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Summary

Summary

This work investigates the reactions and chemical modifications of WTe, and related solid-
state systems, with a particular focus on intercalation chemistry, halogen-induced transforma-
tions, cluster formation, and structure—property relationships in inorganic and hybrid mate-
rials. Hereby W'Te, is used as a chemically tunable layered host because its distorted T y-type
structure, weak van der Waals (vdW) gaps, and characteristic W-W zigzag chains make it

highly responsive to changes in electron count and interlayer bonding.

A central part of the work is about the intercalation of cationic and anionic guest species
into WTe,. Low-temperature solution reactions with alkali naphthalenides yielded the or-
dered intercalation compounds Ay sWTey (A = K, Rb, Cs). These phases retain the layered
host structure, but show a systematic expansion of the van der Waals gap, ordered alkali-
metal arrangements, and distortions of the tungsten chains, thereby directly affecting one of
the key structural motifs responsible for the characteristic properties of WTe,. The resulting
Ap.sWTe, phases (A = K, Rb, Cs) are consistently described by optical measurements, electri-
cal transport data, and density functional theory calculations as narrow-gap semiconductors
with band gaps of approximately 0.35-0.48 eV.

The oxidative intercalation chemistry of WTe, was extended from iodine to bromine.
WTe,l was confirmed as a reversible anionic intercalation compound and was structurally
described in substantially greater detail. Instead of a simple average structure, it occurs in
closely related commensurately and incommensurately modulated variants, both dominated
by modulation of the iodine substructure. No phase transition was observed between 100 K
and 270 K, showing that the modulation is an intrinsic structural feature. Bromine intercala-
tion gave access to the multistage series WTeyBr, with x = 0.5, 1.0, and 1.25. The compound
WTeyBrj 5 contains bromine atoms in the van der Waals gap that form directional Te-Br
contacts and exhibit pronounced positional disorder. At higher bromine content, WTe,Bry o5
adopts a staged bromine-rich structure with two different bromine interlayers, corresponding
to 0.5 and 0.75 Br per WTe, formula unit. The differences in the interlayer distances reflect
the different filling levels. These results show that halogen intercalation in WTe, combines
reversible guest uptake, staging, modulation, and strong host—guest interactions.

At elevated temperature or higher halogen activity, the chemistry of WTe, shifts from
topochemical intercalation to reconstructive halogenation. The previously reported assign-
ment of W1, was corrected and shown to correspond to the new metastable polymorph (-Tely.
In addition, the iodination of WTe,y at comparatively mild conditions yielded (Telz)o|Wglq4],

a tungsten iodide cluster compound composed of [W6114]27 anions and (Tel;) " cations. These
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studies connect the intercalation chemistry of WTey with follow-up reactions leading to tel-
lurium iodides and metal-halide clusters.

Further contributions address transition-metal chalcohalide and oxyiodide cluster com-
pounds. Ta,SBr;; was characterized as a corrugated van der Waals layered compound based
on butterfly-shaped [Ta,S] clusters and was described as a likely cluster Mott insulator. The
niobium oxyiodide family Nb,OI,5 , (z = 0, 1, 2) establishes a structural sequence from
molecular clusters to one-dimensional chains and two-dimensional layers. The compounds
LisNb;Osl,5 and NbgO5l;7(Nbly) further extend this chemistry from [Nb,O] and [NbsOy4| mo-
tifs to larger [Nb;Os] and [NbgOs] cluster cores with multicenter Nb-Nb bonding.

The work also includes melamine-based hybrid halides as SHG materials. HgCl,(C3NgHg)
crystallizes in the polar space group C'2 and combines a layered mercury chloride substructure
with ordered melamine molecules, resulting in pronounced second-harmonic generation (SHG)
activity. The related zinc halides (C3NgH7)ZnX 3(C3NgHg) (X = Cl, Br) show how changes in
symmetry, hydrogen bonding, and polarizability influence nonlinear optical response.

Finally, a complete recovery cycle for spent graphitic Li-NMC battery material was devel-
oped, combining thermal treatment, leaching, impurity precipitation, copper electrolysis, and
aqueous sol-gel synthesis to regenerate fresh Li-NMC cathode material.

Overall, the results show how targeted synthesis, careful structural characterization, and
complementary physical measurements reveal direct links between composition, guest order-
ing, cluster connectivity, symmetry, and functional properties in complex inorganic and hybrid

materials.
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Zusammenfassung

Zusammenfassung

Diese Arbeit untersucht Reaktionen und chemische Modifizierungen von WTe, und ver-
wandten FestkOrpersystemen, mit besonderem Fokus auf Interkalationschemie, halogenin-
duzierte Umwandlungen, Clusterbildung sowie Struktur—Eigenschafts-Beziehungen in anor-
ganischen und hybriden Materialien. WTe, wurde als chemisch verénderbarer Schichtwirt
eingesetzt, da seine verzerrte T g-Struktur, schwach gebundene vdW-Liicken und charakteris-
tische W-W-Zick-Zack-Ketten eine hohe Empfindlichkeit gegeniiber Anderungen der Elektro-
nenzahl und der Wechselwirkungen zwischen den Schichten bewirken.

Ein zentraler Teil der Arbeit behandelt die Interkalation kationischer und anionischer
Gastspezies in WTey. Durch Tieftemperaturreaktionen mit Alkalinaphthaleniden konnten die
geordneten Interkalationsverbindungen Ay sWTey, (A = K,Rb, Cs) erhalten werden. Diese
Phasen behalten die schichtartige Wirtsstruktur bei, zeigen jedoch eine systematische Auf-
weitung der van-der-Waals-Liicke, geordnete Alkalimetallanordnungen und elektronenzahlbe-
dingte Verzerrungen der Wolfram Zick-Zack-Ketten. Im Gegensatz zum semimetallischen
WTe, werden diese Verbindungen durch optische Messungen, temperaturabhéngige Leit-
fahigkeitsmessungen und Dichtefunktionaltheorie-Rechnungen iibereinstimmend als schmal-
bandige Halbleiter mit Bandliicken von etwa 0.35-0.48 eV beschrieben.

Die oxidative Interkalationschemie von WTe, wurde von lod auf Brom erweitert. WTe,l
wurde als reversible anionische Interkalationsverbindung bestétigt und strukturell deutlich
detaillierter beschrieben. Anstelle einer einfachen mittleren Struktur liegen eng verwandte
kommensurabel und inkommensurabel modulierte Varianten vor, deren Modulation haupt-
séchlich von der Todteilstruktur ausgeht. Zwischen 100 K und 270 K wurde kein Phaseniiber-
gang beobachtet, sodass die Modulation als intrinsisches Strukturmerkmal angesehen wer-
den kann. Die Brominterkalation fithrte zur mehrstufigen Reihe WTeyBr, mit = = 0.5, 1.0
und 1.25. In WTeyBr( 5 befinden sich Bromatome in der van-der-Waals-Liicke und bilden
gerichtete Te—Br-Kontakte, wobei die Bromatome ungewthnlich groffe Atomauslenkungspa-
rameter zeigen. Bei hoherem Bromgehalt bildet sich WTeyBr 95 mit zwei unterschiedliche
Bromzwischenschichten, die 0.5 und 0.75 Br pro WTeq-Formeleinheit enthalten. Die ver-
schiedene Schichtabsténde spiegeln diese unterschiedlichen Fiillgrade wieder. Diese Ergebnisse
zeigen, dass die Halogeninterkalation in WTe, durch reversible Gastaufnahme, stufenweise
Einlagerung, Modulation und ausgepriagte Wirt—Gast-Wechselwirkungen gepragt ist.

Bei erhohter Temperatur oder hoherer Halogenaktivitét verschiebt sich die Chemie von
WTe, von topochemischer Interkalation zu rekonstruktiver Halogenierung. Die frithere Zuord-

nung eines Reaktionsproduktes als WI,; wurde korrigiert und stattdessen als neue metasta-
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Zusammenfassung

bile Modifikation (-Tel, identifiziert. Dariiber hinaus lieferte die Iodierung von WTe, unter
vergleichsweise milden Bedingungen die Clusterverbindung (Tels)y|Wgly4|, die aus [Wl;4]? -
Anionen und (Tel;) "-Kationen aufgebaut ist. Diese Untersuchungen verkniipfen die Interkala-
tionschemie von WTe, mit Folgereaktionen zu Telluriodiden und Metallhalogenidclustern.
Weitere Beitrige betreffen Ubergangsmetall-Chalkohalogenid- und Oxyiodidcluster.
Ta,SBry; wurde als gewellte van-der-Waals-Schichtverbindung auf Basis butterfly-artiger
| Ta,S]-Cluster charakterisiert und als wahrscheinlicher Cluster-Mott-Isolator beschrieben. Die
Nioboxyiodidreihe NbyOI;,_, (x = 0, 1, 2) zeigt eine strukturelle Abfolge von molekularen
Clustern iiber eindimensionale Ketten bis zu zweidimensionalen Schichten. Mit LisNb;Osl;5
und NbgOsl7(Nbl5) wurde diese Chemie von [Nb,OJ- und [NbzO4]-Motiven zu groferen
[Nb;O5]- und |[NbgOj5]-Clusterkernen mit multizentrischen Nb-Nb-Bindungen erweitert.
Auflerdem wurden melaminbasierte Hybridhalogenide als Materialien fiir Second-Harmonic
Generation untersucht. HgCly(C3NgHg) kristallisiert in der polaren Raumgruppe C2 und kom-
biniert eine geschichtete Quecksilberchlorid-Teilstruktur mit geordneten Melaminmolekiilen,
woraus eine ausgeprigte SHG-Aktivitéat resultiert. Die verwandten Zinkhalogenide
(C3NH7)Zn X 3(C3NgHg) (X = Cl, Br) zeigen, wie Symmetrie, Wasserstoffbriickenbindungen
und Halogenidpolarisierbarkeit die nichtlineare optische Eigenschaften beeinflussen.
Abschlieftend wurde ein vollstédndiger Riickgewinnungszyklus fiir graphithaltiges Li-NMC-
Altbatteriematerial entwickelt, der thermische Behandlung, Laugung, Féllung von Verunreini-
gungen, Kupferelektrolyse und wéssrige Sol-Gel-Synthese kombiniert, um frisches Li-NMC-
Kathodenmaterial zu regenerieren.
Insgesamt zeigen die Ergebnisse, wie gezielte Synthese, sorgfiltige Strukturanalyse und
ergdnzende physikalische Untersuchungen direkte Zusammenhénge zwischen Zusammenset-
zung, Gastordnung, Clusterverkniipfung, Symmetrie und funktionellen Eigenschaften kom-

plexer anorganischer und hybrider Materialien sichtbar machen.
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1 Introduction

1.1 Transition-metal dichalcogenides (TMDCs)

Transition-metal dichalcogenidess (TMDCs) form a versatile class of layered solids with the
general composition M Q9 (with M = transition metal and @ = S, Se, Te). Their structures
are built from covalently bonded Q—M—-(Q) layers, while adjacent layers interact only weakly
through van der Waals forces. This pronounced bonding anisotropy enables mechanical ex-
foliation down to the monolayer limit and allows many chemically and electronically distinct
polytypes to exist, often with only small energetic differences.' 11 As a consequence, TMDCs
provide a chemically flexible platform in which composition, stacking, strain, thickness, and
external stimuli can be used to tune electronic structure and collective phenomena such as
charge density waves or superconductivity.>"12-23] Among the telluride TMDCs, WTe, is
particularly notable, because its low-symmetry structure is closely tied to unusual electronic
and vibrational properties.[13:15:24-45] Ty) contrast to many hexagonal TMDCs, W'Te, adopts a
distorted 17-derived structure (often denoted T}), characterized by tungsten atoms displaced

from ideal octahedral centers, forming zigzag W—W chains within the layers (see Fig. 1).
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Figure 1: a) Sections of the crystal structures of TiS, (Ti:grey; S:yellow) and WTey (W:grey;
Te:orange; unit cell highlighted) viewed orthogonal to the layers. Arrows in TiS, indicate the
distortion that leads to the WTey-type structure. b) A single WTe, layer viewed along the
¢ direction; tellurium is shown slightly transparent to highlight the W—W zigzag chains with
unit cell highlighted.

This structural motif makes WTe, highly responsive to changes in electron count and in-
terlayer interactions (e.g. strain/stress or Moiré effects/superlattices),[2%:29:39:43-46] 1 otivat-
ing chemical approaches that deliberately perturb the van der Waals gap and/or the charge
balance.[1942:47-52] Therefore, WTe, offers two intertwined pathways for modification: redox-
driven changes in electron count and vdW gap perturbations (spacing, registry, guest order-

ing), which are typically coupled through concurrent charge transfer and structural relaxation.
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1.2 Intercalation in layered materials and TMDCs

Intercalation describes the insertion of guest species into the van der Waals gap of a lay-
ered host without destroying its fundamental layer topology (see Fig.3). Because the host
framework remains largely intact (i.e., the process is topotactic), intercalation provides a
particularly controlled route to tune lattice parameters, carrier concentration, and bonding
interactions, often in a continuous and reversible fashion.["?3561 A hallmark of many interca-
lation compounds is the emergence of ordered host—guest arrangements, frequently expressed
as staging phenomena in which filled interlayers alternate with empty ones (see Fig.2), as

well as order—disorder behavior and symmetry changes as the guest content varies.[54:57l
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Figure 2: Schematic illustration of the intercalation mechanism (e.g. lithium; inter-
calant /guest: blue spheres) into the layered structure (e.g. graphite; black lines).

In layered transition-metal dichalcogenides (TMDCs), intercalation spans electron-donor cat-
ions (alkali, alkaline-earth metals or transition metalls),[58_65] neutral or weakly coordinating
molecules, %69 and redox-active guests.'®7%71 Depending on the degree of charge trans-
fer and steric demand, it can trigger structural phase transitions, superstructures, and pro-
nounced property changes, ranging from modified transport and magnetism to altered collec-

tive states.

Several complementary synthetic strategies are used to intercalate layered TMDCs, and the
chosen route often determines whether the product represents a thermodynamic endpoint or
a kinetically trapped intermediate. In direct solid-state or vapor-phase approaches, the host
is exposed to a reactive guest source in sealed ampoules (or under controlled vapor pressures),
which can favor well-defined staging and ordered interlayer motifs when diffusion and guest
activity are sufficiently high.[53:66.7-75] Tny contrast, electrochemical intercalation enables con-
tinuous control over the guest content and can access narrowly spaced compositions that may
be difficult to isolate by bulk synthesis. Solution-based redox routes provide further flexi-
bility: chemical reduction of the TMDC layers (followed by uptake of charge-compensating

cations) can proceed rapidly and often induces strong layer expansion, which in turn facilitates
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dynamic products.
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current-voltage response. ‘Enhanced diffusion favors long-range ordering and
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-Access to narrowly spaced intermediate compositions
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-Strong solvation effects promote rapid insertion and

-Post-synthetic ion exchange and modification of existing high volume increase.
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Figure 3: Principal synthetic routes for the intercalation of layered materials. The diagram
categorizes strategies into four quadrants: electrical potential (electrochemical), thermal en-
ergy (vapor/solid-state), redox reactivity /restacking (solution-based), and chemical potential
(liquid ammonia).

subsequent guest exchange or exfoliation. A particularly powerful variant is liquid-ammonia
chemistry, where solvated electrons generated from alkali metals promote reduction and fast
insertion of Li", Na™, or related cations. Such conditions are well known to yield highly
expanded intercalates and to open access to metastable structural/electronic states. In ad-
dition, organometallic donors (e.g., metallocenes) can act as charge-transfer reagents, and
post-synthetic ion exchange allows conversion of readily accessible intercalates into composi-
tions that are otherwise challenging to obtain. Finally, bottom-up restacking routes start from
exfoliated (often chemically reduced) TMDC nanosheets and reassemble them from disper-
sion in the presence of selected guests, offering a complementary handle on interlayer spacing,

stacking order, and metastable intercalate compositions. [54:55:57,70,71]

Beyond serving as a versatile chemical strategy for tuning the properties of layered solids, in-
tercalation is also the central working principle of modern rechargeable batteries (see Fig. 4).
The archetypal Li-ion cell operates through reversible intercalation/deintercalation of Li™ be-
tween two host electrodes: a layered or framework cathode (classically LiCoO,) and a graphite
anode that forms CgLi, (z < 1) upon charging.["®7 This conceptual link is valuable in the
TMDC context because it highlights the importance of diffusion pathways, staging, and the

delicate balance between structural stability and redox activity: sufficiently rigid host layers
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Figure 4: Hlustration of a lithium-ion battery with a layered LiCoO4 cathode and carbon
anode. Li" ions shuttle between electrodes during charge (green) and discharge (red).

enable reversibility, while even subtle changes in stacking, coordination, or layer distortion
can strongly influence kinetics and cycling stability. In practice, intercalation is also widely
used as a chemical tool for exfoliation and the preparation of metastable compositions, where
insertion-induced expansion and charge transfer weaken interlayer cohesion and can unlock
phases not accessible by direct synthesis.

