attracted considerable interest
due to their structural diversity. Low-valent main group elements
such as Pb** and Sn** are particularly notable in this context, as
their stereochemical active lone pairs often give rise to aniso-
tropic coordination environments and unusual bonding topolo-
gies. These effects can lead to either hemidirected or holodirected
geometries, depending on the ligand environment and coordina-
tion number [1-3]. Dinitridocarbonates, appearing as carbodii-
mides and cyanamides, have emerged as highly versatile
building blocks in solid-state and coordination chemistry. Due
to their isolobal relationship with classical chalcogenide ions
(0%, §%), they enable the construction of pseudo-oxide analogs
with modified electronic and structural characteristics [4-10].
While early investigations focused primarily on alkali and alka-
line earth metal carbodiimides, recent developments have
increasingly explored the chemistry of heavier p-block elements,
particularly tin and lead. For divalent group 14 metals, such as

Sn** and Pb**, the bonding situation in carbodiimide-containing
compounds is notably complex. The binary lead carbodiimide
Pb(CN,) crystallizes in a layered structure in which Pb** is five-
fold coordinated by nitrogen atoms in a distorted trigonal bipy-
ramidal geometry. The layers are held together by weak van der
Waals interactions, as there are no significant Pb-N contacts
between adjacent layers [11]. Expanding on this foundation,
Dolabdjian et al. have reported a family of lead carbodiimide hal-
ides of the general formula APb,X5(CN,) (A =Li, Na, Ag; X=Cl,
Br) [12], synthesized via solid-state metathesis. These compounds
crystallize in the cubic space group Fd 3 m and exhibit interpene-
trating three-dimensional networks of [Pby(NCN),,,] polyhedra
and corner-linked [AX¢] octahedra (A =Li, Na, Ag; X=Cl, Br),
structurally related to the mineral bideauxite. Remarkably, the
Pb** cations in these frameworks adopt high coordination num-
bers (up to nine) with holodirected geometries and the (NCN)*~
ligands approach D, symmetry, as confirmed by infrared spec-
troscopy (IR). These findings suggest that in extended, highly
symmetric frameworks, the 6s> lone pair of Pb®* can become
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stereochemical inactive. Nevertheless, in less constrained envi-
ronments or in the presence of lower coordination numbers,
the lone pair remains stereochemical active and contributes sig-
nificantly to the geometry and connectivity of Pb- or Sn-centered
units. A particularly intriguing motif in this regard is the [T,0,]
(T=Pb, Sn) heterocubane cluster, composed of four cations
bridged by four p;-oxygen atoms. This pseudo-cubic arrangement
is well established in lead oxide halides, tin-oxide-halides, and
organometallic compounds, where it often serves as a core struc-
tural building block [13-16]. However, its integration into mixed-
anion carbodiimide networks is a more recent development. The
tin-based SnyOsCl4(CN,), [17] contains an [Sn40,4] heterocubane
core embedded in a mixed-anion framework of chlorides and car-
bodiimides. In recent work, the compound PbgO4Is(CN,) was
reported, which features discrete [Pb,O4] heterocubane units
connected via iodide bridges and further linked into a three-
dimensional network by bridging (NCN)*~ ligands. It exhibits
green photoluminescence at low temperatures and semiconduct-
ing behavior, underlining the structural and functional potential
of such heteroanionic materials [18]. These findings highlight the
versatility of (NCN)?~ ligands in stabilizing cluster-based archi-
tectures in combination with oxide and halide anions. Motivated
by this, we have continued to investigate the structural chemistry
of lead-based oxide-halide-carbodiimide compounds. In the
present study, we introduce two novel compounds,
PbyO,I5(CN,); and Pb;¢0sI;4(CN,),4, both of which extend the
structural chemistry of the heterocubane motif into the dinitri-
docarbonate-based materials.

2 | Results and Discussion

2.1 | Syntheses of PbyO,I3(CN)3
and Pb;4051,4(CN),

One of the most frequently employed preparative methods is the
so-called ceramic method [19]. This method involves the grind-
ing of powders comprising oxides, carbonates, and halides, along
with the relevant metals. Subsequent to this, the reaction mixture
is subjected to the desired temperature for conversion.

In this study, the compounds presented have been obtained from
PblL,, PbO, and Pb(CN,) in the stoichiometric ratio according to
the following reaction equations.

4PbI, +2PbO + 3 Pb(CN,)—Pby0,I(CN,),

7 PbIZ +5 PbO +4 Pb(CNz)—)Pb16OSIl4(CN2)4

The reactions were carried out at 420°C for 5 days, resulting in
the formation of dark yellow powders. For Pb;051;4(CN,),, ele-
mental lead was observed as a minor secondary phase, which is
attributed to the partial thermal reduction power of the (NCN)*~
unit under the applied conditions (Figure S1 and S2). The pow-
ders obtained were then exposed to air for a period of 3 weeks.
Subsequent measurements with X-ray powder diffractometry
showed no change in the respective powders with the com-
pounds to be analyzed. Consequently, it can be considered that
the compounds behave stable under ambient conditions. In order
to verify the composition of the compounds, energy-dispersive
X-ray (EDX) spectroscopy was performed at nine points for
PbyO,I5(CN,); and three points for PbysO5114(CN,),. The EDX

measurements demonstrated a lead to iodine ratio of 9:7.99(8)
for PbgOng(CNz)g and 161401(3) for Pb1605114(CN2)4.

2.2 | Crystal Structure of PbyO,I3(CN,);

The crystal structure of PbyO,Ig(CN,); was solved and refined on
ayellow plated-shaped single crystal by X-ray diffraction with the
orthorhombic space group Pbcn. Some crystal structure and
refinement data are given in Table 1.

Single-crystal X-ray diffraction analysis of PbgO,I3(CN,);
revealed the presence of five crystallographically distinct lead
sites (Pb1-Pb5), each embedded in a unique coordination envi-
ronment formed by iodide, oxygen, and carbodiimide ligands
(Figure 1). Pb1 is coordinated by six iodide ligands in a distorted
octahedral geometry, representing the most symmetric coordi-
nation environment among the five sites. Pb2 is eightfold coor-
dinated by five iodide anions and three (NCN)>~ ligands, resulting
in a bicapped trigonal prismatic environment. This coordination
polyhedron is comparable in geometry to that of Pb4, which is
also eight coordinate, but comprises four iodide ions, two
(NCN)*™ units, and two oxygen atoms. Pb3 adopts a monocapped
trigonal prismatic geometry, with a coordination sphere compris-
ing four iodide anions, two (NCN)*~ units, and a single oxygen
atom. Pb5 is surrounded by four iodines, two (NCN)*~ units,
and one oxygen. An overview of the coordination polyhedra
around Pb1-Pb5 is depicted in Figure 1. The lead coordination
polyhedra include Pb-I distances ranging from 3.0443(3) A to
3.7614(4) A and Pb-N separations ranging from 2.474(4) A to

TABLE 1 | Selected crystal and structure refinement data for
PbyO,Is(CN,); and Pb;s0sl14(CNy), at 150K.