While cationic intercalation in TMDCs is well established, truly anionic intercalation is un-
common and often difficult to disentangle from low-level “anionic doping” or surface decora-
tion. In many systems, halogens introduced under growth or transport conditions are later
detected only in dilute, disordered environments that do not yield ordered intercalation phases
or a substantial expansion of the host lattice; such cases are better described as halogen-doped
or halogen-decorated TMDCs rather than stoichiometric intercalation compounds.[” 91 In
contrast, stoichiometric halogen intercalation—where an oxidizing guest forms an ordered in-
terlayer motif and acts as a genuine structural component—represents a distinct and much
rarer regime, because it combines strong redox chemistry with the requirement of preserving
the layered host topology. This distinction between dilute anionic doping and structurally
defined anionic intercalation is particularly relevant for WTe,, where halogen insertion can
couple lattice expansion, staging/modulation, and controlled oxidation (hole doping) within

a van der Waals solid.
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1.3 Halogen-Induced Decomposition and Cluster Formation in the TM-Q-
X system

The interaction between halogens and layered transition-metal dichalcogenides (M@Q2) at
elevated temperatures represents a complex chemical continuum, shifting from limited modi-
fication to true halogenation and structural oxidation.[9293] In this high-temperature regime,
robust M-@Q bonds (Q = S, Se, Te) are cleaved, feeding equilibria that generate metal-halide
species, while the chalcogen is converted into molecular chalcogen halides (e.g. S,Cl,, SeCl,
and Tel,) that are generally volatile and therefore tend to sublime and redistribute into colder
regions of the reaction container. While these chalcogen halides are transported in the gas
phase, the metal component in the iodine case is often retained as non-volatile cluster residues
or stabilized within ternary metal-chalcogenide-halide frameworks.[92:9498] These equilibria
form the fundamental chemical basis of chemical vapor transport (CVT), where halogens act
as transport agents by forming mobile halide intermediates in the hot zone and re-depositing
material in the cold zone (e.g. Van Arkel-de Boer process, see Fig. 5).[92’93’99] Importantly,
high-temperature halogen chemistry often stalls at intermediate chalcogenide halide (chalco-
halide) compositions where metal-metal bonded clusters or polymeric motifs are stabilized

rather than preserving the original M@y layer framework.[190:101]

tungsten heating filament

crude
titanium

800°C 1200°C 800°C

Figure 5: Schematic illustration of the van Arkel-de Boer process with typical pressure of 0.1
to 20 Pa.

Classic outcomes at moderate temperatures include ternary chalcogenide halides incorpo-
rating small metal fragments and mixed /X coordination. Representative motifs include

the triangular Mo3@Q7X 4 and W3Q,X, (Q = S, Se, Te; X = Cl, Br,I) families; for instance,
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the [W3Tes| core can be assembled at temperatures between 300400 °C in halide-rich envi-
ronments.[97100:102] Thege illustrate how partial halogenation can promote metal clustering
and chalcogen-rich linking motifs instead of complete conversion into binary metal halides.
Similarly, investigations into the niobium-halogen system established the existence of stable
NbS,Cl, and NbSe,l, phases, characterized by cage-shaped [Nby@,4| units linked by halogen
atoms into sheets. These materials exhibit diamagnetic and semiconducting behavior due to
Nb*-Nb*" pairing within the units. 193!

Reduced niobium and tantalum cluster compounds are commonly obtained by classical high-
temperature solid-state syntheses from the elements or by comproportionation /metallothermic
reactions, often assisted by alkali-halide fluxes or halide transport.[194195] Under such condi-
tions, thermodynamically robust M3 and Mg motifs dominate, for example trigonal M3 clus-
ters in NbsSI,, NbsSBr-, and TazSBr-, as well as octahedral Mg clusters in Nbgl;;.[196109 The
introduction of heteroanions broadens this chemistry toward non-octahedral cluster types,
especially My motifs, for example planar Nb, units in CsNb,Cl;;/CsNb,Br;;/RbNb,Cl,,
pnictide-capped butterfly clusters in NbyPnX;; (Pn = N, P; X = CI, Br, I), and tetra-
hedral Nb,/Ta, clusters in GaNb,Sg, GaNb,Seg, and GaTa,Seg.'10112 Access to less com-
mon or metastable architectures often requires milder, non-conventional reduction strategies:
phosphorus-based reductions of tungsten halides afford phosphorus-centered or phosphinidene-
capped clusters such as W,(PCl)Cly5, WgPCly;, and W,(PBr)Bry,, whereas antimony or
transition-metal reductants yield products such as W5Br;5- SbBr3 and intermediate Fe-W-Cl
phases. 113117 Thege examples illustrate how moving away from prolonged high-temperature
equilibration toward softer heterogeneous reductions can redirect cluster condensation toward
different nuclearities and connectivities.[114:116-118]

Under more halogen-rich or higher-temperature conditions, larger hexanuclear cluster solids
become accessible. A prominent family is provided by ternary chalcohalides with the formula
MogSgX 4 (X = Br,I), which are isotypic with the classic superconducting Chevrel phases
(M;MogQsg, where M can be metals such as Pb, Sn, Cu, or Ba). While the ternary MogSgX o
series is thermodynamically stable at high temperatures, the binary parent phase MogQg is
unstable under these conditions and cannot be synthesized directly.['% In this specific series,
structural stability is achieved through the filling of metal-metal bonding orbitals (VEC =
22) and the location of two halogen atoms (X) close to each other on the threefold axis. For
bromine and iodine, this proximity creates a van der Waals interaction that effectively fills the
structural vacancy.['%! Analogous tungsten clusters featuring octahedral [WgTeg| cores have

also been isolated, demonstrating the versatility of the group 6 transition metals in forming
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stable chalcohalide frameworks.[119:120]

A modern illustrative example of this behavior is MogS3Brg, a layered van der Waals solid
constructed from covalently linked superatomic building blocks."?! High-quality crystals of
MogS3Brg exhibit a direct electronic bandgap of approximately 1.64 oV.[122l Analogously, the
cluster solid RegSegCl, has become a widely cited prototype of a "superatomic" 2D semicon-
ductor family. Early reports indicated a direct gap of approximately 1.4 ¢V,[123] while recent
studies exploit exfoliated crystals to probe coherent excitonic transport phenomena. 124l

Because chemical vapor transport (CVT) and related halogen-mediated equilibria rely on
reversible halide formation,[80:85:93:125] they can also introduce halogen-derived species as in-
trinsic defects. Quantitative studies confirm that transport agents like Iy, Bry, and TeCly are
incorporated as intercalates or substitutions, creating donor or acceptor levels with activation
energies in the range of 20-90meV.['?%l In selected hosts like HfS, or MoSe,, the presence of
trapped molecular I, results in low-temperature bound-exciton photoluminescence, which ex-

hibits narrow emission lines and phonon replicas at energies roughly 0.1 eV below the indirect

bandgap of the host crystal.[gzss]

1.4 Melamine-based SHG materials

Second-harmonic generation (SHG) is a prototypical second-order nonlinear optical (NLO)
effect in which two photons are converted into a single photon of doubled frequency (halved
wavelength), enabling processes such as frequency conversion and electro-optic modulation in

optoelectronic applications (see Fig. 6).[126’127] As a macroscopic second-order response, SHG

is only symmetry-allowed in non-centrosymmetric solids. 128l

Virtual state ....x .........

jo \V\>

VI rtual state ==rrederenafeennes
AN

o A\

Ground state —L

2hw

Figure 6: The principles of second-harmonic generation (SHG) illustrated as a two photon
process.
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While this symmetry requirement is conceptually simple, it is often difficult to realize in
practice because many molecular and hybrid solids preferentially crystallize in centrosym-
metric space groups—an issue frequently referred to as the “inversion symmetry trap”.[129:130]
Overcoming it commonly relies on introducing asymmetry at the building-block level and /or
inducing symmetry breaking through targeted chemical modifications that enforce polar dis-
tortions or non-centrosymmetric packing.[131’132]

A widely used crystal-chemical principle is to combine structurally and electronically polariz-
able units with packing motifs that promote polar alignment. Benchmark NLO crystals such
as 3-BaB,0O, (BBO) illustrate how planar, m-conjugated groups—often discussed in terms of
(B30g)® building units—can support sizeable optical nonlinearities when arranged in a non-
centrosymmetric lattice. This design principle has motivated the exploration of other planar
m-systems with delocalized electrons, which tend to enhance polarizability and can thus in-
crease NLO responses (see Fig. 7).[1337134] In this context, cyanurate-based systems built from
(C43N304)% units (e.g., Caz(C3N303)y and Srg(C3N303)5) have been highlighted as promis-
ing inorganic platforms that translate planar m-conjugation into non-centrosymmetric crystal

architectures.[135-138]

—|3- —‘3- _‘6- s
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Figure 7: Different 7-conjugated molecules ((B3Og)* (left), (C5N505)°” (middle) and (C5Ng)®
(right)).

Melamine (C3NgHg) provides a closely related, m-rich building block: it offers a rigid tri-
azine core, multiple nitrogen donors for coordination, and a strong propensity to form ex-
tended hydrogen-bond networks.['3! In its monovalent cationic form (melaminium), melamine
can additionally act as a structure-directing component in organic—inorganic systems, sta-
bilizing arrangements of reduced symmetry through ionic templating and hydrogen-bond
directionality.['4% At the same time, melamine-rich solids often adopt highly symmetric pack-
ing motifs that suppress macroscopic polarity, so deliberate symmetry breaking is usually re-
quired to access SHG-active phases.['1144] Effective approaches include combining melamine/
melaminium with suitably asymmetric, inorganic secondary building units, such as transition-
metal halides, and exploiting soft, polarizable cations (especially period 6 elements and /or d'°

metals) whose flexible coordination environments can support non-centrosymmetric arrange-
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ments.[145-148] Tny addition to highly polarizable heavy-metal systems, the same design princi-
ples motivate studies with less hazardous metal centers (e.g., zinc halides), which can offer a
practical balance between structural flexibility, stability, and safety.

From a synthetic perspective, melamine-based hybrid halides are readily accessible via mild
hydrothermal and solvothermal routes, as well as low-temperature solution growth. These
methods enable the systematic screening of composition, protonation state, and polymor-
phism, which is critical for identifying non-centrosymmetric phases.145:146] Specifically, these
low-energy synthetic regimes facilitate the stabilization of metastable NLO-active arrange-
ments that might otherwise transform into centrosymmetric motifs under high-temperature

conditions.
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2 Objectives

The central objective of this dissertation is to establish WTe, as a chemically tunable lay-
ered host and to connect composition—structure relationships to reaction pathways across
intercalation and follow-up chemistry. This includes developing reliable synthetic routes and
handling concepts for moisture- and air-sensitive samples, determining crystal structures from
powder and single-crystal diffraction data with particular emphasis on ordering phenomena,
real-structure effects, and (in)commensurate modulation, and correlating these structural re-
sults with the observed physical and chemical properties. On this basis, the work aims to
map systematic trends in reduced intercalation compounds Ay sWTey across the alkali se-
ries, to extend oxidative halogen intercalation from the established iodine intercalate WTe,l
to bromine-rich WTeyBr,, phases exhibiting multi-stage behavior and pronounced kinetic la-
bility, and to rationalize how increased temperature and halogen activity shift the system
from topochemical intercalation to reconstructive transformations, including tellurium iodide
formation (Tel, polymorphism) and tungsten iodide cluster products. The melamine-based
SHG materials and the Nb/Ta oxyhalide cluster chemistry are included concisely as comple-
mentary examples of how targeted synthesis, symmetry, connectivity, and structure—property

considerations intersect across different areas of solid-state inorganic chemistry.
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3 Summary of the Main Results

The main results presented in this work originate from several thematically distinct stud-
ies, covering halogen-induced reactions, intercalation processes, cluster chemistry and the
hydrothermal synthesis of melamine-based materials. The following sections summarize each
publication separately, focusing on the structural findings and the resulting chemical and
physical properties of the investigated compounds. At the same time, this overview shows
how complementary analytical methods were required to characterize these complex chemical

systems.

3.1 Intercalation of Alkali Metal into WTe,, the Crystal Structure of
ApsWTe, and Observation of a Metal-to-Semiconductor Transition

(Publication 1)

The cationic intercalation of tungsten ditelluride with alkali metals gives access to a chemically
well-defined series of compounds with the composition Ay sWTe, (A = K, Rb, Cs). A central
result of the study is that these phases cannot be prepared reliably by classical direct routes.
Reactions of WTey with liquid alkali metals or alkali vapor led mainly to alkali tellurides,
unreacted starting material, and only minor amounts of the desired intercalates. In addition,
the intercalation compounds decompose slowly on heating above about 100 °C. Phase-pure
products were therefore obtained only by low-temperature solution chemistry using alkali
naphthalenides in tetrahydrofuran (THF). Under these conditions, powders formed at -50 °C
within a few hours, whereas single crystals required several weeks at -80°C. Even though
single crystals could be intercalated, their extreme sensitivity toward moisture, air, and even
mechanical handling prevented a reliable single-crystal diffraction study, so the structural
characterization had to rely mainly on powder X-ray diffraction (PXRD).

The diffraction data show that Ky sWTey, RbgsWTe,, and Csy sWTe, are isotypic and
crystallize in the monoclinic space group P2i/m. An instructive aspect of the structure
solution is that the first indexing of RbgsWTey, based only on the strongest reflections,
suggested a smaller monoclinic cell with apparently disordered rubidium positions of about
half occupancy. Only after the weaker reflections were included did the correct cell with nearly
doubled volume emerge, resolving the alkali positions in an ordered way. Compared with
pristine WTe, in Pmn2;, alkali intercalation leaves the basic WTe, layers largely intact, but
causes a pronounced reorganization of their relative stacking and a slight distortion within
the layers. The adjacent layers shift relative to one another along [101], which aligns the

tungsten zigzag chains along the b direction in the chosen setting (see Fig.9). At the same

11
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Figure 8: Interlayer spacing of pristine WTe, and its alkali-metal-intercalated derivatives,
determined from PXRD via the (002) Bragg reflection.'4]

time, the interlayer distance increases systematically with alkali-metal size, from 7.009 A in
WTe, to 8.6297 A for Ko sWTe,, 8.9179 A for Rby sWTey, and 9.2606 A for Csy sWTe, (see
Fig.8). The systematic expansion of the interlayer distance illustrates that the van der Waals

gap accommodates the alkali cations in an ordered fashion.

— A
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Figure 9: Structural transformation of WTe, (left) to AysWTey (right) induced by alkali
intercalation. The adjacent WTe, layers experience a significant shift, highlighted by the
tungsten telluride chains (W: grey, Te: yellow, A: turquoise. 149l

A second important structural result concerns the arrangement of the intercalated alkali-
metal atoms. In the refined models, the cations occupy two crystallographically distinct
positions within the van der Waals gap and form an ordered honeycomb-like pattern perpen-
dicular to the b direction (see Fig. 10). For RbysWTe,, representative Rb--- Rb separations
lie between 3.7917(7) A and 5.140(1) A. Each alkali site is surrounded in a distorted cubic
coordination environment by tellurium atoms, with Rb-Te distances between 3.556(4) A and

4.122(5) A. Although the layer topology remains recognizable, the intercalation is not a purely

12
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spacing effect. The symmetry lowering from Pmn2; to P2;/m is accompanied by subtle but
significant distortions of the WTeq host layer itself. Chemical analysis by ICP-OES and EDX
confirmed the expected stoichiometry, and SEM images showed the expected platelet-like
morphology, consistent with the layered character of the structure. At the same time, time-
resolved powder diffraction under non-hermetic conditions revealed rapid degradation under

hydrolysis, showing that the structural integrity depends strongly on strict inert handling.

’
.
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Figure 10: Section of the Rby sWTe, crystal structure. View along the tungsten zigzag chains
(left). View along the b-axis (right) showing the arrangements of Rb ions, shown turquoise,
one of them semi-transparent (75% opacity), separated by one central WTe, layer (W: grey,
Te: yellow).[149]

Within the layers, the tungsten chains show the most striking structural response, becom-
ing distinctly distorted upon intercalation. In pristine WTe, the W—W contacts are uniform,
whereas in the intercalated compounds they split into shorter and longer distances, indicating
clustering of the tungsten atoms. For Rby sWTe, the W-W distances range from 2.794(3) A
to 3.146(3) A, while the potassium and cesium analogues exhibit the same distortion motif
with slightly different bond lengths. The distortion of the tungsten chains can be understood
as a structural consequence of the formal reduction of the WTe, layers by half an electron
per formula unit. In other words, electron donation from the alkali metal does not simply fill
bands rigidly, but drives a structural response within the tungsten sublattice. The resulting
distortion can be described in terms of rhombic W, units and shows, in a broader sense,
parallels to electron-count-driven clustering phenomena observed in related dichalcogenides
such as ReSe, and in halide cluster compounds such as CsNb,Cl;,.[110:150]

The electrical measurements show that this structural reorganization is accompanied by a

clear change in electronic behavior (see Fig.12). Temperature-dependent conductivity mea-
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Rbo. sWTe:

Figure 11: Section of the (a) WTey (b) RbysWTe, and (c) ReSey structure visualizing the
distortion of the metal chain with metal-to-metal distances given in A (tungsten/rhenium in
grey, chalcogens in high opacity yellow).[149]

surements on Rby sWTe, single crystals reveal ohmic current-voltage characteristics between
75K and 300K, with a maximum conductivity of 24.3mSm™" at 300 K. The conductivity
decreases with decreasing temperature, which is characteristic of a semiconductor. From the
Arrhenius-like representation, an activation barrier of 0.476 eV was estimated for the range
between room temperature and 150 K. Additional support for semiconducting behavior comes
from the pronounced photoresponse under irradiation with a 779nm laser. The initial fast
rise is assigned to photogenerated charge carriers, whereas the slower second component is
attributed to heating effects during illumination.
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Figure 12: a) Arrhenius plot of the electrical conductivity of RbysWTe, at temperatures in
the range of 75 K to 300 K. The red line is a linear fit for the range between 150 K and 300 K.
b) Photoresponse of a RbysWTe, crystal toward a 779nm laser at 250 K under a bias of
0.2V.[149)

The optical data further support a narrow-gap semiconducting description of the inter-
calation compounds. Although the absorption edge is rather broad and a conventional Tauc

evaluation remains ambiguous, the Zanatta approach gives direct gap values of 0.431 ¢V for
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Ko sWTes,, 0.448 eV for RbysWTey, and 0.440¢eV for Csy sWTe, (see Fig. 13a).[1517157] Theo-
retical calculations are consistent with these observations and predict indirect band gaps of
about 0.35-0.4 eV for all three compounds (see Fig. 13b). The states near the Fermi level are
dominated mainly by W 5d and Te 5p orbitals, whereas the alkali-metal states lie far from the
gap region and thus act primarily as electron donors and structure-directing species. Partic-
ularly important is the conclusion that the semiconducting state does not arise from charge
transfer alone, but from the combination of electron donation and the accompanying lattice
distortion. This interpretation is further supported by calculations on the same framework
without cations, which show that charge alone would not be sufficient to account for the
observed behavior. At the same time, the calculations indicate that this narrow-gap semicon-
ducting state is delicate, since even moderate tensile or compressive strain along the interlayer

direction is sufficient to reduce or even close the gap.
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Figure 13: a) Optical absorption coefficient spectrum of K sWTe, with the Boltzmann func-
tion (R? = 0.997, x? = 4.00 - 10~%) used to fit a (normalized). b) Calculated electronic band
structures of K sWTe, with bands colored by their tungsten character. Special points (I' =
(000),Z=(00.50),D=(00.50.5), B=(000.5), A= (-0.500.5), E= (-0.50.50.5), C2
= (-0.50.50), Y2 = (-0.5 0 0)) in and paths through reciprocal space were chosen following
the literature.[149,158]

In summary, the results demonstrate that low-temperature alkali-metal intercalation trans-
forms semimetallic WTe, into an ordered family of narrow-gap semiconductors while largely
preserving the layered host structure. The key features are the regular occupation of the van
der Waals gap by alkali ions, the systematic increase of the interlayer distance across the alkali
series, and the electron-count-driven distortion of the tungsten substructure. The Ay, sWTe,
compounds thus define a coherent structural series in which electronic behavior is directly

coupled to the lattice response.

15



3  Summary of the Main Results

3.2 Reversible Iodine Intercalation into Tungsten Ditelluride (Publica-

tion 2)

Transition-metal dichalcogenides are a prominent class of layered solids in which weak van
der Waals interactions between adjacent layers permit extensive intercalation chemistry and,
with it, a targeted modification of electronic properties.!*7 Within this family, WTe, is
particularly attractive because its distorted T4 structure combines a low-dimensional layered
arrangement with pronounced W-W zigzag chains and an unusual electronic structure that
has been associated with semimetallic transport, large magnetoresistance, charge-density-
wave phenomena, and topological band features.[15:16,26,35,159,160] Against this background,
the low-temperature iodination of WTe, was investigated as a route toward an anionically
intercalated derivative in which the host lattice might be retained while its electronic structure

is substantially altered.

The reaction of WTe, with iodine in sealed silica ampules indeed yielded the new phase
WTe,l as the first identifiable product of the iodination sequence. Bulk material was obtained
already under comparatively mild conditions, and chemical analysis confirmed a composition
very close to the ideal 1:2:1 ratio. Powder diffraction showed that the new compound remains
structurally related to the parent telluride and can be described in the orthorhombic space
group Pmmn as an average structure derived from the T4 host. In this sense, the work
established that the reaction with iodine does not immediately destroy the WTe, layers, but
first gives access to a genuine intercalation compound that represents the low-temperature

entry point into the wider W—Te—I reaction chemistry.

The basic geometry of the WTe, layers is preserved to a remarkable extent (see Fig. 14).
The intralayer W-W and W-Te distances remain close to those of pristine WTe,, whereas
the stacking direction expands dramatically because iodine is inserted between every pair of
adjacent layers. This expansion is not a minor perturbation. Rather, the distance between
neighboring layers increases strongly, and the interlayer region is reorganized into nearly planar
iodine nets. In the average structure, these iodine atoms form a rectangular arrangement
with short I-I contacts that are far more condensed than would be expected for a purely
space-filling interlayer species. The resulting geometry is noteworthy because it combines
a largely intact WTe, host with a chemically distinct iodine substructure that dominates
the van der Waals gap. In this respect, WTe,l differs clearly from more common cation-
intercalated dichalcogenides, for which the interlayer expansion is often much smaller. [161-163]

The pronounced structural response also explains the frequent occurrence of layer dislocations

in the crystals.
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Figure 14: Sections of the WTe,l crystal structure with tungsten atoms shown in gray, iodine
atoms in violet, and tellurium atoms in yellow. a) Perspective projection viewed along the b-
axis, illustrating the layered arrangement of the structure. b) View along the a-axis, showing
the rectangular iodine net above a WTeq layer.[47]

At the same time, the crystallographic model already showed that the iodine arrangement
could not be fully described by a simple ordered average structure. The refined iodine positions
exhibited unusually large anisotropic displacement parameters, and additional weak reflections
in both powder and single-crystal diffraction indicated deviations from the periodicity of the
basic lattice. Low-temperature powder diffraction did not remove this effect. The large
displacement parameters therefore could not be dismissed as a merely thermal phenomenon
but instead pointed to a more fundamental modulation of the iodine substructure. This is
an important aspect because it shows that the first structural model of WTe,I was already
physically informative even where it was incomplete. The average Pmmn description captured
the general architecture of the intercalate, while the diffraction anomalies clearly signaled
that the real iodine arrangement is modulated and more complex than the average structure
suggests.

The reaction behavior further demonstrated that this iodine intercalation is reversible.
Thermal analysis in an open system showed that iodine is released again above about 100 °C,
ultimately leading to complete deintercalation under the measurement conditions (see Fig. 15).
Notably, the intercalation itself did not produce a distinct calorimetric event in the sealed-
ampoule experiment, whereas deintercalation is readily followed in the open setup through

the mass loss associated with iodine sublimation. This establishes WTe,I not only as a well-
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defined intercalation compound but also as a metastable intermediate whose existence depends

on iodine chemical potential.
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Figure 15: DTA/TG measurement of WTeyl in an open SiO, container up to 350 °C with
complete iodine loss (DTA: red line, TG: black line).!47]

The electronic structure calculations showed that the insertion of iodine changes the role of
the van der Waals gap from a passive separation region into an electronically active part of
the structure (see Fig. 16). Compared with pristine WTe,, the calculated density of states at
the Fermi level increases markedly, such that the intercalated phase is no longer described
as a semimetal but as a metal 2635 This change is connected with a downward shift of the
Fermi level and a partial transfer of electron density from the tungsten telluride layers to
the interlayer iodine network. The calculations estimate this charge redistribution to be sub-
stantial, and they further show that the new states at the Fermi level are not distributed
uniformly over the whole structure. Instead, steep and highly dispersive bands with strong
iodine p-character appear, especially along reciprocal-space directions that probe the inter-
layer iodine subsystem. Electron-density analysis supports this interpretation by indicating
direct I-I bonding contributions, especially along the direction of the shorter iodine contacts.
Thus, the intercalated iodine is not merely a charge-balancing oxidant between WTeq layers.
It forms an electronically relevant substructure of its own and decisively contributes to the
metallic behavior of WTe,l.

A particularly interesting consequence of this electronically active iodine network is its relation

to the lattice instability of the compound. Phonon calculations for the average structure re-
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Figure 16: Electronic band structure and density of states of WTe,l, calculated with spin-
orbit coupling. The projected densities of states within the PAW spheres are shown as colored
lines at right. Special points in the Brillouin zone are shown as an inset.[4]

vealed several soft modes with imaginary frequencies, which were interpreted as Kohn anoma-
lies and therefore as fingerprints of an instability toward charge-density-wave ordering.[16:164]
These results provide a natural explanation for the diffraction evidence of modulation. In
other words, the disorder-like features of the iodine atoms in the average structure are better
understood as the crystallographic signature of an incipient ordered distortion. Analysis of
the corresponding eigenvectors showed that these soft modes are dominated by motions of
individual iodine atoms, accompanied in part by rocking motions of the WTe, layers. The
instability is therefore rooted primarily in the weakly bonded iodine substructure rather than
in a rigid displacement of intact I, units. In this sense, the behavior of WTesl can be related
conceptually to other iodine-rich solids with condensed iodine substructures.!*61!

Overall, this publication established WTe,l as a reversible iodine intercalation product of
WTe, in which the parent telluride layers remain largely intact while the interlayer region is
fundamentally reconstructed. The study showed that anion-based intercalation can oxidize
WTe,, strongly expand the layer separation, introduce a planar iodine substructure, and
transform the electronic ground state from semimetallic to metallic. At the same time, the
work already revealed that the average crystal structure is only an approximation and that the
intercalated iodine layers are intrinsically unstable toward modulation. It therefore provided
both the first structural description of WTe,l and the essential conceptual basis for a more

detailed understanding of halogen-intercalated W'Te, phases in later work.
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3.3 Structural Evolution during Reversible Halogen Intercalation in WTe,:
Commensurate—-Incommensurate WTe,I and Multistage WTe,Br, (z =

0.5, 1.0 and 1.25) (Publication 3)

Halogen intercalation into WTe, gives access to an unusual series of anionically modified
layered compounds in which the host framework is largely retained, while the van der Waals
gap is reorganized in a halogen-specific manner. For iodine, the previously known compound
WTe,I could be described in substantially greater structural detail.*7l Instead of a simple
average arrangement, WTesl occurs in closely related incommensurately and commensurately
modulated variants. Both are described in the superspace group P2;/m(a0v)00, with the
incommensurate phase characterized by the modulation vector ¢ = (0.4487,0,0.1617) and
the commensurate polytype by the lock-in vector ¢ = (1/2,0,1/6). The latter can also be
represented as a conventional three-dimensional supercell. No phase transition was observed
between 100 K and 270 K, indicating that the modulation is an intrinsic structural feature of

WTe,l rather than a temperature-induced transformation.

Figure 17: Section of the average incommensurate WTe,l structure (left) and a smaller section

with atom labels (right). Note, the zig-zag chains of tungsten atoms running parallel to the
[165]

c-axis.

The modulation in WTe,l is dominated by the iodine substructure (Fig.17). The average
structure is closely related to the previously reported model, but requires additional minor
split positions, Te3 and I3, with occupancies of about 15.5%. These sites describe a local

defect motif in which an I, unit rotates by approximately 90° out of the iodine-net plane.
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This rotation is coupled to a shift of the adjacent tellurium atom from Te2 to Te3, avoid-
ing an unrealistically short Te-I contact and instead generating a Te3-13 distance of about
2.77 A. This value is consistent with a localized covalent interaction between the intercalated
iodine and the WTe, host layer. The modulation is therefore not merely a crystallographic
description of positional disorder, but reflects a chemically meaningful host—guest interaction

that locally anchors the iodine substructure.

Within the iodine layer, the displacive modulation leads to a broad distribution of I-I
distances and a strongly non-uniform iodine net (see Fig.18). Over one modulation period,
the contacts within the 11/12 net span from 2.688(8) to 4.018(8) A, while the I3-13 distance
remains comparatively long at about 3.272(2) A. The interlayer can therefore no longer be
described as a regular rectangular iodine sheet, but rather as a strongly distorted halogen
substructure with alternating shorter and longer contacts. The displacement modulation is
most pronounced in the ac-plane and is accompanied by an occupational modulation of the
Te2/12 and Te3/13 split positions. This was described by crenel functions, which reflect the
intermittent appearance of the I3 site and therefore the local out-of-plane rotation of an I,
unit. In this way, the modulation combines two effects: a wave-like distortion of the iodine

net and the periodic occurrence of a chemically distinct defect motif.

Figure 18: Section of the incommensurate WTe,l structure a) only showing one iodine layer
with Iy dumbbells of I3 being aligned along the b-axis, including the projected unit cell; and
b) a corresponding view along the c-axis, emphasizing the I, dumbbells of I3. 11 and I2 are
displayed purple, and I3 in lighter purple.[*6°l

The WTe, layers are affected less strongly than the iodine substructure, but they are not

completely rigid. The Te2/Te3 splitting induces subtle distortions in the host layer, and the
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tungsten positions show a clearly resolved saw-tooth-like modulation (see Fig. 19 and Fig. 20).
The average W-W distance is 2.86(1) A, with the shortest contact of 2.78(1) A remaining close
to the average, whereas the longest distance of 3.10(2) A marks a periodic disruption of the
tungsten chain. These elongated contacts occur after segments of roughly twelve tungsten
atoms and are induced by the out-of-plane 13 dumbbells above and below the tungsten-chain
plane. Apart from these local interruptions, the W-—W distances vary only modestly by about
0.08 A, showing that the modulation is primarily rooted in the intercalated iodine layer and
only secondarily transmitted into the WTe, framework. The commensurate supercell model
is therefore useful because it translates this complex modulation into a periodic real-space
motif and makes both the iodine-net distortion and the ordered occurrence of the I3 defect

easier to visualize.

(4]

Figure 19: Section of the incommensurate WTesl structure viewed along the b direction with
highlighted unit cell. For clarity, tellurium atoms are omitted and only one interlayer section
in the ac-plane of the tungsten zigzag chains is shown, together with the Iy dumbbells (I3
sites) aligned along b which are directly above and beyond of the ac-plane section. Elongated
W-W contacts, indicating disruption of the tungsten chain are highlighted by violet bonds
(W: grey; I: violet; t = 0.62).116%]

The calculated electronic structure shows that the iodine substructure contributes directly
to the states at the Fermi level. Commensurately modulated WTe,l is metallic and contains
flat iodine-derived bands at the Fermi level. The flatness of these bands indicates localized
metallic states, while anticrossings with tungsten-derived bands show that the iodine and
host-layer states are coupled. Compared with the previously discussed unmodulated average
model,[*” the modulated structure shows a much smaller shift of the Fermi level, suggesting
that the oxidation of the WTe, layers is comparatively weak in the fully modulated description.
The electronic structure is therefore governed not simply by charge transfer, but by the

detailed organization of the iodine net and its interaction with the host lattice.
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Figure 20: de Wolff sections (Fobs) of x3-x4 plane for W1 in WTe,l. Refined atomic positions
are indicated by a grey line. The electron density is visualized as a heat map (red = high,
green = low).[16%]

Bromine intercalation leads to a more dynamic situation. In the WTe,Br,, system, distinct
composition regimes with z = 0.5, 1.0, and 1.25 are observed, but they are connected by rapid
and reversible bromine uptake and release. This “breathing” behavior occurs already under
mild conditions and is directly reflected in time-resolved PXRD experiments (see Fig.21).
The bromine content depends strongly on bromine activity and temperature. Bromine-rich
material can be stabilized at lower temperature or under bromine-rich conditions, whereas
bromine loss under argon flow leads toward the bromine-poor phase WTeyBrj 5. The inter-
mediate composition WTeyBr; o is supported by diffraction and thermal-analysis data, but
could not be isolated as a phase-pure compound for complete structure determination. It is
therefore best regarded as an intermediate stage within the reversible bromine-intercalation

sequence.

The bromine-poor phase WTeyBr 5 crystallizes in the orthorhombic space group Pmmn
with refined lattice parameters of a = 16.7450(4) A, b = 3.67734(3) A, and ¢ = 6.29678(8) A.
In this setting, the a-axis corresponds to the stacking direction, so that the enlarged lattice
parameter directly reflects the expansion of the layer sequence by bromine incorporation.
The WTe, layers remain intact, but the stacking arrangement generates enlarged interlayer

voids for bromine incorporation (see Fig.22). In contrast to the more continuous iodine layer
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Figure 21: Time resolved PXRD analysis of WTe,Br, showing structural evolution during
bromine deintercalation with discrete phases from z = 1.25 to 1.0 and 0.5.1165]

in WTe,l, only half as many halogen atoms are present. The bromine atoms are shifted
toward one tellurium site and form short Tel-Brl contacts of 2.946(2) A, thereby connecting
adjacent WTe, layers through local Te-Br interactions. Direct Br-Br interactions are much
less important, because the Br—Br separations are comparatively long. A defining feature of
WTe,Brg 5 is the very large and anisotropic displacement of Brl, which indicates pronounced
positional disorder and/or dynamic motion in the van der Waals gap. This crystallographic
observation is consistent with the rapid bromine mobility inferred from the reversible breathing
behavior.