Empirical formula PbgOng(CN2)3 Pb1605114(CN2)4

CCDC code 2385668 2415837
Formula weight 3032.00 5331.76
(g-mol™)
Wavelength 0.71073 0.71073
(Mo-K,)
Crystal system Orthorhombic Monoclinic
Space group Pbcn P2y/n
Unit cell a =154421(2) a = 20.5040(3)
dimensions (A) b=10.84480(1) b = 12.0617(2)
c=17.0827(3) ¢ = 21.3191(3)
B = 104.436(2)
Volume (A?) 2860.78(7) 5106.02(14)
Z 4 4
Density 7.040 6.936
(calculated) (g cm™)
Absorption coefficient 61.404 61.025
(mm™)
Final R indices (I>20(I)) R, = 0.0117, R, = 0.0108,
WR, = 0.0254  wR, = 0.0214
R indices (all data) R, =0.0125, R, = 0.0113,
WR, = 0.0256  wR, = 0.0215
GooF 1.181 1.092
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FIGURE1 | The different lead atoms with their unique environment
in the compound PbyO,Ig(CN,);. Iodine is shown in purple, oxygen in
red, carbon in white and nitrogen in blue.

2.751(3) A, which are similar to the distances in the related lead
compounds Pb,I4(CN,), (2.48-2.60 A) [20], PbCN, (2.31-2.62 A)
[21], LiPb,Cl5(CN,) (2.54 A), LiPbCI(CN,) (2.39-2.70 A) [12] and
PbgO4I¢(CN,) [18]. The Pb-O bond lengths within this arrange-
ments range from 2.301(3) A to 2.492(3) A. The structural analy-
sis revealed that the (NCN)*~ units occupy two crystallographic
distinct positions in the crystal lattice (Figure 2). In the (NCN)*~
unit centered at C1, the presence of a crystallographic twofold
rotational axis results in identical C-N lengths of 1.233(4) A
and a linear N-C-N angle of 179.8(6)°, confirming the formation
of a carbodiimide-type geometry. In contrast, the (NCN)*~ unit
centered at C2 displays a slightly distorted linear arrangement
with a N-C-N angle of 179.0(5)° and minor asymmetry in the
C-N distance, suggesting a subtle deviation from perfect symme-
try. Despite the minor asymmetry, this unit can be considered
also as carbodiimide unit. These structural features are consistent
with IR spectroscopic data, which confirm the presence of asym-
metric stretching vibrations at 1881 cm™ and deformation vibra-
tions at 625cm™, which are characteristic of carbodiimide
ligands (Figure S3).

A particularly prominent structural motif in PbyO,Ig(CN,); is the
formation of discrete [PbyO(CN,)s/,] units (Figure 3), which
closely resemble the arrangement of atoms in a distorted hetero-
cubane cluster. In this unit, a single oxygen atom adopts a ps-
coordination mode, bridging three Pb** cations and forming an
approximately trigonal [Pb;O] core. The Pb-Pb distances within
this unit span from 3.7109(4) A to 4.0301(4) A. Notably, the coor-
dination geometries around the Pb** centers are influenced by

1.233(4) A gi

A N1 1.234(5)
C1

N1 1.236(5) A N3

¢ (N

FIGURE 2 | Two crystallographic distinct (NCN)*~ units in the
compound PbyO,Ig(CN,);, which are coordinated nearly trigonal anti-
prismatically by lead (orange).

FIGURE 3 | The heterocubane [Pb,O(CN,);/,] unit embedded into
a tetrahedral environment. Oxygen is shown in red, carbon in white,
and nitrogen in blue. Iodide atoms are omitted for clarity to highlight
the unit.

the stereochemical active 6s* lone pair, which contributes to
the hemidirected character of the polyhedra. Additionally, heter-
ocubane units connect via shared (NCN)?~ unit into a tetrahedral
arrangement with an additional linkage provided through a
shared oxygen atom. This motif contributes significantly to the
overall framework connectivity. Starting from the heterocubane
building block, the framework forms an annular assembly of six
heterocubane unit arranged into a ring, stabilized by a octahedral
[PbIg]*~ unit in its center (Figure 4). The Pb-I bond length
between the lead and the iodine of the octahedra (scattered
bonds) ranges from 3.5053(3) A to 3.7614(4) A. Within the unit
cell, the structure can be described as a layered arrangement

»

1

FIGURE 4 | The annular assembly of the heterocubane units (ring
system) in PbyO,Ig(CN,)s. The [PbIs]*~ octahedron serves as the cohesive
agent, binding the constituent units together.
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FIGURE 5 | Section of a heterocubane-based ring system in the unit
cell of PbgO,Ig(CN,);. For clarity, the lead-iodide octahedron ([Pbls]*")
and iodide ions have been removed, and each ring is shown with different
transparency levels and colors to enhance visual distinction.

composed of heterocubane-based ring systems (Figure 5), which
propagate diagonally relative to the ac plane of the unit cell.
These structural layers are interconnected through bridging
(NCN)*~ units, iodine atoms, and common oxygen atoms, which
mediate the linkage between adjacent heterocubane units and
define the directional extension of the framework (Figure 6).
Accordingly, the sum formula PbyO,Ig(CN,); results from the
linkage of two [PbsO(CN,);/»] heterocubane units, comple-
mented by one [Pbls]* octahedron and two additional iodide
bridges. In analogy to silicates and aluminosilicates, where
corner-sharing [SiO4]/[AlO,] tetrahedra form rings, layers, and

A\ iz&; E\.
.
N ©

<1t

FIGURE 6 Unit cell of PbyO,I5(CN,); viewed along the b-axis. The
ring systems are interconnected via shared oxygen atoms. For clarity, the

oo

Oj
OZO_g
[}

[PbIs]*~ octahedra and iodine atoms have been omitted, and the bonds of
each ring-system are color-coded to enhance visual distinction.

other frameworks, the heterocubane-based rings here behave
as a cationic counterpart to those tetrahedral building units
(Figure 4).

2.3 | Crystal Structure of Pb;05I;4(CN;),

The compound Pb;¢0sI14(CN,), crystalizes in the monoclinic
space group P2;/n as block-shaped yellow air-stabile crystals.
Some crystallographic data are presented in Table 1. The crystal
structure refinement revealed sixteen crystallographic distinct
lead sites, each embedded in a unique coordination environment.
The coordination numbers of these lead centers range from five
to nine, reflecting the structural complexity and the variability of
local bonding motifs within the framework. A detailed overview
of the individual Pb coordination environments is provided in the
SI (Figure S4). The structure contains four distinct (NCN)*~ units
(Figure 7), each nitrogen atom is bound to three lead atoms,
forming a trigonal antiprismatic coordination polyhedron, as
in the previously described compound PbyO,I(CN,);. The
(NCN)*™ unit centered at C1 exhibits typical carbodiimide char-
acter, with symmetrical C-N bond lengths of 1.229(6) A. In con-
trast, the other (NCN)*~ units (centered at C2, C3, and C4)
display slight differences in its C-N distances, ranging from
1.220(6) A to 1.240(6) A. However, since the difference between
the two distances remains small, the IR spectrum (Figure S5) pre-
dominantly reflects carbodiimide features, as evidenced by the
asymmetric stretching vibrations at 1924 cm™* and the deforma-

tion modes at 656 cm™".

Two distinct structural motifs are observed in the compound. In
both arrangements, heterocubane-type units serve as the central
building blocks, as already seen in the crystal structure of
PbyO,I3(CN,);. However, the connectivity between these units
differs significantly. In the motif presented in Figure 8, two
heterocubane units are corner-linked via shared lead (Pb3 and
Pb4) and oxygen atoms, resulting in the formation of a
[Pb;05(CNy)y4/]-cluster. Within this arrangement, each oxygen
atom adopts a tetrahedral coordination by four Pb atoms,

1.229(6) A N1 1.234(6) A! N4

C1 Cc2
N 1.228(6) A N5

C¢

1.220(6) A | N3
C4
1.240(6) M

FIGURE 7 | Four crystallographic distinct (NCN)*~ units with their
surrounding lead atoms (orange).

o

1.225(6) A N6
1.238(6) A A N7

(
?:,
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Pb5 Pb1

Pb6

FIGURE 8 | Section of the [Pb;03(CN,),/,] cluster-like arrangement
in the compound Pb;405I;4(CN,),. Oxygen atoms are shown in red, car-

Pb12

bon in white, and nitrogen in blue. Additional iodine atoms are omitted
to highlight the arrangement of lead atoms.

forming [Pb,O] subunits with Pb-O distance ranging from
2.181(3) to 2.500(3) A. These distances are largely consistent with
values reported for comparable lead—-oxygen distances in the lit-
erature [22]. Notably, the shortest Pb-O distances, namely Pb1-O
at 2.181(3) A and Pb5-O at 2.188(3) A, are slightly contracted,
likely due to spatial constraints imposed by the central Pb2 atom
within the cluster core. The peripheral lead atoms located at the
corners of the fused heterocubane (Pb1, Pb5, Pb6, and Pb12) each
coordinate two (NCN)*~ units and one oxygen atom. In contrast,
the central lead atom Pb2 is coordinated by two oxygen atoms
and the lead atoms Pb3, and Pb4 are each coordinated by three
oxygen atoms, reflecting their central role in the [Pb;03(CN,)4/2]
cluster unit. Within this arrangement Pb-Pb distances ranges
from 3.388(1) A to 4.163(1) A. The cluster exhibits Pb-N distances
ranging from 2.458(4) A to 2.855(5) A. The longer Pb-N distan-
ces, particularly those between Pb3 and Pb4 and the (NCN)*~
units (scattered bond), result from distortions within the hetero-
cubane framework and are best described as weakly coordinating
contacts.

The second cluster in the structure consists of a heterocubane
unit fused with a face capped distorted trigonal bipyramid of lead
atoms to yield a [Pb;0,1,(CN,),/»] unit, linked together by shared
lead and oxygen atoms (Figure 9). The trigonal bipyramidal
arrangement observed in the structure can alternatively be
described as two face-sharing Pb, tetrahedra. One tetrahedron
is capped by two iodide and an oxygen atom, while the other
is capped by two (NCN)*~ units and an oxygen atom. The trigo-
nal Pb; plane formed by of Pb8, Pbll, and Pb1l4 within the
[Pb;0,1,(CN,),/»] unit features Pb-Pb distances ranging from
3.6449(2) A to 4.4204(1) A, which are significantly longer than
typical distances within Pb clusters [23] and are thus best inter-
preted as nonbonding interactions. This heterocubane motif
present comprises central oxygen atoms in a tetrahedral coordi-
nation by four Pb atoms to a [Pb,O] unit. The peripheral lead
atoms forming the corners of the heterocubane are further
coordinated by oxygen and (NCN)®>~ ligands. Within this
[Pb;0,1,(CN,)4/2] unit, Pb-N distances range from 2.409(4) to
2.619(4) A, Pb-O distances span from 2.266(3) to 2.364(3) A,
and Pb-I distances span 3.1671(4)-3.5000(1) A; the longer values
reflect distortion of the coordination environment. Within the

Pb9

FIGURE 9 | Section of the [Pb;0,1,(CN,),/,] unit in the compound
Pb;605114(CNy),. For clarity, the trigonal bipyramidal Pbs-polyhedra is
highlighted. Iodine is shown in purple, oxygen in red, carbon in white,
and nitrogen in blue. Additional iodine atoms are omitted to highlight the
arrangement of lead atoms.

overall structure, Pb-I distances, including the previously men-
tioned distances range between 3.1671(4) and 3.8366(1) A. The
longer separations arise from distortions of the coordination
environments within the structure. As in other metal carbodii-
mide compounds, the overall structure can be interpreted as a
layered arrangement (Figure 10 bottom), in which the individual
layers are separated by iodide ions and [PbIg]*~ octahedral units.
Each layer is composed of the two heterocubane-based motifs
described above, which are interconnected in a zigzag chain-like
pattern through bridging (NCN)*~ ligands and iodide atoms
(Figure 10 top). Thus, the overall composition Pb;5051;4(CN,),
arises from the assembly of the two characteristic cluster motifs
[Pb;05(CNy)y4/2] and [Pb;0,1,(CN,), 0], complemented by two
Pbl octahedra (Pb7 and Pbl6).

2.4 | Bandgap Determination of PbyO,I3(CN,);3
and Pb,5051,4(CN,),

The optical bandgaps of PbyO,I3(CN,); and Pb;s0sI14(CN,),
were investigated upon using UV-vis diffuse reflectance spectros-
copy. The reflectance spectrum was converted to a pseudo-absor-
bance spectrum via the Kubelka-Munk function,

2
==t
00

where R, symbolizes the reflectance of a semi-infinitely thick
sample, while a defines the absorption coefficient and S is the
scattering coefficient. For samples consisting of particles larger
than the wavelength of the incident light, the scattering coeffi-
cient can be assumed to be approximately constant over the mea-
sured spectral range. In this condition, the Kubelka-Munk
function becomes directly proportional to the absorption coeffi-
cient a, and thus serves as a suitable approximation for evaluat-
ing the optical absorption behavior of the material [24]. The
absorption edge was analyzed using the Tauc formalism, which
relates the absorption coefficient a to the photon energy hv
according to the equation:
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a

FIGURE 10 | Section of a single layer within Pb;c0s;4(CN,), (top)
along a-axis and the layered arrangement in the unit cell (bottom) along
c-axis. For better visualization, the iodine sublattice including the [PbIg]*~
units has been removed to emphasize the layered structure.

(a-h)VP =A(hy - Ey)
where « is the absorption coefficient, h is the Planck’s constant, v
is the frequency of the incident light, A is a material-dependent
constant, and E, is the optical bandgap. The exponent f defines
the nature of the electronic transition: g =1/2 for direct allowed
transitions and $ =2 for indirect allowed transitions [25].

By substituting the Kubelka-Munk function F(R,,) for a the
equation becomes:

(F(Ry) - )V = A(hv - E,)

4x10°
Excitation Ag,, = 520 nm
{—— Emission g, = 377 nm

st PPeO2lg(CNy);
i}
c
=]
Q
[3}
= 2x10°
k)
c
[}
+<
£

1x10° 4

0

T T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength / nm

FIGURE 11 | Excitation and emission spectra of PbyO,Ig(CN,);
at 80 K.

The bandgap energy E, was determined by extrapolating the lin-
ear region of the Tauc plot, corresponding to the onset of optical
absorption. The optical analysis of PbyO,I5(CN,); yielded an indi-
rect bandgap of 2.35 eV and a direct allowed transition energy of
2.36 eV, as determined from Tauc plot analysis (Figure S6 and
S7). For Pb;c0sl14(CN,),, the corresponding values were
2.36 eV for the indirect bandgap and 2.39 eV for the direct tran-
sition (Figure S8 and S9).