The electronic structure of WTe,Br 5 differs from that of WTe,l. Although WTeyBr 5 is
also metallic and also exhibits a flat band at the Fermi level, bromine does not contribute
significantly to the states near the Fermi energy. The localized metallic states are instead
mainly located within the WTe, layers. The stronger Fermi-level shift of about 0.35¢V indi-
cates a more ionic interaction and a stronger oxidation of the host layers than in modulated
WTe,l. Phonon calculations show several soft modes involving both bromine and WTe, dis-
placements, which explains the tendency toward disorder or subtle modulation even though
no fully developed modulated structure analogous to WTesl was resolved.

At higher bromine content, WTe,Br; o5 adopts a substantially more complex orthorhombic
structure in Imm2 (see Fig. 23), with lattice parameters of a = 10.6218(4) A, b = 43.038(3) A,
and ¢ = 12.6285(9) A. The long b-axis corresponds to the stacking direction and contains the
periodically alternating bromine interlayers, while the in-plane metric can be understood

approximately as an expanded WTe,-type layer repeat, with a threefold repeat along the W-
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Figure 22: Section of the WTe,Br( 5 crystal structure highlighting the position of bromine
atoms within the van der Waals gap, with their alignment toward Tel, thereby connecting
adjacent WTe, layers. Atomic displacement parameters are shown as anisotropic displacement
ellipsoids at the 50% probability level.[16%]

W chain direction and an approximately doubled repeat perpendicular to it. In contrast to
WTeyBr 5, where all van der Waals gaps are filled in the same way, WTe,Bry 95 contains two
crystallographically distinct bromine interlayers. One interlayer contains 0.5 Br per WTe,
formula unit and has an interlayer distance of 10.1573(2) A, whereas the second contains 0.75
Br per WTe, formula unit and is expanded to 11.3493(2) A. The structure is therefore best
understood as a staged bromine-rich intercalation compound rather than a uniformly filled

derivative.

The less bromine-rich interlayer contains an essentially planar bromine arrangement, but
also includes out-of-plane Bry-like dumbbells aligned parallel to the b-axis (see Fig.24). These
dumbbells have a Br-Br distance of 3.13(4) A and form short Te-Br contacts of 2.50(3) A to
the adjacent WTeq layers. Within the same interlayer, the bromine atoms form a rectangular
network with Br-Br separations ranging from 2.51(4) to 4.42(6) A. The corresponding bromine
sites show strongly anisotropic displacement parameters, extended mainly within the ac-plane,

which indicates pronounced positional flexibility and possibly dynamic disorder.

The more bromine-rich interlayer contains a broader variety of motifs (see Fig. 25). Besides
individual bromine atoms in close Te—Br contact with the host layer, with a shortest contact of
about 2.48(3) A (Br6 in Fig. 25, orange color), it also contains chain-like bromine arrangements

(Fig. 25, green colored atoms) and more complex polybromide-like units located fully within
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Figure 23: Section of the WTe,Br, 5 crystal structure viewed along the a-direction (W: grey,
Te: yellow, Br: light green/green/olive/orange). Bromine atoms are shown in different colors
to distinguish the individual bromine sites and to highlight the polybromide motifs. 165!
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Figure 24: Section of the crystal structure of WTeyBr; 55 showing interlayer bromine atoms
(0.5 Br per formula unit WTe,) a) between adjacent WTe, layers along the a-axis and b)
the same bromine net viewed along the b-direction. (W: grey, Te: yellow, Br: green/olive).
The Bry dumbbells (Br7) connecting adjacent WTe, layers are aligned along the b-axis and
highlighted green.[16%l
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the interlayer space (Fig. 25, olive colored atoms). In these polybromide motifs, the Br-Br
distances span 2.36(3) to 3.56(2) A, consistent with polybromide bonding. Compared with
the more flexible rectangular bromine net, the polybromide sites exhibit less pronounced
anisotropic displacement parameters, although they remain slightly enlarged relative to the

WTe, framework atoms.

Figure 25: Section of the crystal structure of WTeyBr; 55 showing interlayer bromine atoms
(0.5 Br per formula unit WTe,) a) between adjacent WTe, layers along the a-axis and b)
the same bromine net viewed along the b-direction. (W: grey, Te: yellow, Br: green/olive).
The Bry dumbbells (Br7) connecting adjacent WTe, layers are aligned along the b-axis and
highlighted green.[16%l

The WTe, layers remain recognizable in W'TeyBry o5, but the W-W zigzag chains are much
more strongly perturbed than in WTeyBrg-5. Five consecutive W-W contacts remain in the
typical range of 2.771(9)-2.815(9) A, followed by two distinctly elongated contacts of 2.925(9)
and 2.954(9) A. These longer contacts are associated with directional Te-Br interactions from
the neighboring bromine interlayers and are therefore a direct structural response of the host
layer to the more complex bromine substructure. This point is particularly well suited for
illustration, because the elongated W—W contacts visually mark where the tungsten chain is

disrupted by the adjacent bromine motifs (see Fig. 26).

In summary, iodine and bromine intercalation into WTe, preserve the layered host frame-
work but generate very different interlayer architectures. WTesl is best described as an intrin-
sically modulated intercalation compound in which the iodine net is directly involved in the

electronic structure and imposes a periodic distortion on the otherwise largely preserved WTe,
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Figure 26: Section of the WTeyBry 95 structure viewed along the b-axis with the unit cell
highlighted. For clarity, only one interlayer section in the ac-plane of the tungsten zig-zag
chains is shown. Tellurium atoms are omitted, except for Te atoms bonded to the WTe, layer
as well as Br atoms, which are included. Note that Br7 and Br6 belong to different bromine
interlayers, above and below the projected plane of W atoms. Elongated W-W contacts,
indicating disruption of the tungsten chain, are highlighted by dashed lines (W: grey, Te:

yellow, Br: light green/orange).!16]

layers. In contrast, WTe,Br, is characterized by reversible multistage bromine uptake and
release, high guest mobility, and composition-dependent interlayer ordering. Together, these
results show how strongly the nature of the halogen controls the balance between modulation,

staging, disorder, and host—guest bonding in anionically intercalated WTe,.
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3.4 A New Modification of Tel, Possessing the Crystal Structure Proposed
for W1, (Publication 4)

The reaction of WTe, with iodine had previously been reported to yield WI4.[166] Since this
assignment was based on a structure closely related to §-Tel, and the unusually high reaction
temperature of 520 °C already appeared questionable for a binary tungsten iodide, the system
was re-investigated in detail.[9%167] Repetition of the reported synthesis did not confirm the
formation of tungsten tetraiodide, but instead yielded a new polymorph of tellurium tetraio-
dide, denoted (-Tel,. PXRD showed the product to be triclinic and essentially isotypic with
the phase previously described as WI,;. A decisive argument was obtained from the single-
crystal refinement: assigning tungsten to the metal sites led to markedly inferior agreement
factors, whereas refinement with tellurium gave a substantially improved structural model,

demonstrating that the product is in fact Tel, and not a tungsten iodide. Structurally, (-Tel,

Q@

Figure 27: Te I, units in 6-Tel, (left) and in ¢-Tel, (right) structures.[%l

is built from discrete Teyl;¢ tetramers in which each tellurium atom is surrounded by six iodide
ligands in a distorted octahedral environment (see Fig.27). This fundamental building unit
is also known for §-Tel,, so the comparison of both structures is particularly instructive. 167l
While the individual Te—I distances are very similar in the two polymorphs, the symmetry
of the tetramers and, more importantly, their packing in the crystal structure differ signif-
icantly. In (-Tel,, the iodine arrangement can be described in terms of a defect Cdly-type
motif with partially occupied octahedral voids (see Fig. 28), providing a useful structural in-
terpretation of the new modification. Since both ¢- and {-Tel, crystallize from the gas phase,

their close relationship becomes especially evident in a direct comparison of the two structure

figures. The compositional assignment was corroborated by chemical analyses. Inductively

29



3  Summary of the Main Results

Figure 28: Crystal structures of §-Tel, (top) and (-Tel, (bottom) with unit cell edges
shown. %]

coupled plasma optical emission spectroscopy (ICP-OES) gave a Te:I ratio of 1:3.98 with only
0.005(2) % W, and electron microprobe measurements likewise yielded Te:I ratios very close to
1:4, with tungsten detected only in trace amounts at a single measurement spot. These data
make a genuine tungsten-containing bulk phase highly unlikely. In addition, DFT calculations
on the known Tel, polymorphs identified §-Tel, as the thermodynamic ground state, whereas
(¢-Tel, is metastable and must therefore form under kinetic control.l'68] This interpretation
is consistent with sublimation experiments: no spontaneous interconversion between the two
modifications was observed, but d-Tel, could be transformed into (-Tel, at about 200 °C in the
presence of small amounts of WTe,, W(CO)g, Mo, or Sn. The formation of (-Tel, is thus best
understood as an impurity-assisted gas-phase process. Overall, the study corrects the earlier
assignment of WI, and shows that the corresponding product is actually a new metastable
polymorph of Tel,. At the same time, it highlights how sensitively gas-phase transport re-
actions can respond to minor secondary phases and how easily structurally plausible, but

chemically incorrect, assignments may arise in halide-rich systems.
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3.5 Synthesis and Structural Characterization of (Telz),[WglI 4] (Publica-
tion 5)

The reaction of WTey with iodine revealed an unexpected transformation from a layered
transition-metal dichalcogenide into a discrete tungsten iodide cluster compound. Heating
WTe, with iodine in a sealed silica ampoule at 250 °C for two days afforded black, plate-like
crystals of (Telz)o|Wgly4| in high yield, while Tel, formed as a volatile side phase and could
be removed by sublimation. The formation of an octahedral tungsten iodide cluster at such
a comparatively low temperature is remarkable. In established tungsten iodide chemistry,
the preparation of binary metal-rich iodides commonly proceeds through stepwise reduction
and iodine loss, and the formation of octahedral tungsten clusters is usually associated with
higher temperatures and more classical solid-state routes.[1691701 Against this background,
the iodination of WTe, opens an unusual low-temperature access to a cluster compound from

a layered chalcogenide precursor.
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Figure 29: Section of the structure of (Tel3)s[Wgl14], emphasizing the [Wqlglg]® cluster and
its connectivity to tellurium atoms (green) via outer iodide ligands. [l

Single-crystal X-ray diffraction showed that (Tels),[W¢l 4] crystallizes in the triclinic space
group P1 and consists of discrete [Wgl 4> cluster anions and (Tel3) " cations. The tungsten
atoms form the well-known octahedral Wg core, surrounded by eight inner iodide ligands and

six apical iodide ligands, corresponding to the familiar [W61816]27 motif that is also found
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in related inorganic [WGIM]} salts.'"1 In the title compound, however, this cluster is not
combined with simple alkali or organic counterions, but with (Telg)+ cations, which gives rise
to a distinctly different crystal packing. The structure can be described as an alternating
layered arrangement of cations and cluster anions (see Fig.29). This layered ordering is not
inherited from the parent WTe,, but emerges from the ionic packing of the newly formed

product.

A central structural feature is the coordination environment of tellurium. Within the
cation, tellurium adopts the expected distorted trigonal-pyramidal Tel;” geometry. At the
same time, the cation is not fully isolated. KEach tellurium atom approaches three apical
iodide ligands of neighboring cluster anions, so that the local environment around Te may be
described as a strongly distorted octahedron built from three short covalent Te—I bonds and
three longer secondary Te--- I contacts. The primary Te-I distances within the cation lie
between 2.745(1) and 2.810(1) A, whereas the additional contacts to cluster iodides fall in the
range from 3.187(2) to 3.531(2) A. An additional short I--- I contact of 3.196(1) A between
one iodide of the (Tel3) " unit and an apical cluster iodide further emphasizes that the crystal
structure is not merely a simple ionic array, but is stabilized by a network of weak secondary
interactions between cationic and anionic substructures. As a result, the title compound
occupies an interesting structural position between classical salt-like cluster compounds and

more strongly associated halide-rich solids.

Because the crystals are black, unlike many other [W¢l 4] 2"_based compounds, the question
arose whether this appearance might reflect defects, partial tellurium substitution within
the cluster environment, or a fundamentally altered electronic structure. A crystallographic
distinction between tungsten and tellurium substitution within the heavy-atom framework is
difficult, so the structural model had to be evaluated in combination with chemical analysis.
ICP-OES measurements yielded an average elemental ratio of W:Te:I = 6:2.24:20.64, already
close to the idealized composition. Electron microprobe measurements on selected crystal
areas refined this picture further and gave an average ratio of W:Te:I = 6:2.17(3):21.0(1)
for uncoated regions. At the same time, the microprobe study showed that some crystal
surfaces carried a tellurium-rich amorphous coating, which explains locally elevated tellurium
contents without requiring a bulk deviation from the proposed composition. These analytical
results therefore support the formulation (Tels)s|Wgliy| and show that the unusual optical
appearance is best explained by the intrinsic electronic structure of the compound rather than

by extensive Te incorporation into the cluster core.

Density functional theory (DFT) calculations using the HSE06 hybrid functional corrobo-
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Figure 30: Projection of the crystal structure of (Tel3)o|Wgl 4| forming a layered arrangement.
Tungsten atoms are shown blue, iodine violet, and tellurium atoms green. %!

rated this interpretation and gave a consistent picture of the electronic structure (see Fig. 31).
The calculated band structure exhibits rather flat bands, indicating strongly localized elec-
tronic states, and reveals an indirect band gap of about 1.8eV. This value agrees well with
the optical estimate from the Tauc evaluation, which gave approximately 1.75€eV. The upper
valence band is dominated mainly by W 5d and I 5p states, whereas the bottom of the conduc-
tion band contains substantial Te 5p and I 5p contributions. This participation of tellurium
states near the conduction-band minimum is particularly important, because it provides a
plausible explanation for the reduced band gap. In related [W6114]27—containing compounds,
band gaps are commonly reported in the range of about 2 to 3 eV, and these materials are bet-
ter known for red phosphorescence and related photophysical properties than for such strong
visible-light absorption.!"17] In (Tel3)o[Wgl14], by contrast, the Te-containing cation is not
electronically innocent, but shifts the low-lying unoccupied states in a way that narrows the

gap and accounts for the black color of the crystals.

Overall, the formation of (Tels)s[Wgl 4] demonstrates that the iodination of WTey does
not only lead to topochemical intercalation phenomena or simple tellurium iodides, but can
also trigger a reconstructive pathway toward discrete metal-halide clusters under unexpectedly
mild conditions. The compound combines three aspects that make it particularly noteworthy

in the context of this dissertation: first, it documents the chemical flexibility of WTey un-
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Figure 31: Calculated electronic band structure (a) and partial and total density of states
(TDOS) (b) of (Tels)y[Weli4] based on HSE06 hybrid functional. Special points in the band
structure of the Brillouin zone are I': (0,0,0), F: (0, 0.5, 0), Q: (0, 0.5, 0.5) and Z: (0, 0,
0.5).19!

der halogenating conditions; second, it links tungsten iodide cluster chemistry with tellurium
iodide cations in an uncommon layered ionic arrangement; and third, it shows how the incor-
poration of tellurium-containing cations can substantially modify the electronic structure of
a known cluster motif. The title compound therefore marks an instructive transition point
between layered chalcogenide chemistry, halogen-driven decomposition, and classical tungsten

iodide cluster chemistry.
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3.6 Ta,SBr;;: A Cluster Mott Insulator with Corrugated, Van der Waals
Layered Structure (Publication 6)

Ta,SBr;; was obtained from a comproportionation reaction of tantalum, tantalum(V) bro-
mide, and sulfur at 400 °C. Crystal growth was significantly improved by adding CsBr as
a flux, which yielded platelet-like crystals with metallic luster. Their morphology already

reflects the layered character of the compound.

Figure 32: scanning electron microscopy (SEM) micrographs of Ta,SBry; crystals obtained
from the direct synthesis (a) and grown from a flux of CsBr (b and c).[17

The crystal structure is based on butterfly-shaped [Tay(uy—S)] cluster units. These clus-
ters are linked by bromide ligands into corrugated layers, which extend in the ab-plane and
interact only weakly with one another. The resulting arrangement can be described as a cor-
rugated van der Waals layered structure. Single-crystal X-ray diffraction (SC-XRD) further
showed that the structure is intrinsically disordered. The average structure can be refined
in the space group Pmmn, while diffuse scattering indicates additional local ordering effects

and different possible stacking arrangements of the layers.