2.5 | Photoluminescence Studies of Pby0,I3(CN,);
and Pb;051,4(CN;),

Improvements in lighting and display systems have been
achieved through the development of new solid inorganic lumi-
nescent materials. Since the 1930s, a significant number of inves-
tigators have focused their research on the optical properties of
so-called s ions, including TI*, Pb**, and Bi** [26-31]. Con-
sequently, the focus of research in material containing (NCN)*~
units has therefore recently been directed toward materials that
include Pb**, functioning as an activator, thereby facilitating
the enhancement of desired properties or phenomena within
the materials under consideration. It is widely agreed that the
luminescence properties of the Pb** ion in the 6s* configuration
are due to the ground state 'S, and two excited states, the singlet
'P, and the triplet *Py ;5 [20, 32-34]. Figures 11 and 12 show
the luminescence spectra of the compound PbgO,Ig(CN,)s
and Pb;¢0sI14(CN,),. The excitation spectra were observed
for monitoring the 520 nm (19200 cm™") emission and result
from the superposition of several subbands peaking at around
301nm (33200 cm™'), 333nm (30000 cm™'), and 377 nm
(26500 cm™) for PbyO,I(CN,); and 304nm (32900 cm™),
336 nm (29800 cm™!), and 377 nm (26500 cm™?) for the com-
pound Pb;5051;4(CN,),.

Comparison with the literature suggests [35, 36] that the excita-
tion bands correspond to the transition from the ground state 'S,
to the excited states of the singlet 'P; and of the triplet, which
splits into *P, and 3P, states. The emission spectrum of
PbyO,Ig(CN,); at 80 K shows a single broad band peaking at
520 nm as well as the emission band of Pb;s05I;4(CN,),, which
can be assigned to the transition of the triplet state *P; to the
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FIGURE 12 | Excitation and emission spectra of Pb;sOsl;4(CN,),
at 80 K.

TABLE2 | PL data of PbyO,I5(CN,); and Pby0sl;4(CN,), in compar-
ison with selected compounds.

Exc., Emis., Stokes

Composition nm nm shift, cm™ Ref.
work
Pb,;sOsL14(CN,), 377 520 7400 This
work
Pb,I4(CN,), 378 525 7500 [20]
Pbg0,14(CN,) 377 520 7400 [18]

ground state 'S,, although at low temperatures the strongly
forbidden *Py-'S, transition is also observed [37]. However, at
150 K, the luminescence of both compounds is found to be nearly
completely quenched, as shown in the supporting information
(Figure S10 and S11). In both cases, the photoluminescence emis-
sion at 520 nm exhibits a mono-exponential decay behavior, with
decay times of approximately 7;/.=361ns and 7;/.=265ns,
respectively (Figure S12 and S13). These values are consistent
with the *P;-'S, transition of Pb>". In contrast, the *Py-'S, tran-
sition typically shows significantly longer decay times and is thus
unlikely to be responsible for the observed emission
[33, 34, 38, 39]. The following Table 2 shows an overview of
the received data from the measurements made in comparison
with selected compounds from the literature.

3 | Conclusions

The two new compounds PbyO,I5(CN,); and Pb;sOs114(CN,),
extend the family of heteroanionic lead carbodiimide materials
through the presence of heterocubane-type clusters in combina-
tion with iodide and carbodiimide ligands. Their crystal struc-
tures reveal complex three-dimensional networks built from
discrete and fused heterocubane units, with diverse coordination

environments around Pb. Optical measurements confirm semi-
conducting behavior with indirect bandgaps around 2.35eV
(19000 cm™?) suitable for photocatalytic studies. Both compounds
show strong temperature-dependent photoluminescence with
characteristic green emission. These results underline the struc-
tural versatility of carbodiimide-based lead compounds and pro-
vide further insight into the role of mixed-anion chemistry.

4 | Experimental Section and Calculation Details
4.1 | Preparation of PbyO,I3(CN,);3

The powders of Pb(CN,) (synthesized as described in the litera-
ture [21]), PbI, (purchased from Sigma-Aldrich, 99.999% purity),
and PbO (purchased from Sigma-Aldrich, 99.999% purity) were
mixed in a glove box under dry argon atmosphere in a 3:4:2 molar
ratio (total amount of 250 mg). The reaction powder was then
transferred into a silica ampoule and sealed under vacuum.
The ampoule was heated in a crucible furnace to 420°C at a rate
of 2 K min™%, held at this temperature for 5 days, and then cooled
at the same rate. The compound was obtained as a dark yellowish
powder, with an estimated yield of 90% with a minor side phase.

4.2 | Preparation of Pb1605114(CN2)4

The powders of Pb(CN,) (synthesized as described in the litera-
ture [21]), PbL, (purchased from Sigma-Aldrich, 99.999% purity)
and PbO (purchased from Sigma-Aldrich, 99.999% purity) were
mixed in a glove box under dry argon atmosphere in a 4:7:5 molar
ratio (total amount of 250 mg). The reaction powder was then
transferred into a silica ampoule and sealed under vacuum.
The ampoule was then heated in a crucible furnace at 420°C
at a heating and cooling rate of 2 K min™" and a holding time
of 5 days. The compound was obtained as a dark yellowish pow-
der, with an estimated yield of 85%, and elemental lead as a side
phase.

4.3 | Single-Crystal XRD

Single-crystal XRD studies were performed using a Rigaku
XtaLab Synergy-S diffractometer with monochromatic Mo-K,
(A=0.71073A) radiation and a mirror monochromator.
Measurements were conducted under N, cooling at 150 K.
Corrections for absorption effects of the X-ray intensities were
applied with a numerical method using CrysAlisPro 1.171.43.121
(Rigaku Oxford Diffraction, 2024) [40]. The structure was solved
by ShelXT (Sheldrick, 2008) [41]. The model was refined with
ShelXL 2019/3 (Sheldrick, 2015) [42]. using full-matrix least-
squares implemented in Olex2 1.5-ac5—024 (Dolomanov et al.,
2009 [43]).

4.4 | Powder XRD

The powder samples were analyzed using an X-ray powder dif-
fractometer (STOE Darmstadt, STADI-P, Ge-monochromator)
with Cu-K,; radiation (1=154.0598 pm) in the 20 range of 5°
to 70° for PbgO,I5(CN,); and in the 26 range of 5° to 45° for
Pb;605114(CNy)s.
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4.5 | IR-Spectroscopy

Infrared spectra were recorded using a VERTEX 70FT-IR
Spectrometer in the range of 400 cm™ to 4000 cm™" using KBr
pellets. Samples were prepared in a glove-box under argon
atmosphere.

4.6 | Photoluminescence Spectroscopy

Excitation and emission spectra of PbgO,I5(CN,); and
Pb;6051,4(CN,), samples were recorded using a fluorescence
spectrometer FLS920 (Edinburgh Instruments) equipped with
a 450 W xenon discharge lamp (OSRAM) as the radiation source.
For powder samples, a mirror optic was mounted inside the sam-
ple chamber. For the collection of data, an R2658P single-photon-
counting photomultiplier tube from Hamamatsu was used. For
temperature adjustment, a cryostat ‘MicrostatN’ from the com-
pany Oxford Instruments had been applied to the present spec-
trometer. Liquid nitrogen was used as a cooling agent. The
photoluminescence decay curve was also measured on the
FLS920 spectrometer, while a 375nm ps laser diode from
Edinburgh Instruments was used as an excitation source.

4.7 | Diffuse Reflectance Spectroscopy

The reflectance spectra were recorded on an OceanOptics Maya
2000 Pro spectrometer equipped with a Harrick Praying Mantis
sample chamber. A deuterium tungsten lamp (DH 200 BAL)
from OceanOptics was used as the light source. The measure-
ment was performed with the following settings: scans to aver-
age =100, boxcar width=10, and integration time =300ms
using OceanView 1.6.7 (lite) software from OceanOptics. To
determine the optical bandgap E,, the Tauc equation was used:
(@) =A (hv-Eg), where a is the absorption coefficient, h is the
Planck constant, A is a material related constant, and hv is the
photon energy. For a direct allowed bandgap transition, r=1/2,
and for an indirect allowed bandgap transition, r=2.

4.8 | EDX Spectroscopy

The EDX spectroscopy was performed with a Hitachi SU8030
scanning electron microscope equipped with a Bruker
QUANTAX 6G EDX detector.
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Figure S 11: Temperature dependent emission spectra of Pb1gOsl14(CN;)4 upon 377 nm excitation between 80 and 200 K.
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Figure S 12: Decay measurement of the 520 nm emission of PbgO,lg(CN)3 at 80 K after excitation at 377 nm.
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Figure S 13: Decay measurement of the 520 nm emission of Pb1sO0sl14(CN3)4 at 80 K after excitation at 377 nm.
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Table S1: Selected interatomic distances for PbeOals(CN)s in [A]

Pb(1)-I(1)#1  3.1975(3)
Pb(1)-1(1) 3.1976(3)
Pb(1)-1(2) 3.1835(3)
Pb(1)-(2) #1  3.1835(3)
Pb(1)-1(3) 3.0443(3)
Pb(1)-(3) #1  3.0443(3)
Pb(2)-1(3) 3.3944(3)
Pb(2)-N(1)  2.528(4)
Pb(2)-N(2)  2.658(4)
Pb(2)-N(3)  2.504(4)
Pb(3)-1(4) 3.1665(3)
Pb(3)-0(1)  2.301(3)
Pb(3)-N(2)  2.607(4)
Pb(3)-N(3)  2.526(4)
Pb(4)-Pb(4) #2 3.5814(3)
Pb(4)-0(1) #2 2.492(3)
Pb(4)-0(1)  2.335(3)
Pb(4)-N(1)  2.750(4)
Pb(4)-N(3)  2.751(3)
Pb(5)-1(4) #2  3.3833(3)
Pb(5)-0(1)  2.295(3)
Pb(5)-N(1)  2.474(4)
Pb(5)-N(2)  2.543(3)
N(1)-C(1) 1.233(4)
N(2)-C(2) 1.234(5)
N(3)-C(2) #3  1.236(5)

Symmetry transformations used to generate equivalent atoms:

H1 -x+1,y,-z+1/2, #2 -x,-y+1,-z+1, #3 -x+1/2,y+1/2,z



Table S2: Selected interatomic distances for Pb1sOsl14(CN2)s in [A].

Pb(1)-O(1)
Pb(1)-N(2) #1
Pb(1)-N(5) #2
Pb(2)-Pb(3)
Pb(2)-Pb(4)
Pb(2)-1(2) #2
Pb(2)-0(1)
Pb(2)-0(2)
Pb(3)-Pb(4)
Pb(3)-0(1)
Pb(3)-0(2)
Pb(3)-O(4) #2
Pb(4)-0(1)
Pb(4)-0(2)
Pb(4)-O(4) #2
Pb(4)-N(1)
Pb(5)-0(2)
Pb(5)-N(1)
Pb(5)-N(3)
Pb(6)-1(1)
Pb(6)-1(7) #2
Pb(6)-O(4) #2
Pb(6)-N(1)
Pb(6)-N(3)
Pb(7)-1(1)
Pb(7)-1(2)
Pb(7)-1(3)
Pb(7)-1(4)
Pb(7)-1(5)
Pb(8)-1(4)
Pb(8)-1(6)
Pb(8)-1(7)
Pb(8)-1(9) #3
Pb(8)-N(4)
Pb(8)-N(6)
Pb(9)-0(3)
Pb(9)-N(4)

2.181(3)
2.501(4)
2.475(4)
3.5260(3)
3.4068(3)
3.3640(4)
2.287(4)
2.262(3)
3.3892(2)
2.369(3)
2.394(3
2.345(3
2.500(3
2.406(3
2.308(3
2.798(4
2.188(3
2.458(4
2.493(4)
3.3601(4)
3.4016(4)
2.292(3)
2.482(4)
2.506(4)
3.2077(4)
3.1229(4)
3.0522(4)
3.2454(4)
3.2946(4)
3.2885(4)
3.3683(4)
3.3539(4)
3.3991(4)
2.491(4)
2.514(4)
2.283(3)
2.460(4)

)
)
)
)
)
)
)
)
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Pb(9)-N(6)
Pb(10)-Pb(11)
Pb(10)-0(3)
Pb(10)-N(7) #3
Pb(10)-N(8)
Pb(11)-Pb(14) #3
Pb(11)-1(8)
Pb(11)-1(10) #3
Pb(11)-0(3)
Pb(11)-O(5) #3
Pb(11)-N(8)
Pb(12)-0(4)
Pb(12)-N(2) #4
Pb(12)-N(5)
Pb(13)-1(5)
Pb(13)-1(9)
Pb(13)-1(10)
Pb(13)-1(11)
Pb(13)-0(5)
Pb(14)-1(9)
Pb(14)-O(3) #5
Pb(14)-0(5)
Pb(14)-N(7)
Pb(15)-1(11)
Pb(15)-0(5)
Pb(15)-N(7)
Pb(15)-N(8) #5
Pb(16)-1(11)
Pb(16)-1(12)
Pb(16)-1(13)
Pb(16)-1(14)
N(1)-C(1)
N(2)-C(1)
N(3)-C(4) #6
N(4)-C(2)
N(5)-C(2)
N(6)-C(3)
N(7)-C(3)
N(8)-C(4)

2.492(4)
3.6983(3)
2.266(3)
2.425(4)
2.409(4)
3.6449(2)
3.3671(4)
3.4073(4)
2.361(3)
2.364(3)
2.619(4)
2.287(3)
2.424(4)
2.423(4)
3.3565(4)
3.1671(4)
3.2610(4)
3.3837(4)
2.270(3)
3.3761(4)
2.328(3)
2.324(3)
2.603(4)
3.3784(4)
2.351(3)
2.528(4)
2.494(4)
3.2845(4)
3.1814(4)
3.0521(4)
3.0833(4)
1.229(6)
1.229(6)
1.220(6)
1.234(6)
1.228(6)
1.225(6)
1.238(6)
1.240(6)
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Symmetry transformations used to generate equivalent atoms:

#1 -x+1/2,-y+1/2,2+3/2, #2 x-1/2,-y+3/2,-z-1

#3 -x+3/2,-y-1/2,2+3/2, #4 -x+1,y+1,-2+5/2, #5 -x+3/2,-y+1/2,2+3/2
#6 x-1/2,-y+1/2,-2-1,

S12
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ABSTRACT

The mixed-anion compound NaLa,F;(CN,), was synthesized by solid-state metathesis from LaF; and Na,(CN,), and struc-
turally characterized by single-crystal X-ray diffraction. Its framework structure consists of distorted La polyhedra linked
by [NCN]?" ligands and fluorine atoms, with Na cations in interstitial sites. Eu*>*-doped NaLa,F;(CN,), shows a broad
charge-transfer excitation band and the characteristic Do—'F; emissions, dominated by a °Do—'F, transition.