J IR

Figure 33: Refined average structure of Ta,SBr;; in two projections along ¢- and b-direction
(a and b) and the characteristic [Ta,(py—S)| butterfly cluster in the structure of Ta,SBrq;
with its connectivity pattern implied by broken bonds (c). Tantalum atoms are depicted in
blue, bromine in brown and sulfur in yellow. 17

Each Ta, cluster contains seven cluster electrons and therefore one unpaired electron. This

already suggests that the electronic structure should not be described by a simple closed-shell
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picture. DRIFT and conductivity measurements indeed show semiconducting behavior. In
the Arrhenius plot, two linear regimes are observed, indicating different activation energies
above and below about 100 K. However, a low-temperature structure refinement at 80 K did
not reveal any structural phase transition. The change in transport behavior is therefore not
accompanied by a symmetry change of the crystal structure.

Magnetic susceptibility measurements show Curie-Weiss behavior above about 100 K and
indicate predominantly antiferromagnetic interactions between the cluster moments. This is
consistent with the presence of one unpaired electron per Ta, unit. DFT calculations initially
yielded metallic band structures for the different structural variants. Only when antiferro-
magnetic ordering and a Hubbard-U correction were included did a small band gap open in
one of the tested models, in good agreement with the experimental observations. The calcu-

lations therefore support the view that electronic correlations are essential for understanding

Ta4SBI'11.
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Figure 34: a) Arrhenius-plot of the temperature-dependent conductivity. Two regimes can be
identified and fitted linearly to determine the electronic band gap. b) Temperature dependence
of magnetic susceptibility (red squares) and inverse magnetic susceptibility (blue squares) with
plotted modified Curie-Weiss fit.[174l

Overall, Ta,SBr;; combines a corrugated layered structure with a seven-electron cluster
motif and antiferromagnetic correlations. The experimental and theoretical results consis-
tently indicate that it is a small-gap semiconductor whose gap cannot be explained by simple

band theory alone. Instead, Ta,;SBr;; is best described as a likely cluster Mott insulator.
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3.7 The family of tetranuclear Nb,OI,, , clusters (z = 0, 1, 2): from the
molecular Nb,OI,, cluster to extended chains and layers (Publication

7)

A new family of tetranuclear niobium oxyiodides with the compositions Nb,OlI;5, Nb,OI;;, and
Nb,4OI,, all based on an oxygen-centered [Nb,O] cluster core, was obtained by mild reduction
of Nbl, with Liy(CN,) in the presence of Li;O. These compounds establish a continuous
structural sequence from isolated clusters in molecular Nb,OI;5, through one-dimensional

string structures in Nb,Ol;;, to two-dimensional layers in Nb,OI,, (see Fig. 35).

©

Nb,Ol
e Nb,Ol.,

b'N b40|11

Figure 35: Sections of the crystal structures of the Nb,Ol;5 , family, showing the smallest
cluster units and their connectivity to neighboring clusters as indicated by dotted lines.

The compounds were obtained under carefully adjusted reaction conditions. Small vari-
ations in reagent ratio and temperature program were sufficient to change the crystallizing
product, which reflects the sensitivity of the Nb—O-I system under heterogeneous reaction
conditions. Nb,OI;, crystallizes as a molecular phase built from a nearly rectangular [Nb,O]
core with eight bridging and four terminal iodide ligands. The two Nb,OI;; modifications both
form iodide-bridged string structures and therefore represent one-dimensional derivatives of
the same cluster motif, whereas Nb,OI;, adopts a layered structure as the two-dimensional
end member of the series.

A central result of the work is the structural comparison across the whole series. In all com-
pounds, the [Nb,O] unit remains preserved, but the iodide content, connectivity, and geometry
change systematically. Nb,;OI;, contains a nearly rectangular cluster core. In a—Nb,OI,;, the
clusters are linked in trans fashion into strings, whereas b—Nb,OI;; shows alternating cis and

trans connections, which lead to a more pronounced distortion of the cluster core. In com-
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parison with these phases, layered Nb,OI;, represents the most strongly condensed member

of the series.

()

Figure 36: Sections of the crystal structures highlighting the connectivity of a) Nb40110,[175]
b) b—Nb,OI;; viewed along [001], and ¢) NbyOI;5 viewed along c- (left) and b- (right)
direction.!276l

The Nb-Nb distances follow this trend in a systematic way. In molecular Nb,OI;,,
the [Nb4O] core shows short Nb-Nb distances of 2.793(3)-2.807(3) A and longer contacts of
3.029(7)-3.051(3) A. In the two Nb,OI,; modifications, the short Nb-Nb distances decrease to
2.7368(6)-2.7584(7) A, whereas the longer distances remain at 3.0375(6)-3.0423(6) A overall,

although b—Nb,OI;; shows a stronger distortion for the cis-connected clusters. In layered
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Nb,OI,0, finally, the shortest Nb-Nb distance reaches 2.6232(2) A, while the long Nb-Nb
distance is 3.1042(2) A. Overall, the longer Nb-Nb contacts remain comparatively similar,
whereas the shorter Nb-Nb distances decrease continuously from Nb,OI;5 to Nb,OI;,. This
contraction is consistent with an increasing number of electrons available for Nb—Nb bonding
and was discussed in terms of a second-order Jahn-Teller (SOJT) distortion. The structural
changes in the Nb,OI,5 , family are therefore closely connected to the electronic situation
within the tetranuclear cluster.

For b—Nb,OI;,, electrical measurements revealed semiconducting behavior. At 300 K, sin-
gle crystals show a conductivity on the order of 1073 Sm™!, and the temperature dependence
corresponds to an estimated activation energy of about 0.4eV. In addition, a photoresponse
under 779 nm irradiation was observed (see Fig.37). These results show that the structural
variation within the Nb,OI;5 . family is accompanied by corresponding changes in the elec-

tronic properties.
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Figure 37: a) Arrhenius plot of the electrical conductivity of b-Nb40OI11, with 20 K temper-
ature steps between 120-300 K. The blue line represents a linear Arrhenius fit to the data.
b) Photoresponse of b—Nb,OI;; at 300 K toward a 779nm laser illumination with 1V bias
applied.[176]

Overall, the work establishes this family of tetranuclear niobium oxyiodides as a struc-
turally coherent group in which the same oxygen-centered [Nb,O] cluster core gives rise to
molecular, one-dimensional, and two-dimensional arrangements. The study therefore provides
a concise picture of how small changes in composition lead to systematic changes in cluster

connectivity, distortion, and semiconducting behavior.
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3.8 Niobium oxyiodide cluster compounds LigNb;O5l;5 and NbgO5I,,(Nbljy)
with expanding cluster architectures and multicentre Nb-Nb bonding

(Publication 8)

The reaction of Nbl, with Liy(CNy) and LisO gives a highly sensitive heterogeneous system
in which small changes in temperature and reaction time are sufficient to redirect cluster for-
mation. At 300 °C, an unidentified crystalline phase was obtained together with Lil, NbOlIs,
and amorphous material. Heating to 400°C for 1h yielded LizNb,Ozl;5, whereas a pro-
longed treatment at the same temperature produced NbsO4l{;. At 500 °C for 1h, crystals of
NbgOsl;7(Nblj 37) formed on the ampoule wall, while longer heating led instead to Nb,OlIy.
Quenching experiments further supported the participation of a reactive gaseous intermedi-
ate, since black droplets appeared on the ampoule wall and transformed at room temperature

into dark red filamentous crystallites that decomposed after a short time.

A central result of the study is the identification of two new oxygen-stabilized niobium
cluster architectures, LisNb;O5l;5 and NbgOsI;7(Nbls), both structurally related to the pre-
viously known [NbsO,| motif.'™ In LizNb;Ogl;5, the [Nb,;Oj] core can be understood as an
expansion of the [Nb;Oy| unit by two additional niobium atoms and one oxygen atom. The
cluster contains a central niobium atom in a trigonal-prismatic environment of six surround-
ing niobium atoms. This arrangement leads to six short Nb—Nb contacts of 2.7883(7) and
2.8050(4) A between the central and outer niobium atoms, whereas the Nb1-Nb3 separations
are distinctly longer at 3.0667(6) A. The local bonding pattern therefore already indicates
that the central atom plays a key role in stabilizing the expanded cluster core.

The iodide coordination of LizNb;Osl;5 may be described as (Nb7O5Ii)I4aIIa273§, com-
prising four edge-capping, four terminal, and twelve bridging iodide ligands (see Fig.38).
These bridges connect each [Nb;Oj] cluster to six neighboring clusters and generate a three-
dimensional framework. In addition, the structure is stabilized by three lithium ions and one
further iodide ion. The lithium atoms occupy square-pyramidal coordination environments
built from four cluster-bound iodides and the additional iodide anion. Thus, the structural
role of lithium is not to form an independent substructure, but to support the extended iodide
framework around the niobium cluster units.

The second compound, NbgO5I;7(Nbls), is closely related but shows how the addition of
only one more niobium atom changes the connectivity considerably. Its [NbgOs| core arises
from the |[Nb;Os| motif through addition of one niobium atom at the edge of the [NbsO,]
base. The Nb—Nb distances from the central Nb2 atom to the surrounding niobium atoms

remain short, ranging from 2.7911(3) to 2.8600(7) A, whereas the contacts between outer
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Figure 38: a) Structure of the [Nb;Os| cluster core inside LisNb,;O5];5 with highlighted square-
pyramidal coordination environment of lithium atoms (grey). b) Projection of the crystal
structure of LizsNb-O5l;5, looking along the c-axis. Niobium atoms are shown in blue, oxygen
in red, iodine in pink and lithium in grey.[!77]

niobium atoms are longer at 2.9981(6) to 3.1812(7) A. The bond to the additional Nb5 atom,
3.1418(7) A, falls into the same longer-distance regime. In this way, the [NbgOs| core preserves
the basic bonding hierarchy of the [Nb;Oj] cluster, but modifies the overall cluster shape and

its linkage to neighboring units.

This structural extension is accompanied by a clear change in iodide coordination and
network dimensionality. In NbgO5l;7(Nbl5), the coordination environment can be formulated
as (Nb805I§)I5aIS%a, with eight edge-capping, five terminal, and eight bridging iodide ligands
(see Fig.39a). Because the number of bridging connections is reduced, each cluster is linked
only to four neighboring clusters instead of six. As a consequence, the three-dimensional
framework observed for LisNb,Osl;5 collapses into a layered arrangement with zig-zag layers
extending in the ab plane (see Fig.39b). Between these layers, channels are formed that
accommodate Nbls units. These guests show a certain degree of disorder, which was attributed
to a slight excess of iodine and the possible presence of polyiodide-like species in the interlayer
region. The structural chemistry therefore shifts from a framework compound to a layered

host—guest architecture once the cluster core is enlarged from [Nb;O5] to [NbgOs].

Additional support for the structural characterization of LisNb;Osl;5 was provided by
scanning electron microscopy and EDX measurements. The crystals show a rod-like mor-
phology with well-defined edges, and EDX gave an average Nb:I ratio of 7:15.2(6), in good

agreement with the refined composition. Although this analytical result is limited to the
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Figure 39: a) Iodide coordination of the [NbgOj] cluster core with eight iodide atoms with
bridging functionality (indicated by dashed lines) connecting to four adjacent clusters. b)
Projected structure with the NbgOsl;; section of NbgOsI;7(Nbls). The Nbls molecules be-
tween the layers are omitted for clarity. Niobium atoms are colored in blue, oxygen in red
and iodine in pink./*77]

lithium-containing phase, it supports the structural model derived from single-crystal diffrac-

tion.

The discussion of bonding in LigNb;Osl;5 was extended by DFT and electron localization
function (ELF) calculations. The calculated band structure contains seven mainly metal-
centered bands below the Fermi level, corresponding to 13 electrons available for Nb—Nb
bonding within one [Nb;O5| cluster (see Fig.40a). Several of these bands cross the Fermi
level, which indicates that the electron distribution cannot be assigned to simple localized
two-center bonds only. In addition to the dominant niobium contribution, oxygen states also
contribute below the Fermi level, pointing to partial Nb—O covalency. This interpretation is
supported by the ELF, which shows electron density extending from oxygen into the Nb—Nb
bonding region and pronounced density between Nbl, Nb2, and Nb3 (see Fig.40b). The
bonding in the cluster is therefore best described as a combination of conventional Nb—Nb
interactions and multicenter bonding with oxygen participation. This can be interpreted as
four three-centered bonds in addition to four Nb—Nb bonds containing some oxygen admixture,
highlighting the important role of Nb d and O p orbital mixing in stabilizing the expanded

cluster core.
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Figure 40: a) DFT-calculated electronic band structure of LisNb;OzI;5 with bands colored by
their niobium character. Special points in and paths through the Brillouin zone were chosen

following the literature.['8] b) Electron localization functions of the [Nb;O5] cluster core in
LigNb,O5]5.1177]

Overall, the study shows that the reaction system based on Nbly, Liy(CN,), and Li,O gives
access to closely related but structurally distinct niobium oxyiodide clusters whose formation
is controlled by subtle changes in reaction conditions. The two new compounds extend the
known series of niobium oxyiodide cluster cores from [Nb,O] and [NbsO,4| to [Nb;Os| and
[NbgOs| (see Fig.41), while also demonstrating how a small increase in cluster nuclearity can
change the connectivity from a three-dimensional framework to a layered host—guest structure.
At the same time, the electronic-structure analysis shows that bonding within the [Nb,Os]
core is distinctly multicenter in nature and cannot be reduced to a simple count of isolated
Nb-Nb bonds.

[Nb:O] [NbsO4]

Figure 41: The expansion of cluster architectures of niobium oxide cluster cores in various
niobium oxyiodides.*77]
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3.9 Hydrothermal Synthesis and Characterization of the Melamine-Based
Second-Harmonic Generation Material HgCl,(C3NgHg) (Publication
9)

The hydrothermal reaction of HgCly, with melamine yielded HgCl,(C3NgHg) as a phase-pure,
block-shaped material whose crystal structure is directly linked to its nonlinear optical be-
havior. Single-crystal X-ray diffraction showed that the compound crystallizes in the polar
monoclinic space group C2. Structurally, it consists of alternating HgCl, layers and ordered
melamine molecules stacked along the a-axis, giving rise to a distinctly polar layered arrange-

ment (see Fig. 42).

Figure 42: Section of the HgCl,(C3NgHg) crystal structure with viewing direction along the
b-axis.[178]

A central point of the structure discussion is that the diffraction data can at first be
approximated by a higher-symmetry, centrosymmetric average model. In that description, the
melamine molecules appear disordered over two symmetry-equivalent positions (see Fig. 43).
Such a model, however, is incompatible with the experimentally observed second-harmonic
generation (SHG) property. Refinement in the non-centrosymmetric space group therefore
provides the chemically and physically more meaningful description. The crystals further
refine as a inversion twin with a Flack parameter close to 0.5, which explains the pseudo-
centrosymmetric diffraction behavior while remaining fully consistent with the SHG response.

The coordination environment around mercury is best described as distorted octahedral

(see Fig. 44). Within the inorganic layer, bridging chloride ligands connect adjacent Hg centers
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Figure 43: Section of the HgCly(C3NgHg) crystal structure derived in C2/m with disordered
melamine molecules. The two possible position are highlighted by different bond colors (yellow
and pink).[178]

and give comparatively long Hg-Cl2 contacts of 3.026(5)-3.102(5) A, with C12-Hg-Cl2 angles
between 82.04(5) and 98.63(5)°. The apical positions of the distorted octahedra are occupied
by terminal ligands on opposite sides of the inorganic layer, with Cl1 coordinated to Hgl and
the nitrogen atom N1 of melamine coordinated to Hg2. Accordingly, the Hg1-Cl1 distance
is 2.331(2) A, while Hg2 is coordinated by N1 with an Hg2 N1 distance of 2.0262(6) A. This
coordination motif is accompanied by a rearrangement of the hydrogen positions within the
melamine molecule, in which the proton originally associated with the coordinating nitrogen
N1 is shifted to another ring nitrogen N5. As a result, the structure is stabilized not only by
Hg—N coordination, but also by an extended hydrogen-bonding network within and between
the organic and inorganic parts of the structure. The combination of distorted HgCly units,
ordered melamine ligands, and hydrogen bonding therefore stabilizes the polar architecture

required for second-order nonlinear optical activity.

Scanning electron microscopy showed that the product forms highly uniform block-shaped
crystals with typical dimensions of about 30-50 ym in length and 5-10 um in width. The
images also reveal the layered character of the compound, which is in good agreement with
the crystallographic model. Powder X-ray diffraction confirmed the phase purity of the bulk
material. For comparison, the related compound Hg,Cl,(C3NgHg), was also obtained and
structurally characterized. In this phase, mercury occurs as Hg22+ dumbbells with a short Hg—

Hg distance of 2.5543(1) A. These dimers are linked by chloride ligands and melamine into one-
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Figure 44: Section of the HgCly(C3NgHg) crystal structure highlighting the HgCl, layers and

melamine coordination to the mercury atoms.178!

dimensional chains. Although this second compound crystallizes in the centrosymmetric space
group P1 and therefore cannot exhibit SHG, it serves as a useful structural and spectroscopic
reference because it illustrates how a different mercury oxidation state and connectivity can

pattern lead away from the polar layered arrangement found in HgCly(C3NgHg).