1 | Introduction

The exploration of rare-earth (RE) carbodiimide compounds has
advanced significantly in recent years, largely driven by the devel-
opment of solid-state metathesis (SSM) reactions. These enable
efficient access to RE-carbodiimides under moderate thermal con-
ditions, avoiding high-pressure or solution-based routes [1]. The
central anionic motif in this chemistry is the linear and highly
polarizable carbodiimide (N=C=N)*" ion, which offers capabili-
ties for connecting metal centers and forming extended frame-
works or clusters. Binary RE carbodiimides with the formula
RE,(CN,); have been synthesized for nearly the entire RE series
[2-4]. The recent successful synthesis of La,(CN,);, previously a
missing member of the series, has helped clarify the structural
trends within this family. La,(CN,); displays a layered arrange-
ment of La*" ions and carbodiimide ligands with a notably
expanded coordination sphere, reflecting the relatively large ionic
radius of La** [5]. Structural diversification through mixed-anion
chemistry has led to novel RE carbodiimide compounds such as
La,S,(CNy), the first RE sulfide-carbodiimide [6]. This compound
exhibits a layered structure analogous to that of La,0,(CN,) [7], in
which (NCN)?>~ and S*~ or O*~ occupy alternating layers. These
materials illustrate how the combination of anionic building

blocks modulates both local coordination and extended structure,
and how even subtle anion substitutions (O*~ vs. $?7) impact the
resulting topology and properties. Parallel to these developments,
RE carbodiimide halides have attracted growing attention, espe-
cially for their structural richness and the possibility of hosting
mixed-valent cations [8-12]. A key example is Eu,Fs(CN,),, a
compound containing three Eu** and one Eu** per formula unit,
as confirmed by Mossbauer spectroscopy [13]. Its crystal structure
features four crystallographically distinct europium sites and
shows evidence of charge ordering. Interestingly, its tetragonal
structure (space group p42,c) can be rationalized as a distortion
of a higher-symmetry arrangement, as demonstrated by the com-
pound LaSrsFs(CN,),, which crystallizes in the space group I42m
[14]. This connection provides a rare example of structural control
over electronic configuration in RE carbodiimide architectures.
Carbodiimides of the general composition ARE[Si(CN,),] and
ARE[Ge(CN,)4] (A = alkali metal, RE = La-Gd) complement this
chemistry by introducing rigid, tetrahedrally coordinated anionic
building blocks. These materials display photoluminescent behav-
ior, particularly when doped with Eu** or Tb**, and have been
investigated for their nonlinear optical and luminescence proper-
ties [15-18]. Within this broader framework of RE carbodiimide
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FIGURE 1 | White crystal powder of NaLa,F3(CN,),.

chemistry, the REgO(CN,),0Br, compounds (RE = La, Ce, Pr, Nd)
[19] represent a class of cluster-based mixed-anion materials. Their
structures are composed of oxygen-centered octahedral RE clusters
of the type [RE§O(NCN)g], that are interconnected by bridging car-
bodiimide units into a three-dimensional network. This topology
deviates markedly from the common layered or chain-like motifs
and demonstrates how the interplay of oxide, halide, and carbo-
diimide anions can stabilize unique structural motifs. Notably, the
cerium-containing variant, CegO(CN,),oBr,, exhibits broad yellow
photoluminescence under UV excitation, underscoring the poten-
tial of such cluster-based systems for optical applications. This
result highlights how compositional and structural design in RE
carbodiimide frameworks can be used to systematically tune func-
tional properties. Because of the stability and the structural as well

as functional diversity of RE carbodiimides, the present work
focuses on the synthesis and characterization of a new mixed-
anion carbodiimide.

2 | Results and Discussion
2.1 | Synthesis of NaLa,F3;(CN,),

The preparation of carbodiimide-based solids has frequently been
achieved by SSM reactions, a concept well established in syn-
thetic solid-state chemistry. The method exploits the formation
of thermodynamically stable alkali-metal halides (LiCl, LiF,
NaCl, etc.) as a driving force, enabling the synthesis of crystalline
carbodiimide phases at relatively moderate temperatures [1]. A
classical example includes the straightforward reaction of a RE
halide with Li,(CN,) or Na,(CN,) to yield binary RE,(CN,); com-
pounds

Such reactions are typically carried out in sealed silica or copper
ampoules to avoid (oxide) contamination, and the coproduced
alkali halide, that appears as metathesis salt, can be removed
by simple washing procedures. The versatility of this method
has enabled the expansion of carbodiimide chemistry from binary
phases to more complex systems including Li,SrGd,(CN,)s [20].

In this context, the SSM pathway was employed for the synthesis
of the air- and moisture-stable compound NaLa,F3(CN,),. It was
obtained from appropriate amounts of LaF; and Na,(CN,) fol-
lowing the metathesis reaction (2) as a white powder
(Figure 1) in high yield and sufficient purity (Figure 2).

Intensity [
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FIGURE2 | Rietveld refinement of the XRD powder pattern of NaLa,F;(CN,),. Observed intensities are marked as red circles, and calculated inten-
sities as black lines. Bragg positions are marked as green lines, the difference curve Iopserved — Icalculatea S blue line.

20f7

Zeitschrift fiir anorganische und allgemeine Chemie, 2025

ASULDIT Suowwo)) aAnear) ajqeorjdde oy £q pauraaoS aie sofonIe YO asn Jo sajni 10§ A1eIqr auruQ) AS[IAL UO (SUONIPUOD-PUE-SULI)/ W00 K[ 1M  ATeIqijautjuo//:sdiy) suonipuoy) pue sua ], oy 298 [$707/71/6¢] uo Areiqi autjuQ ASJIA JOYI0NqIqsIesIoAIun Aq 1Z200ST0T 2BBZ/Z00 1 0 1/10p/wod K[im Areiqrjoutuo//:sdiy woij papeojumod ‘0 ‘67LE1TST



2LaF; +2Na,(CN,)—>NaLa,F;(CN,), + 3NaF 2)

This reaction demonstrates once again that RE fluorides are
also suitable starting materials in SSM reactions leading to
carbodiimide-based mixed-anion compounds.

2.2 | Crystal Structure of NaLa,F3;(CN,),

The crystal structure of NaLa,F3(CN,), was solved and refined by
single-crystal X-ray diffraction (XRD) based on recorded single-
crystal data. The refinement led to the monoclinic space group
I2/a. Additional crystal structure and refinement data are sum-
marized in Table 1.

We note that the structure of NaLa,F3;(CN,), is isotypic to that of a
series of compounds having the composition LiRE,F5(CN,),, which
were reported in the symmetry-equivalent space group C2/c [21].
Motivated by the white appearance and air stability of
NaLa,F5(CN,),, prompted an investigation of its luminescence
properties upon Eu®* doping, described in a following section.

The structure of NaLa,F5(CN,), contains one La*" site, one Na™
site, two crystallographically distinct fluorine sites, and a nearly lin-
ear carbodiimide anion [NCN]*". The La** cation is surrounded by
five nitrogen atoms from [NCN]*~ ligands and by four fluorine
atoms, forming a [La(NCN)sF,] polyhedron (Figure 3) that can
be described as distorted tricapped trigonal prism. The La—N dis-
tances range from 2.632(1) to 2.699(2) A, while the La—F distances
are shorter, between 2.201(1) and 2.546(1) A. These polyhedra are
connected through shared fluorine atoms and bridging carbodii-
mide ligands, giving rise to a three-dimensional framework. The
Na* ion occupies interstitial positions in this network and are sur-
rounded by three fluorine atoms and two nitrogen atoms from

TABLE 1 | Selected crystal and structure refinement data for
NaLa,F5(CN,), measured at 250 K.

Empirical formula NaLa,F;(CN,),
CCDC code 2326720
Formula weight (g mol™) 437.85
Wavelength (Mo-K,) 0.71073
Crystal system monoclinic
Space group 2/a
Unit cell dimensions (A) a = 8.5848(7)
b = 6.7559(4)

¢ = 11.3786(8)
B = 107.621(8)°

Volume (A%) 628.97(8)
A 4
Calculated density (g cm™) 4.624
Absorption coefficient (mm™") 13.464
Final R indices (I > 206(I)) R, = 0.0104
WR, = 0.0209
R indices (all data) R, = 0.0112
WR, = 0.0212
GooF 1.139

FIGURE 3 | Coordination environment of the sodium atoms (left) and
of the lanthanum atoms (right). Fluorine atoms are shown in green, lantha-
num in turquoise, sodium in orange, carbon in black, and nitrogen in blue.

[NCN]* ligands, resulting in a distorted tetragonal-pyramidal envi-
ronment (Figure 3).

The Na—F distances range between 2.201(1) and 2.271(2) A, and
the Na—N bond length of 2.571(2) A falls within the range
reported for sodium carbodiimide analogs [22-24]. The
[NCNJ* ion includes an N—C—N angle of 178.5(2)° and C—N
bond lengths of dcyni=1.246(2) A and dcpne=1.220(4) A,
shown in Figure 4. The terminal nitrogen atoms exhibit different
coordination modes: N2 binds to two La>" and one Na*, while N1
is coordinated exclusively with La®*". Thus, the [NCN]* group
acts as a bridging ligand, linking La-centered polyhedra and
simultaneously connecting to the Na sublattice. Infrared (IR)
spectroscopy supports this assignment (Figure 5), showing the

1.220(4) A

1.246(2) A

FIGURE 4 | Representation of the [NCN]*~ anion with its surround-
ing in the structure of NaLa,F3(CN,),. Lanthanum atoms are shown in
turquoise and the sodium atom is displayed in orange.

IR NaLa,F3(CN,),|

Transmission (a.u.)

T 1
2200 2000 1800 1600 1400 1200 1000 80
Wavenumber (cm™)

FIGURE 5 | Infrared spectrum of NaLa,F;(CN,),.
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characteristic asymmetric stretching vibration of [NCN]*~ in
the region of 2011 cm™! and bending modes at 682, 673, and
656 cm ™', and the appearance of a pseudo symmetrical vibration
at1255cm™ " in agreement with other RE carbodiimides (Table 2)
especially with the isotypic compound LiPr,F3;(CN,), [21, 25].
The presence of minor fractions of an X-ray—amorphous phase
cannot be excluded.

A comparison of La,(CN,); and NaLa,F3(CN,), is particularly
meaningful, as both crystallize in the monoclinic space group
I2/a and share La*' cations coordinated by [NCN]*  units.
The unit cells of NaLa,F5(CN,), and La,(CN,); both reveal a lay-
ered arrangement (Figure 6). In La,(CN,);, La** is coordinated
exclusively by carbodiimide ligands, forming nearly regular
[La(NCN)g] dodecahedra (Figure 6, right). The absence of addi-
tional ions leads to a more compact layering. In NaLa,F3(CN,),,
by contrast, fluorine competes with carbodiimide nitrogen atoms
for coordination, giving rise to distorted La-centered polyhedra.
Unlike La,(CN,); or other RE carbodiimides, the layers in
NaLa,F5(CN,), consist of alternating La—F and carbodiimide-
fluorine arrangements. Within the carbodiimide layers, sodium
cations are incorporated into the [NCN]* sublattice (Figure 6
left), producing a more open and less compact stacking motif
than in La,(CN,),.

This reduced compactness can be rationalized by the fact that
one [NCN]*" unit of the binary structure (Lay(CN,),) is replaced
by a Na™ ion. This replacement formally leaves a negative charge

TABLE 2 | Selected vibrational frequencies from rare-earth
carbodiimides [5, 21, 25, 26].

0,s[NCN]*~ o [NCNJ*~ S[NCNJ*~
Compound (cm™) (cm™) (cm™)
Lay(CN,)s 2029, 1929 — 685, 660,
621
Luy(CN,)s 2080, 2009 — 680, 640
NaLa,F(CN,), 2011 1255 683, 675,
656
LiPr,Fs(CN,), 2024 1260 682,673,646
BaZn(CN,), 2038, 1975 1249 678, 663,
641

FIGURE 6 | Comparison of the unit cell of NaLa,F;(CN,), (left) and
La,(CN,); (right). Fluorine atoms are shown in green, lanthanum in tur-
quoise, sodium in orange, carbon in black, and nitrogen in blue.

imbalance, which is compensated by the incorporation of three
additional fluoride anions, thereby preserving overall charge
neutrality. Thus, the altered stoichiometry does not simply reflect
a loss of carbodiimide units, but rather a redistribution of anions
between [NCN]*" and F, stabilized by the mixed-cation environ-
ment. From a formal perspective, the structure of NaLa,F;(CN,),
can therefore be regarded as an alkali-salt derivative of
La,(CN,);, corresponding to an idealized ionic partitioning into
[NaF;][Lay(CN,),]. Alternatively it may be interpreted as an
sodium fluoride adduct to the previously reported compound
LaF(CN,) [21], corresponding to the formula NaF-2LaF(CN,).

2.3 | Photoluminescence Properties of
NaLa,F;(CN,),: Eu*"

Lanthanide-doped carbodiimides and related mixed-anion com-
pounds have recently attracted considerable attention as prom-
ising luminescent materials due to their structural diversity and
the possibility to fine-tune their optical properties by variation of
the host lattice anions [18, 27, 28]. In particular, Eu** ion is well-
established activator, providing sharp 4f-4f emission lines in the
red and near-infrared (NIR) spectral regions, respectively, which
are of high relevance for applications in phosphors, displays, and
optoelectronic devices. The incorporation of these activators into
oxide carbodiimide and cyanamide-based hosts such as
La,0,(CN,) [29], LasCI(CN,)O5 [9], or related mixed-anion sys-
tems has demonstrated that the local coordination environment
and symmetry of the RE sites strongly influence excitation path-
ways and emission intensities. With this background, the lumi-
nescence properties of europium-doped NaLa,F3;(CN,), were
investigated. The excitation spectrum of NaLa,F3(CN,),:Eu
(Figure 7), monitored for the intraconfigurational *Dy—"F, tran-
sition at 613 nm, displays a broad and intense band centered at
302nm. This feature is attributed to a ligand-to-metal charge
transfer from the [NCN]*" groups to Eu**, with the relatively
low energy of the transition reflecting the high polarizability
of the carbodiimide anions.