Thermogravimetric analysis shows no significant mass loss below about 230 °C, indicating
that the material is thermally robust and does not contain relevant amounts of incorporated
solvent or volatile impurities. Above this temperature, decomposition proceeds in several

steps, although the individual products could not be assigned unambiguously.

The additional spectroscopic characterization supports this structural model. Solid-state
'H MAS-NMR spectroscopy resolves three distinct proton environments (see Fig.45). The
most intense resonance at 5.5 ppm is assigned to the primary amine protons H2 and H3, while
the signal at 12.2 ppm corresponds to the proton H5 involved in hydrogen bonding to chloride.
A broader resonance at 8.8 ppm is attributed to the proton H1 on the nitrogen atom that is
directly linked, through coordination, to mercury. The NMR, data therefore independently

support the proton rearrangement inferred from the crystal structure.

The infrared spectra likewise confirm the coordination mode of melamine. Characteristic
deformation vibrations of C-N-C and N-C-N units, as well as C-N and N-H stretching
modes, are observed for HgCl,(C3NgHg). In particular, the presence of an N-H stretching

vibration indicates that mercury is coordinated by an external ring nitrogen rather than
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Figure 45: 'H MAS NMR spectrum of HgCly(C3NgHg) 178l

by an inner nitrogen atom. This differs from the spectrum of HgyCly(C3NgHg)o, in which
the corresponding N-H vibration is absent because mercury is bound differently within the
melamine environment. Taken together, the NMR and IR results are therefore not only
complementary to the structure refinement, but also important for distinguishing the two
mercury melamine chlorides spectroscopically.

The optical measurements show that HgCly(C3NgHg) is a wide-band-gap material. Diffuse
reflectance UV /Vis spectroscopy combined with Tauc evaluation gives a direct band gap of
4.49eV and an indirect band gap of 4.39¢eV, in agreement with the colorless and transparent
appearance of the crystals. Photoluminescence measurements under 332 nm excitation reveal
a broad whitish emission centered at about 490nm at low temperatures. This emission is
fully quenched above about 350 K. An additional weaker band around 570 nm is present, but
its origin remains unclear. The broad character of the emission fits well with known mercury-
containing compounds and suggests that the excited states are strongly broadened and not
associated with narrow, highly localized emissive centers.

The nonlinear optical measurements are the key functional result of the study. SHG
microscopy shows that HgCly(C3NgHg) generates a second-harmonic signal of approximately
the same magnitude as $-BaB,0,. Spatially resolved scans reveal local hot spots of enhanced
SHG intensity on the crystal surfaces, but the overall signal level remains clearly comparable to
the reference. The excitation-power dependence yields slopes close to 2 in a double-logarithmic
representation, confirming that the detected signal indeed arises from a second-order process

(see Fig. 46). These measurements show that the non-centrosymmetric crystal structure is not
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only crystallographically plausible, but also functionally expressed in a strong macroscopic

SHG response.
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Figure 46: Nonlinear optical spectra of 5-BaB,O, (red) and HgCl,(C3NgHg) (gray). The
excitation power dependence of the SHG signal is presented in a double logarithmic scale.

Continuous lines represent the corresponding linear fits, with slopes derived from the fitted
data.l178]

DFT calculations complement the experimental findings by clarifying the electronic struc-
ture. The calculated band structure yields a direct band gap of about 3.0 eV, which is smaller
than the experimental value, as expected for a GGA-based treatment. The valence-band
maximum contains contributions from N, Cl, and Hg states, whereas the conduction-band
minimum is dominated mainly by Cl and Hg contributions. This indicates that the opti-
cal transitions are not purely ligand-centered, but arise from cooperative contributions of
the melamine framework and the mercury chloride substructure. The electronic structure
analysis therefore supports the interpretation that both the polarizable Hg2+ centers and
the m-conjugated melamine units contribute to the pronounced nonlinear optical response.
Overall, the results identify HgCly(C3NgHg) as a structurally well-defined, thermally robust,
wide-band-gap SHG material in which polar layering, distorted mercury coordination, and
melamine-based electronic contributions act together to generate a response comparable to

that of an established benchmark compound.
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3.10 Synthesis and SHG Properties of the Melamine-Based Zinc Halides
(C3N6H7)ZHX3(C3N6H6) (X — Cl, BI') (Publication ]_0)

The zinc halide-melamine system proved to be highly sensitive to the reaction conditions
and gave access to several distinct products, including non-centrosymmetric phases with sig-
nificant second-harmonic generation (SHG) activity. Hydrothermal reaction of ZnCl, with
melamine at 110 °C afforded both the hydroxide-containing phase Zn3(OH),Cl,(C3NgHg)3 and
orthorhombic (C3NgH7)ZnCls(C3NgHg), whereas the analogous reaction with ZnBry yielded
only orthorhombic (C3NgH7)ZnBrs(C3NgHg). In addition, the chloride compound was also ob-
tained as a second, monoclinic polymorph by a low-temperature solid-state reaction of ZnCl,,
melaminium hydrochloride, and melamine. Elemental analysis and EDX further confirmed
the expected stoichiometry of the bromide phase.

The hydrothermal synthesis leading to the SHG-active zinc halide phases also produces
Zn3(OH),Cl4(C3NgHg)3 as a by-product, which crystallizes in the centrosymmetric space
group P1 and therefore does not qualify as an SHG-active phase. Its structure contains three
crystallographically distinct zinc atoms that are linked by hydroxide bridges into a trinuclear
unit (see Fig.47). All zinc centers adopt distorted tetrahedral coordination environments, but
with different ligand combinations. Znl and Zn3 are each bound to two chloride ligands, one
hydroxide group, and one melamine ligand through an inner ring nitrogen atom, whereas Zn2
is coordinated by two hydroxide groups and two melamine ligands. The melamine ligands
connect these tetrahedral units further, so that the compound may be understood as an ex-
tended framework built from hydroxide-bridged zinc polyhedra and nitrogen-donor melamine

linkers.

Figure 47: Section of the crystal structure of Znz(OH),Cly(Mel)s, with a central trinuclear
arrangement of zinc atoms, interconnected via hydroxide bridges. Each zinc atom adopts a dis-
torted tetrahedral environment surrounded by chloride, hydroxide, and melamine ligands.17!
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The main SHG-active phases are the melaminium zinc halides (C3NgH7)ZnX 5(C3NgHg)
with X = Cl and Br. In the orthorhombic structures, both compounds crystallize isotypically
in the non-centrosymmetric space group Pna2; (see Fig. 48). Their fundamental building unit
is a discrete (ZnX;Mel) anion in which Zn?" is tetrahedrally coordinated by three halide
ligands and one melamine molecule through an inner nitrogen atom. Charge compensation is
provided by a protonated melaminium cation. These components are arranged in layers, with
melamine and melaminium ring systems stacked along the polar axis. This stacking is not
perfectly parallel, but involves slight tilts between neighboring rings, which helps to generate
a polar arrangement and thus enables a macroscopic second-order nonlinear response. The
bromide structure is essentially the same as the chloride analogue, except for the expected

lattice expansion caused by the larger bromide ion.

Figure 48: Two views of the monoclinic (top) and orthorhombic (bottom) modifications of
(MelH)ZnClz(Mel). The red box marks the section of the structure shown in the parent
projections on the right.[7
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The monoclinic modification of (C3NgH7)ZnCl3(C3NgHg) also remains non-centrosymmet-
ric, crystallizing in P2;, and it preserves the same basic ionic building blocks as the or-
thorhombic polymorph. The decisive difference lies in their packing. In the monoclinic phase,
the (ZnClsMel) units and the melaminium cations are arranged differently, and the hydrogen-
bond network is reorganized accordingly. Most importantly, the triazine-based ring systems
now stack along the polar b-axis rather than along the orthorhombic c-axis. The comparison
between the two chloride modifications therefore shows that the optical behavior is not deter-
mined simply by the local tetrahedral zinc coordination, but by the way in which these units
are assembled into a polar crystal structure through hydrogen bonding and organic-inorganic
packing.

Single-crystal SHG measurements directly confirmed that all three non-centrosymmetric
zinc—melamine halides are optically active. Using potassium titanyl phosphate (KTP) as a
benchmark, each compound showed a distinct SHG signal at about 390 nm under excitation
at 779 nm, and power-dependent measurements yielded slopes close to 2 in double-logarithmic
plots, which verifies the second-order origin of the response. The SHG intensities follow the
sequence monoclinic (C3NgH7)ZnCl3(C3NgHg) > orthorhombic (C3NgH;)ZnBrs(C3NgHg) >
orthorhombic (C3NgH;)ZnCly(C3NgHg) (see Fig. 49).
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Figure 49: Nonlinear optical spectra of KTP (green), monoclinic (MelH)ZnClz(Mel) (P2;;
red), orthorhombic (MelH)ZnBrz(Mel) (Pna2;; blue) and orthorhombic (MelH)ZnClz(Mel)
(Pna2y; grey). The excitation power dependence of the SHG signal is presented on a double

logarithmic scale. Continuous lines represent the corresponding linear fits, with slopes derived
from the fitted data.lt7
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3  Summary of the Main Results

The monoclinic (C3NgH7)ZnCls(C3NgHg) thus gives the strongest signal among the investi-
gated compounds and exhibits a remarkably strong nonlinear optical response for a melamine-
based material, even though its SHG intensity remains about one order of magnitude below
that of potassium titanyl phosphate. Compared to monoclinic (C3NgH7)ZnCl3(C3NgHg), the
SHG response of (C3NgH7)ZnBrs(C3NgHg) is lower by a factor of about 1.5, while orthorhom-
bic (C3NgH;)ZnCly(C3NgHg) is considerably weaker still and reaches only about one seventh
of the intensity of the bromide phase. Two clear structure—property relationships emerge from
this comparison. First, the lower symmetry of the monoclinic phase appears to enhance the
SHG efficiency. Second, for the isotypic orthorhombic structures, replacing chloride by the
more polarizable bromide strengthens the nonlinear response.

Diffuse reflectance ultraviolet—visible (DRUV) spectroscopy was carried out for phase-
pure orthorhombic (C3NgH;)ZnBrs(C3NgHg) and provides a complementary picture of the
electronic structure. The spectrum contains two broad absorption bands that were assigned
tom™ — 7 and n — 7* transitions of the triazine system. Compared with pure melamine, both
bands are shifted to higher energy. This hypsochromic shift was attributed to coordination
of melamine to Zn*" together with protonation to melaminium, both of which modify the
electronic structure of the conjugated ring system. Tauc analysis yielded a direct optical
band gap of 4.74eV and an indirect band gap of 4.46eV (see Fig. 50). These values place the
compound well in the UV region and agree with the observed transparency of the crystals.
Infrared spectroscopy of the bromide phase, compared with the monoclinic chloride, confirmed
the expected vibrational signatures of melamine and melaminium, including NH4 stretching
and characteristic triazine ring modes. The differences in the N—H stretching region are

consistent with distinct hydrogen-bonding situations in the two structures (see Fig. 51).

direct allowed transition
indirect allowed transistion =

(a*hv)O.S
(a*hv)?

3 4 5
hv/eV

Figure 50: Tauc plots from diffuse reflectance UV /Vis spectroscopy of orthorhombic
(C3NgH7)ZnBr3(C3NgHg) showing the direct (blue) and indirect (black) transitions, with the
corresponding linear fits in red.[!7l
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Figure 51: Infrared spectrum of orthorhombic (MelH)ZnBrs;(Mel) with band assignments of
characteristic vibrational modes.[17

DFT calculations on orthorhombic (C3NgH;)ZnCls(C3NgHg) support the experimental
optical picture and describe the compound as a wide-band-gap semiconductor with a direct
band gap of about 4.1eV at I". The comparatively flat valence and conduction bands are in
line with the layered and rather molecular character of the structure. According to the orbital
analysis, the top of the valence band is dominated mainly by nitrogen-derived states, whereas
the bottom of the conduction band contains contributions from carbon and halide states with
additional zinc participation. The calculations therefore indicate that the melamine-based
7 system is central to the electronic transitions, but that the zinc halide substructure also
contributes to the polarizable electronic states relevant for the nonlinear optical behavior.

Overall, the present journal article demonstrates that the zinc halide-melamine system
gives access to non-centrosymmetric hybrid zinc halides with pronounced SHG activity. The
key structural feature is not only the tetrahedral Zn X 3N coordination, but also the combined
polar stacking of ZnClsMel , melamine and melaminium units, as well as the way in which
this packing structure is influenced by hydrogen bonding, symmetry, and the polarizability of
the halides. The comparison of the chloride polymorphs and the bromide analogue therefore
demonstrates in a particularly clear way how subtle structural changes can translate into

measurable differences in nonlinear optical performance.
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3  Summary of the Main Results

3.11 A complete cathode recovery cycle of an exhausted and dismantled

lithium battery material (Manuscript 1)

Spent graphitic Li(Ni,Mn,Co)O, battery material obtained from a commercial thermomechan-
ical recycling process was used as starting material for a complete cathode recovery sequence.
The material had already been discharged, dismantled, shredded, and vacuum-dried, but still
contained a complex mixture of cathode powder, graphite, residual electrolyte, lithium salts,
and metallic or oxidic impurities from current collectors and cell components. Powder X-
ray diffraction confirmed the presence of nickel-manganese-cobalt (NMC) cathode material
together with graphite and copper. The chemical composition of the raw “black mass” was
comparatively close to a conventional NMC 622 material, with an average Ni:Mn:Co ratio
of 2.80(5):1.00(4):1. At the same time, the material contained significant amounts of foreign
elements, especially copper, aluminium, and iron. Their variable contents reflect the inhomo-
geneous nature of commercially generated black mass, in which macroscopic metal flakes can

remain after mechanical battery segmentation.
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Figure 52: Recycling scheme for end of life lithium battery, departing from heat treatment for
the removal of carbon, followed by acid leaching, pH dependent precipitation of impurities and
electrolysis, sol-gel synthesis, involving complexation and calcination as structuring procedure
for new Li-NMC cathode material.

A seven-step recycling scheme was developed to convert this material into fresh Li-NMC
cathode powder without separating nickel, manganese, and cobalt from one another (see
Fig.52). The process combines thermal removal of organic and carbon-containing components,

acidic leaching, pH-controlled precipitation, electrochemical copper recovery, and an aqueous
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citrate sol—gel synthesis. In this approach, lithium hydroxide is not only used as a base for pH
adjustment but also helps compensate the lithium deficiency of the recycled Li (Ni,Mn,Co)O,
material. Excess lithium introduced during the process can later be removed again by washing
the calcined product with water.

The thermal behavior of the black mass was first investigated by TG/DTG analysis in
air up to 1000 °C. The total mass loss amounted to about 40 % and occurred in three main
steps. A first mass loss of 7.5% up to 150°C and a second loss of 8.0% between 150 and
400 °C were assigned mainly to volatile fractions such as residual electrolyte and other organic
constituents. The largest mass loss of 23.5% between 400 and 800 °C corresponds to the

oxidation of graphite and remaining binder components.

DTG / %-min™

T T T T '05
200 400 600 800 1000

Temperature (°C)

Figure 53: Thermal analysis of spent graphitic NMC LIB material heated to 1000 °C in an
open corundum crucible with an airflow of 60 ml/min and a heating rate of 2 K/min (blue =
thermo gravimetry; red = differential thermo gravimetry).

Additional annealing experiments showed that the graphite content can be reduced ef-
ficiently at moderate temperatures between 500 and 550 °C. At 525°C, the graphite (002)
reflection at 20 = 26.62° gradually decreased with increasing reaction time and disappeared
after prolonged heating. Importantly, the NMC reflections remained present, indicating that
the layered cathode phase tolerates this thermal pre-treatment under the chosen conditions
(see Fig.54).

After thermal treatment, the graphite-free material was leached in an aqueous HC1/H5O,
mixture. Organic acids such as malic acid were not suitable for the present commercially
derived material, because the large amount of impurity oxides promoted catalytic decompo-

sition of HyOy without sufficient dissolution of the NMC phase.['81] In contrast, hydrochloric
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Figure 54: Powder XRD patterns (Cu-K,; radiation) of the blackmass showing the decreasing
graphite content over time (graphite (002)-reflection marked with *) after treatment at 525 °C
at 2-20 hours. 18]

acid in combination with a small amount of hydrogen peroxide provided an effective leaching
medium. The remaining insoluble residue accounted for less than 10 % of the starting mass
and consisted mainly of aluminium, iron, and copper compounds, while only a minor fraction
of the Ni/Mn/Co content was lost at this stage.