Additional weak excitation bands in the near UV and visible
range correspond to characteristic 4f-4f transitions of the [Xe]
4f° configuration, observed at 361nm ("F;—>Gs), 394nm
("Fo—"Le), and 465nm (’F;—°D,). The emission spectrum
recorded under excitation at 302 nm consists of five bands located
at 578, 593, 613, 653, and 706 nm, which are assigned to the
°Do—"F; transitions with J=0-4. Notably, the Eu** emission
is dominated by the *Dy—"F, transition. The unusually strong
intensity of the >Do—"F, emission of Eu** can be attributed to
the local geometry of the activator site. A low site symmetry com-
bined with the high polarizability of the surrounding anion
(INCN]*") enhances the Judd-Ofelt parameter Q,, thereby
increasing the transition probability according to the Judd-
Ofelt formalism [30, 31]. As a result, the *Dy—’F, band, which
is typically weak in many host matrices, becomes particularly
intense in the present compound [32-34]. This observation con-
trasts with the more common case where the *Dy—"F, hypersen-
sitive transition dominates the Eu®' emission, reflecting its
stronger dependence on asymmetry in the local environment.
This unusual dominance of the *Do—’F, emission highlights
the strong impact of the host lattice geometry and ligand polar-
izability on the Eu®' emission profile and underlines the
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FIGURE 7 | Excitation and emission spectra of NaLa,F;(CN,),:Eu’".

potential of carbodiimide-based mixed-anion compounds as ver-
satile platforms for tuning lanthanide luminescence.

3 | Conclusions

The mixed-anion compound NaLa,F3;(CN,), was synthesized
and structurally characterized. Its framework is built from dis-
torted La polyhedra, in which fluorine and carbodiimide ligands
create an asymmetric coordination environment. These distor-
tions, together with the polarizability of the [NCN]*~ groups,
strongly affect the local electronic structure. Eu®*-doped
NaLa,F;(CN,), shows the expected *Do—"F; (J = 0-4) emissions,
but with an intense *Dy—F, band. This enhancement is linked to
the low-symmetry La sites and can be explained by an increased
Q, parameter in Judd-Ofelt theory. Overall, the results highlight
the structural flexibility of carbodiimide-based mixed-anion hosts
and their potential for tailoring lanthanide luminescence.

4 | Experimental Section and Calculation Details
4.1 | Synthesis of NaLa,F3(CN,),

Stoichiometric (1:1) amounts of LaF; (anhydrous, >99.99%) and
Na,(CN,) were weighed in an argon-filled glovebox and thor-
oughly homogenized in an agate mortar. For luminescence stud-
ies, EuF; (2 mol-%, corresponding to NaLa, osEug 04F3(CN>),) was
added to the mixture, as a substitute for some LaF3. The resulting
reaction mixtures were transferred into a niobium or alternatively
a copper ampoule, which was sealed under argon in a quartz con-
tainer [35]. The reaction was carried out in a muffle furnace at
550°C for 12 h with heating and cooling rates of 2 K min.
After cooling to room temperature, the metathesis salt (NaF)

and minor impurities were washed several times with deionized
water, followed by drying in an oven (110°C). The final products
were obtained in high purity as air-and moisture-stable white
crystalline powders with an estimated yield of 95%.

4.2 | Synthesis of Na,(CN,)

The syntheses od Na,(CN,) was carried out in Schlenk tubes with a
length of 40 cm and an inner diameter of 35 mm, closed with a GL45
cap equipped with a silicon seal (Schott AG, Mainz, Germany). The
starting materials NaH and Na(HCN,) were mixed in a 1:1 molar
ratio and homogenized in an agate mortar, inside a glove box under
argon atmosphere. The mixture was transferred into an open vial
(Chroma Globe, Kreuzau, Germany) and subsequently placed into
the Schlenk tube. The synthesis was carried out analogous to a pre-
viously reported procedure [35]. The tube was heated in a Simon-
Miiller furnace at 450°C with heating and cooling rates of 2 K min™*
and a holding time of 30 min. The reaction yielded Nay(CN,)
together with Nas(CN)(CN,), [36] as a side phase (estimated < 15%).

4.3 | Single-Crystal XRD

Single-crystal XRD studies were performed using a Rigaku
XtaLab Synergy-S diffractometer with monochromatic Mo-K,
(A = 071073 A) radiation and a mirror monochromator.
Measurements were conducted under N, cooling at 250 K.
Corrections for absorption effects of the X-ray intensities were
applied with a numerical method using CrysAlisPro
1.171.43.121 (Rigaku Oxford Diffraction, 2024) [37]. The struc-
ture was solved by ShelXT (Sheldrick, 2008) [38] and refined
against F> by full-matrix least squares with ShelXL 2019/3
(Sheldrick, 2015) [39] as implemented in Olex2 1.5-ac5—024

Zeitschrift fiir anorganische und allgemeine Chemie, 2025

5o0f 7

ASULDIT Suowwo)) aAnear) ajqeorjdde oy £q pauraaoS aie sofonIe YO asn Jo sajni 10§ A1eIqr auruQ) AS[IAL UO (SUONIPUOD-PUE-SULI)/ W00 K[ 1M  ATeIqijautjuo//:sdiy) suonipuoy) pue sua ], oy 298 [$707/71/6¢] uo Areiqi autjuQ ASJIA JOYI0NqIqsIesIoAIun Aq 1Z200ST0T 2BBZ/Z00 1 0 1/10p/wod K[im Areiqrjoutuo//:sdiy woij papeojumod ‘0 ‘67LE1TST



(Dolomanov et al., 2009) [40]. A Rietveld fit of the recorded pow-
der pattern was performed with Winplotr (Fullprof).

4.4 | Powder XRD

The powder samples were analyzed using an X-ray powder dif-
fractometer (STOE Darmstadt, STADI-P, Ge-monochromator)
with Cu-Ka; radiation (4 = 154.0598 pm) in the 26 range between
5° and 120°.

4.5 | IR Spectroscopy

IR spectra were recorded using a VERTEX 70FT-IR
Spectrometer in the range of 400-4000 cm™" using KBr pellets
of NaLa,F;3(CN,),. Samples were prepared in a glove-box under
argon atmosphere.

4.6 | Photoluminescence Spectroscopy

Excitation and emission spectra of NaLa,F;(CN,),:Eu were
obtained on an Edinburgh Instruments FLS920 fluorescence
spectrometer equipped with a 450 W xenon discharge lamp
(OSRAM) as the excitation source. For powder measurements,
a mirror optic was installed inside the sample chamber.
Detection was carried out using a Hamamatsu R2658P single-
photon-counting photomultiplier tube. Temperature-dependent
measurements were performed with an Oxford Instruments
‘MicrostatN’ cryostat attached to the spectrometer, using liquid
nitrogen as the cooling medium. Photoluminescence decay
curves were also recorded with the FLS920 system, employing
a 375nm picosecond laser diode (Edinburgh Instruments) for
the excitation pulses.
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