The purification of the leach solution was strongly controlled by the chosen pH. At pH
5.3, iron and aluminium could be removed, but a significant loss of nickel occurred and copper
was still detected in the final material. As a result, the recovered cathode composition shifted
toward an NMC 532 material, with an Ni:Mn:Co ratio of approximately 4.86:3.09:2.06 and
about 1.6 wt. % residual copper. This result shows that pH-controlled precipitation can be
used not only for impurity removal but also strongly influences the final cathode composition.
For preserving the original NMC 622 ratio, the precipitation step was therefore optimized
to pH 4.2. Under these conditions, iron and aluminium were removed completely, while the
Ni:Mn:Co ratio in solution remained close to 6:2:2. Copper, however, stayed dissolved and
was subsequently removed electrochemically. Applying 1.6 V between a graphite anode and a
copper cathode for four hours enabled complete copper recovery from the solution. The final
total reflection X-ray fluorescence (TXRF) analysis after this combined pH and electrolysis
treatment gave an Ni:Mn:Co ratio of 6.01:2.1:1.9 and no detectable iron, aluminium, or copper
contamination.

The purified precursor solution was then processed by an aqueous citrate sol-gel route.
After complexation, drying, and calcination, crystalline Li-NMC material was obtained. Ex-
cess lithium was removed by washing, yielding lithium-containing by-products such as lithium
chloride hydrate and Li;COj3. Powder X-ray diffraction of the regenerated NMC 622 mate-
rial closely matched that of a reference material prepared from pure metal nitrate precursors

under similar conditions. Rietveld refinement using the LiNiO,-type structure in the space
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group R3m showed excellent agreement between observed and calculated diffraction patterns,
without detectable side phases (see Fig. 55). This confirms that nickel, manganese, and cobalt
remain incorporated in the layered Li-NMC structure throughout the recycling process. The
refinement also indicated about 5.8 % Ni?" on lithium sites, which is consistent with a certain
degree of cation mixing and with the more cubic or octahedral particle morphology observed

by scanning electron microscopy.
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Figure 55: Rietveld fit of the Cu-K,; PXRD pattern of the fresh Li-NMC material. The
observed pattern (red dots) is superimposed with the calculated pattern (black line). Green
ticks mark the Bragg reflections of the calcined Li-NMC 622 material. The difference curve
between the observed and calculated pattern is shown in the lower part of the graph (blue
line). Broad reflections at 260 values 16.2° and 43.1° emerge from the sample carrier foil.

SEM images showed well-crystallized and rather homogeneous particles, with primary
particle sizes in the range of approximately 50-250 nm. Such small particles are advantageous
for lithium diffusion because they provide short transport lengths and a relatively high surface
area. The study therefore establishes a practical proof of concept for converting commercially
generated NMC “black mass” into a regenerated layered cathode material while retaining the
original Ni/Mn/Co ratio. The most important point is that the valuable transition metals
do not need to be individually separated or purified. Instead, the cathode composition can
be preserved through controlled removal of graphite, iron, aluminium, copper, and excess
lithium. The obtained product was structurally and chemically consistent with fresh Li-
NMC 622 material, although electrochemical cell testing would still be required to evaluate

its practical performance as a recovered cathode material.
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4  Conclusion

4 Conclusion

This thesis demonstrates how targeted synthetic approaches can be used to modify layered,
cluster-based, and hybrid inorganic materials and how these modifications directly influence
their structures and properties. A central result is the establishment of WTe, as a versatile
layered host whose structure and electronic state can be tuned by both reductive and oxidative
intercalation chemistry. Alkali-metal intercalation gives access to the ordered semiconductor
series Ay sWTey, in which electron donation, expansion of the van der Waals gap, and dis-
tortion of the W—W chains are directly connected to the observed metal-to-semiconductor
transition.

A particularly distinctive outcome of this work is the realization of anionic halogen inter-
calation in WTe,, represented by WTe,I and the bromine series WTe,Br,, (z = 0.5, 1.0, and
1.25), which constitute a particularly unusual case within layered transition-metal dichalco-
genides, since cationic and molecular intercalation reactions are well established, whereas
structurally well-defined anionic intercalation compounds had not been described before these
studies. In these phases, oxidizing halogen species are incorporated into the van der Waals gap
as integral structural components while the WTe, layer framework remains largely preserved.
The iodine compound WTe,l shows intrinsic commensurate and incommensurate modulation
dominated by the iodine substructure, whereas the bromine series WTe,Br, exhibits reversible
multistage bromine uptake and release with composition-dependent interlayer ordering. To-
gether, these compounds demonstrate that anionic intercalation in WTey can combine re-
versibility, staging, modulation, guest mobility, and strong host—guest interactions within one
chemically coherent system.

Beyond intercalation chemistry, the work shows how increased halogen activity can redirect
layered chalcogenides toward reconstructive transformations, including tellurium iodides and
metal-halide clusters. The complementary studies on Nb/Ta oxyhalide clusters, melamine-
based SHG-active hybrid halides, and recycled Li-NMC cathode materials further illustrate
the central role of composition, connectivity, symmetry, and structural order in determin-
ing functional behavior. Overall, the results underline that careful synthesis combined with
detailed crystallographic and spectroscopic characterization provides a powerful route to un-

derstanding and controlling structure—property relationships in complex inorganic materials.
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Appendix

Appendix

All reproduced and referenced figures are shown as they appeared in the original articles, with

the exception of the figures listed below, which were modified.

e Rearranged figure panels: Figure 10, 28, 31 and 32.

e Combined two separate figures into one multi-panel figure: Figure 12, 13, 14, 34, 37,
38, 39 and 40.

e Combined three separate figures into one multi-panel figure: Figure 33 and 36.
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We explore the cationic intercalation of tungsten ditelluride (WTe,) with potassium (K), rubidium (Rb), and
cesium (Cs), yielding intercalation compounds of the form Ag sWTe, (A = K, Rb, Cs). Structural characteriz-
ation was performed using powder X-ray diffraction (PXRD), while diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy and temperature-dependent conductivity measurements were employed
to investigate the electronic properties. Density functional theory (DFT) calculations were carried out to
support the experimental findings and to provide insight into the intercalation mechanisms and the result-
ing material characteristics. All synthesized compounds display semiconducting behavior with narrow
band gaps, emphasizing the influence of alkali metal intercalation on the electronic structure and trans-
port properties of WTe,. These results advance the fundamental understanding of property modulation in
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Introduction

Transition metal dichalcogenides (TMDCs) represent a promi-
nent class of two-dimensional layered materials that continue
to attract significant scientific interest due to their remarkable
chemical and physical properties, which can be systematically
tuned by variations in composition, the number of layers,
applied pressure, and intercalation chemistry."® In these
materials, transition metal atoms are sandwiched between two
layers of chalcogen atoms, forming robust two-dimensional
structures with strong in-plane bonds within each layer and
weak van der Waals forces between layers. This structural
motif enables the formation of a range of polytypes and stack-
ing sequences and allows intercalation of guest species
between the layers, similar to well-known intercalation pro-
cesses in graphite.*”
different atoms®™® such as alkali metals, halogen atoms, or
organic molecules,***°
nonstoichiometric intercalation compounds whose structural,

Such intercalation reactions can involve
thereby producing stoichiometric or

electronic, and magnetic properties can strongly differ from
those of the pristine host material."””>° This process can also

“Section of Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
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transition-metal dichalcogenides (TMDCs) and highlight their potential for electronic device applications.

serve as a precursor for the exfoliation of single TMDC
layers.>' 26

Among the TMDCs, tungsten ditelluride (WTe,)*” is distin-
guished by its unique low-symmetry distorted Ty structure,
which can be described as a variant of the 1T structure derived
from TiS,.>® In WTe,, each tungsten atom is coordinated in a
distorted octahedral environment by tellurium atoms and is
displaced from the center of the octahedron to form distinctive
W-W zigzag chains running along the a-axis (see Fig. 1). This

sl arangement rsule i 3 scmimecalic beavour
S8 S8
uf g \f ?L\,
}’ « ,. « « ? s 2

e R A

Fig. 1 Projection of the WTe, structure. View along the c-axis of the
distorted T4 structure in which tungsten (grey) atoms follow a CDW
along the a-axis. Tungsten atoms are shifted off the octahedral centers
formed by tellurium (yellow) atoms.

This journal is © The Royal Society of Chemistry 2026
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large non-saturating magnetoresistance, and
phenomena such as charge density waves (CDWs),**™*! super-
conductivity,*> and the realization of type-Il Weyl semimetal
states.*>** These properties have made WTe, a model system
for studying the interplay between structural distortions, elec-
tronic topology, and transport phenomena in low-dimensional
materials.

Intercalation of WTe, offers an effective means to tune
these properties further by introducing additional charge car-
riers and modifying the delicate balance of bonding inter-
actions within the layers. For example, the oxidative intercala-
tion of iodine into WTe, has been shown to produce WTe,l, a
phase that displays distinctly different electronic behavior due
to anion insertion.”® Conversely, the cationic intercalation of
alkali metals has long been recognized as a route to electron
doping, local structural distortion, and symmetry lowering.*®*”
Recent work on lithium intercalation is particularly notable,
although single-crystal structure refinement remains challen-
ging due to lithium’s low (X-ray) scattering power. In situ
electrochemical studies have demonstrated that lithium can be
reversibly inserted into the WTe, lattice, driving a metal-to-
semiconductor transition with the emergence of a calculated
small band gap (0.392 eV)*® and charge-density-wave (CDW)
ordering.*®*® These findings highlight the crucial role of the
electron count in modifying the W-W bonding network and
lifting degeneracies at the Fermi level, providing a strong
rationale for systematic studies of alkali-metal intercalation in
this class of low-symmetry TMDCs.

In addition to chemical intercalation, strain and external
stress could have a significant impact on the electronic pro-
perties of WTe,.>*” Theoretical and experimental studies
show that applying uniaxial or biaxial strain can open a band
gap in otherwise semi-metallic WTe,. For instance, DFT calcu-
lations predict that moderate strain along the b-axis can sig-
nificantly increase the band gap in monolayer or nanoribbon
forms, while twisted bilayer WTe, can undergo semiconductor-
to-metal transitions driven by strain and twist angles due to
moiré effects and interlayer coupling. Such strain- and twist-
driven phenomena underline how subtle lattice distortions,
whether induced mechanically or via intercalation, play a deci-
sive role in determining the resulting electronic structure.

A significant challenge in handling alkali intercalation
compounds is their pronounced sensitivity to moisture.'”->%¢*
Initially, the co-intercalation of water is often observed, intro-
ducing additional complexities.®>”° This is typically followed
by hydrolysis, where the intercalated metal reacts with further
water, leading finally to the formation of hydroxides and the
release of hydrogen gas. These reactions degrade the material,
resulting in alterations to its structure and properties. To miti-
gate these issues, it is essential to handle intercalated com-
pounds in inert atmospheres, such as argon-filled glove boxes,
to prevent moisture exposure and the subsequent degradation
reactions that compromise the material’'s integrity and
functionality.

The synthesis and stabilization of alkali intercalation com-
pounds require precise control of experimental conditions,

This journal is © The Royal Society of Chemistry 2026
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including temperature, pressure, and the stoichiometry of the
reactants.’®®" The insertion of alkali metals into TMDCs often
involves high-temperature solid-state reactions, solution chem-
istry or electrochemical intercalation methods, which must be
carefully controlled to avoid unwanted side reactions and
ensure uniform intercalation.

Determining the structure of these intercalation compounds
poses another significant challenge.”*”7® The weak van der
Waals interactions and potential disorder within the layers make
single-crystal structure determination particularly difficult."””*””
Single crystals of intercalated TMDCs are often of poor quality,
exhibiting defects and a lack of long-range order, complicating
the collection of high-quality diffraction data. As a result, it is
frequently recommended to use powder X-ray diffraction (PXRD)
rather than relying on single-crystal diffraction methods.”® PXRD
allows for the averaging of structural information over many
crystallites, and can provide a more accurate and reliable deter-
mination of the intercalated structure.

The structural complexity of WTe, adds an additional layer
of difficulty not only to the intercalation process but also to its
accurate characterization. Unlike many TMDCs,”**® which
possess relatively straightforward coordination environments
conducive to alkali intercalation, its distorted layers and their
relative arrangement do not provide well-defined octahedral or
tetrahedral voids (see Fig. 2).

In this study, we explore the cationic intercalation of WTe,
with alkali metals, resulting in the formation of A, sWTe, (A =
K, Rb, Cs). Our goal is to investigate the structural and elec-
tronic changes induced by cationic intercalation and to under-
stand how these alterations influence the material’s overall
properties. Furthermore, we address the challenges associated
with the moisture sensitivity of these compounds and the
difficulties in their structural characterization, emphasizing
the use of powder diffraction techniques for accurate structure
determination.

Fig. 2 Sectional view of the WTe, crystal structure, highlighting tung-
sten (grey) and tellurium (yellow) atoms. The illustration emphasizes the
layered arrangement and distorted octahedral coordination environment
characteristic of WTe,.
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Results and discussion
Preparation of A, sWTe, compounds

The intercalation of WTe, with potassium, rubidium, and
cesium was approached using various methods to ensure suc-
cessful intercalation of the alkali atoms while minimizing dis-
order and reduction of the WTe, host compound.

A direct synthesis from the elements causes a violent reac-
tion of tellurium with liquid alkali metals, resulting in the for-
mation of a mixture of multiple alkali tellurides (4,Te, with A =
K, Rb, Cs; x = 0.4-2). Heating these reaction mixtures yielding
in mixed phases containing W, WTe,, and tellurium-rich A,Te
compounds, highlighting the limitations of direct synthesis
compared to other alkali intercalated TMDCs.5*®* Given
cesium’s lowest melting point among the alkali metals, adding
liquid cesium to WTe, at ~35 °C also resulted in a strong
exothermic reaction, yielding in Cs,Te,*>*® unreacted WTe,,
and a small amount of Cs, sWTe,. An alkali vapor intercalation
approach was also attempted, in which cesium metal was
placed inside an open silica ampoule in a larger, vacuum
closed ampoule surrounded by WTe,. Despite using excess
cesium, complete intercalation was not achieved, and Cs,Te
phases were observed in the temperature range of 180-300 °C,
reaffirming the limitations of direct alkali intercalation and
synthesis. As later established, sealed-ampoule experiments
show that all phase-pure A,sWTe, phases undergo slow
decomposition upon heating above ~100 °C.

Given the inherent limitations of both, direct synthesis and
alkali vapor intercalation, classical solid-state methods proved
unsuitable for producing phase-pure A,WTe,. This necessi-
tated the exploration of low-temperature solution-based
alternatives. A well-established approach is the use of alkali
naphthalenide solutions,®” °> which enables the intercalation
of alkali atoms into the van der Waals gap at low temperatures.
This slow, low-temperature process is crucial as it reduces the
risk of strain- or shear-induced lattice distortion and avoids
the undesirable chemical reduction of the host lattice to form
A,Te and elemental tungsten. Therefore, WTe, was added to a
0.2 M THF solution of alkali naphthalenide, with the reaction
temperature optimized to —80 °C for single crystals and
—50 °C for crystalline powder. While the powder reaction
required typically 3.5 h, single crystals needed to be main-
tained at the lower temperature for over five weeks. Attempts at
higher temperature (e.g. above —40 °C) resulted in rapid inter-
calation dynamics and a detrimental ‘curly’ crystal morphology
(even at low concentrations of 2 mM, see Fig. S1). However,
despite the successful synthesis of single crystals under these
—80 °C conditions, subsequent extreme sensitivity to moisture,
air, and mechanical stress (touch) rendered single-crystal X-ray
diffractometry unfeasible.

Structural studies and stability of 4, sWTe,

The crystallographic analysis of A,sWTe, (A = K, Rb, Cs)
reveals significant changes to the host structure, as a conse-
quence of alkali metal intercalation. The key structural change
observed through powder X-ray diffraction (PXRD) is an
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increase in the spacing between adjacent WTe, sheets, which
confirms the successful accommodation of alkali ions into the
van der Waals gaps. The increase in interlayer distance is
directly linked to the size of the intercalating cation; larger
ions such as cesium produce a more pronounced expansion in
layer spacing than rubidium or potassium because of their
greater ionic radii (see Fig. 3, spacing values are given in
Table S1).

The crystal structures of A, sWTe, compounds with A = K,
Rb, Cs were solved from PXRD using EXPO2014,%* and refined
by Rietveld methods in FullProf (FP)** with a modified
Thompson-Cox-Hastings  pseudo-Voigt (TCHZ) profile
function.’>°® The instrumental resolution function (IRF) was
obtained from the NIST Si640f standard” and fitted in
WinPLOTR.”® Additionally, multiple texturing effects, such as
particle form, size, and orientation, were included in the
Rietveld refinements to enhance the accuracy of the model.
The initial structure solution and indexing of Rb,sWTe,,
based only on the strongest reflections, yielded a monoclinic
cell in P2y/m. This cell (a = 3.6904(1) A, b = 17.8326(4) A, ¢ =
6.2639(1) A, = 90.5046(9)°) showed a pronounced layer expan-
sion along b-axis, relative to the corresponding ¢ lattice para-
meter in pristine WTe, *° (a = 3.477(2) A, b = 6.249(4) A, ¢ =
14.018(9)). Despite good refinement values, this initial model
featured disordered alkali sites with a refined occupancy of
~0.50 (Fig. S2). Incorporating weaker reflections revealed a cell
of nearly double the volume and the full resolution of the dis-
ordered alkali atoms (a = 7.29929(6) A, b = 17.8359(2) A, ¢ =
7.24461(6) A, f = 118.9979(4)°, see Fig. 4). The connection
between the initial and final models can be rationalized by an
isomorphic group-subgroup relation, illustrated for Rb, sWTe,
as a Bérnighausen tree in Fig. S3. Similarly, K, sWTe, (Fig. S4)
and Csy;WTe, (Fig. S5) refine isotypically to the rubidium
intercalation compound and are provided in the SL'°° All rele-
vant crystallographic parameters are summarized in Table 1.
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Fig. 3 Interlayer spacing of pristine WTe, and its alkali-metal—interca-
lated derivatives, determined from PXRD via the (002) Bragg reflection.
Synthetic details for Lip sWTe, and Nag sWTe; are provided in the SI. The
layer spacing increases systematically with cation ionic radius.
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Fig. 4 PXRD structure refinement of RbgsWTe, with the space group P2;/m at 298 K with the experimental (red) and calculated (black) intensities

of the Rietveld refinement. Bragg positions (green) and the difference curve (blue) are also shown.

Table 1 Crystallographic data of pristine WTe, and its alkali metal-intercalated derivatives (Ao sWTe,, A = K, Rb, Cs) with additional distances and

Rietveld refinement values

WTe, *° Ko.sWTe, Rb, sWTe, Cso.sWTe,
Formula WTe, K,W,Teg Rb,W,Teg Cs,W,Teg
VA 4 2 2 2
Space group Pmn2, P2,/m P2,/m P2,/m
alA 3.477(2) 7.29743(8) 7.29929(6) 7.29984(6)
b/A 6.249(4) 17.2594(2) 17.8359(2) 18.5213(3)
c/A 14.018(9) 7.24144(8) 7.24461(6) 7.24484(6)
Bl 90 119.1069(4) 118.9979(4) 118.9297(4)
VIA® 304.6(3) 796.876(16) 824.93(1) 857.29(2)
Number of reflections — 1136 1179 1383
Number of parameters — 54 45 44
Riragg — 1.44 1.53 1.72
R /pr —_ 3.38/4.31 2.92/3.82 3.76/4.95
){f — 1.0222 1.0012 1.1877
CCDC 73323 2392515 2390030 2390900

All intermediate and final structure models were validated
with PLATON.'*!

The validity of our indexing and structure-solution strategy
is substantiated by a similar unit-cell choice, including a p
angle of nearly 120°, previously reported for electrochemically
Li-intercalated WTe, by Muscher et al. — despite their lack of a
fully refined structure.*® For completeness of our study, we
also prepared 4, sWTe, with A = Li and Na, with the synthetic
details provided in the SI. Our structural model for Li, sWTe,
was refined in the same P2, space group as previously reported
by Muscher, revealing similar unit cell dimensions (a = 7.2813
(1) A, b = 14.8109(3) A, ¢ = 7.2324(1) A, § = 119.3428(8)°). The
symmetry reduction from P2,/m to P2, is governed by the rela-
tive stacking of the WTe, layers with respect to one another.
The Na analogue, Na, sWTe,, refines in the space group P2,/m,
yielding distinct parameters (a = 7.2897(2) A, b = 16.1501(3) A,
¢ =7.24837(2) A, = 119.1634(5)°). Nevertheless, the structural
refinements for both compounds remain unsatisfactory

This journal is © The Royal Society of Chemistry 2026

because of the weak X-ray scattering power of light atoms like
Li and Na compared to WTe,; we therefore report synthesis
details and Le Bail fits for these intercalation compounds in
the SI (Fig. S6 and S7).

As a result of the alkali metal intercalation into the van der
Waals gap, the WTe, layers are essentially preserved, while
adjacent layers undergo a significant shift relative to each
other along [101], aligning the tungsten chains along the
b-axis (see Fig. 5).

The final structural model reveals an ordered, honeycomb-
like arrangement of the intercalant within the van der Waals
gap (Fig. 6) with representative Rb---Rb separations of 3.7917
(7) to 5.140(1) A. The two crystallographically distinct alkali-
metal positions exhibit distorted cubic coordination (CN = 8)
environment (see Fig. 7), with Rb-Te distances ranging from
3.556(4) to 4.122(5) A.

Although the overall topology of individual WTe, layers
remains largely unchanged in A,sWTe,, slight distortions in
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Fig. 5 Structural transformation of WTe, (top) to AgsWTe, (bottom)
induced by alkali intercalation. The adjacent WTe, layers experience a
significant shift, highlighted by the tungsten telluride chains (W: grey,
Te: yellow, A: turquoise).

the positions of the tungsten and tellurium atoms are
observed compared to those in WTe,. The intercalation lowers
the symmetry from orthorhombic Pmn2, of the pristine WTe,,
to monoclinic P2,/m for the intercalated 4, ;WTe, phases (4 =
K, Rb, Cs), or even P2, for the lithium-intercalated com-
pound.*® The symmetry reduction between monoclinic space
groups is accompanied by a doubling of the unit cell, which in
turn doubles the number of crystallographically distinct
atomic sites and facilitates the observed distortions.

A closer examination of bond distances in Table 2 and
Fig. 8 reveals that the distortion in the tungsten chain is likely
driven by the formal addition of half an electron per WTe,
formula unit, introduced by the alkali metal. Departing from
an equidistant pattern of W-W distances in the structure of
WTe, we note a distortion involving clustering of metal atoms
when going to Rb,s;WTe,, with distances ranging be-tween
2.794(3) and 3.146(3) A (see Fig. 8(a) and (b)).

A gradually increased distortion pattern between rhenium
atoms is observed in the structure of ReSe, (see Fig. 8c), which
is another 2D TMDC with one additional d electron compared
to WTe,. Despite crystallizing in a triclinic space group, ReSe,
exhibits a similar layered structure with pronounced in-plane
distortions of the Re-Re chains, respectively clustering. If the
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Fig. 6 Section of the RbosWTe, crystal structure. (a) View along the
tungsten zigzag chains. (b) View along the b-axis showing the arrange-
ments of Rb ions, shown turquoise, one of them semi-transparent (75%
opacity), separated by one central WTe; layer (W: grey, Te: yellow).

largest bond connecting the rhenium zig-zag chains is neg-
lected, one observes Re, clusters with bond lengths ranging
from 2.6471(3) to 2.9273(3) A. This highlights how electron
count can drive comparable bonding and symmetry-lowering
effects across group 6 and 7 dichalcogenides.**>"%?

If we assign electrons to a series of rhombic M, clusters, we
count 10 e~ per rhombic cluster (Rb,W,Teg) in Rb, sWTe, and
12 e~ per rhombic cluster (Re,Seg) in ReSe,, wherein two elec-
trons can formally be assigned to inter-cluster bonding. A com-
parable, isolated rhombic M, cluster is known in the structure

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Distorted cubic coordination environment of the rubidium
atoms in Rbg sWTe, (W: grey, Te: yellow, Rb: turquoise).

Table 2 Selected interatomic distance (A) for the refined structures

WTe,?®  KosWTe, Rb, sWTe, Cso.sWTe,
dw-w/A  2.85(1) 2.825(1), 2.794(3), 2.791(3),
2.860(2), 2.850(3), 2.846(3),
3.160(1) 3.146(3) 3.181(3)
dw-rel  2.70(1)-  2.667(1)- 2.691(6)- 2.659(4)-
A 28001) 2.865(3) 2.860(5) 2.899(6)
drea/A  — 3.433(1)- 3.556(4)- 3.712(6)-
3.576(1) 3.673(3) 3.821(6)
WTe: Rbo.sWTez
2.85 3.14
2.85 285
1
2.85 2.79
3.48 3.32:
2'85 2.85
2.‘85\‘ 3.14
a) b)

Fig. 8 Section of the (a) WTe, (b) RbosWTe, and (c) ReSe, structure
visualizing the distortion of the metal chain with metal-to-metal dis-
tances given in A (tungsten/rhenium in grey, chalcogens in high opacity
yellow).

of CsNb,Cl;4, which can be explained with the presence of 10
e~ being semi-localized in five metal-to-metal bonds.'®* This
simplified assignment of cluster electrons will be corroborated
by density functional theory in a following section.

All obtained alkali-intercalated phases are extremely sensi-
tive to moisture. A time-resolved PXRD analysis of Rb,sWTe,
(Fig. 9; sample placed between two Mylar foils and not herme-
tically sealed with Lithelen grease) reveals discrete stages of
H,0 co-intercalation that precede subsequent hydrolysis. The

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Time resolved PXRD analysis of RbgsWTe, showing structural
evolution under hydrolysis (for full 20 range see Fig. S8).

(002) reflection in the PXRD pattern — directly displaying the
interlayer spacing - shifts stepwise from 20 = 9.91° (doo2 =
8.9815 A) to as low as 26 = 8.12° (dgo, = 10.8953 A), consistent
with an interlayer gallery expansion of ~1.91 A (~21%).
Concurrent shifts of reflections in the 14-18° 26 range indicate
adjustments of a and/or b lattice parameter. Upon subsequent
hydrolysis/de-intercalation, Bragg intensities diminish and
reflections broaden, evidencing loss of long-range order and
increased stacking disorder.

ICP-OES

A chemical analysis of 4y sWTe, for A = Li, K, Rb by inductively
coupled plasma optical emission spectrometry (ICP-OES) and
RFA confirmed the identity of the product with an average
elemental ratio (from a multiple measurements) corres-
ponding to A: W:Te = 0.50(3): 1:1.98(3).

SEM and EDX

Scanning Electron Microscopy (SEM) analysis of Rb,sWTe,
samples revealed that the crystallites exhibit a pronounced
platelet morphology (see Fig. 10 and Fig. S9), indicative of
their layered structure. Although individual layers and their
interlayer spacings could not be resolved, the observed mor-
phology aligns with the expected anisotropic growth patterns
characteristic of such materials. This suggests a preferential
growth along specific crystallographic planes, resulting in the
formation of thin, plate-like structures.

The pronounced planar habitus observed in SEM images is
consistent with the inherent two-dimensional nature of the
crystal lattice, which promotes extensive lateral extension
while limiting perpendicular growth. Consequently, the orien-
tation of the platelets has also been considered in powder
X-ray diffraction (PXRD) analysis, as it may lead to preferred
orientation effects that influence the diffraction pattern.

Energy Dispersive X-ray (EDX) measurements further
confirm the elemental composition of the samples, with an
average ratio of Rb: W:Te = 0.50(2): 1:2.02(4), consistent with
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Fig. 10 Scanning electron microscopy (SEM) images of Rbg sWTe; crys-
tals at 200x (a) and 10 000x (b) magnification, highlighting the layered
morphology.

the stoichiometry of Rb,;WTe, (see Fig. S10). Notably, the
morphology and elemental composition are representative of
the analogous compounds containing potassium (K) and
cesium (Cs), highlighting the broader applicability of these
observations across the family of alkali-metal-intercalated
WTe, materials.

Electrical properties

Temperature-dependent conductivity measurements were con-
ducted on Rb,;WTe, single crystals in a range from 75 K to
300 K. Fig. 11 shows the current vs. voltage curves, revealing
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Fig. 11 Current voltage characteristic for the different temperatures
measured in the range between 75 K and 300 K from -1V to 1V.
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ohmic behavior over the entire temperature range with a
maximal conductivity of p = 24.3 mS m™" at 300 K.

Decreasing currents for decreasing voltages indicates semi-
conducting behavior of the Rb,sWTe, crystals. For tempera-
tures below 125 K, the used measurement setup is at its
resolution limit and thus cannot show a reliable result. In
Fig. 12, this data is presented in an Arrhenius-like plot. By
fitting the conductivities from room temperature down to
150 K an activation barrier to transport of 0.476 eV can be esti-
mated under the assumption of a fixed value of the Fermi

energy.105—108

Photoelectric properties

Further proof of the semiconducting behavior can be found by
measuring the crystal under illumination with a 779 nm CW-
laser at a constant bias of 0.2 V. The obtained photoresponse,
displayed in Fig. 13, shows a rapid, steep increase which pre-
cedes a slower second component. The first rise can be tenta-
tively attributed to photoexcited charge carriers; the second, to
the effect of the crystal’s concurrent heating.

-12 4

T
4 6 8 10 12 14
T1in 1/K-10°

Fig. 12 Arrhenius plot of the electrical conductivity of RbgsWTe, at
temperatures in the range of 75 K to 300 K. The red line is a linear fit for
the range between 150 K and 300 K.
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Fig. 13 Photoresponse of a Rbg sWTe, crystal toward a 779 nm laser at
250 K under a bias of 0.2 V.
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Electronic structure

The electronic structures of the A, sWTe, compounds, and the
general effects of cationic substitution on the electronic pro-
perties of WTe, were investigated using density functional
theory (DFT). The calculated electronic band structures are
shown in Fig. 14. All three materials (A = K, Rb, and Cs) are
predicted by DFT to be semiconductors with indirect band
gaps of 0.35 to 0.4 eV. In all cases, the valence band maximum
is at the I" (0 0 0) point in reciprocal space. The conduction
band maximum is at Y, (=0.5 0 0) in K, sWTe, and Rb, sWTe,
and at a nearby point at (—0.37 0 0) in Cs,sWTe,. The
minimum direct band gap of ca. 0.5 eV is located at the con-
duction band maximum in all cases. In all three materials, the
bands near the Fermi energy have contributions from W 5d
and Te 5p orbitals, with somewhat more W character. The
cation orbitals are located far below the Fermi energy.

The underestimation of band gaps in DFT is a well-known
problem, and therefore the significant overestimation of the
indirect bandgap of Ko ;WTe, in DFT is not expected.'® To

KosWTe, 3
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Fig. 14 Calculated electronic band structures of KosWTe, (a),

Rbo sWTe; (b), and CsosWTe; (c), with bands colored by their tungsten
character. Special points T =(000),Z=(00.50),D=(00.50.5),B=(0
00.5),A=(-0500.5), E=(-0.50.50.5), C,(-0.50.50), Y, (-0.50 0))
in and paths through reciprocal space were chosen following the
literature.**°
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better understand the effects of alkali metal intercalation on
WTe,, including the possible role of defects and disorder on
the electronic structure, we performed calculations of the crys-
tallographic and electronic structures of WTe, in the P2,/m
space group but without cations, both in its neutral state and
with a —4 charge per unit cell (WgTe;s and WgTe,s'”, Fig. 15).
The changes to the electronic structure are significant; the
neutral form (Fig. 15a) becomes a semimetal with a negative
band gap (as is expected for WTe,), whereas the negatively
charged form interestingly is also predicted to be semimetal-
lic, but with zero band gap. This zero-gap state suggests that
the very small band gap detected in K, sWTe, experimentally
could be due to the presence of charged vacancies in the
crystal structure.

The crystal structure of WTe, in the P2,/m space group also
changes significantly between the charged and uncharged
state (similar to Fig. 8a and Fig. S11a). The relaxed structure of
the charged state closely resembles that of the intercalated
compounds, featuring a reduced interlayer distance and three
short W-W bond lengths ranging from 2.783(1) to 2.805(1) A,
along with one longer bond of 3.118(1) A (similar to Fig. 8b
and Fig. S11b). In the neutral state, the internal Te-W-Te
angles within the layers are more linear, leading to an
increased layer thickness and nearly equal W-W bond lengths
of 2.827(1)-2.834 A, closely resembling the known crystal struc-
ture of WTe, reported in the literature (Fig. 8a).”° These dis-
tances are in good agreement to what has been shown in Fig. 8
and lead to a significant change in the electronic structure, as
additional bands with Te character (blue) appear near the
Fermi energy in Fig. 15a. Without this structural rearrange-
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Fig. 15 Calculated electronic band structures of WTe, in the P2;/m
space group (of the intercalated structures but with the cations
removed) (a) in the neutral state and (b) with a —4 charge per unit cell.
Bands are colored by their tungsten character. Special points in and
paths through reciprocal space were chosen following the literature.*°
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ment, the two band structures (Fig. 15a and b) would be iden-
tical, apart from a rigid shift of the Fermi energy.

To further understand the effect of structural distortion on
the electronic structure of intercalated WTe,, we calculated the
band structure of K,s;WTe, as a function of strain along the
interlayer direction (Fig. 16 and 17). Interestingly, moderate
compressive (Fig. 17a) and tensile (Fig. 17c) strain both
decrease the band gap.

In the compressive case, the bands near the Fermi energy
are largely undistorted, however in the tensile case we see a
change in the curvature and character of the highest occupied
band. 2% compressive strain is sufficient to turn the material
metallic, whereas 2% tensile strain leads to a zero band gap
semimetal due to the appearance of some unoccupied Te orbi-
tals at the Fermi energy. These results again show how local
distortions due to disorder in the material could introduce
unoccupied states at or near the Fermi energy, thereby leading
to the small band gap seen in the experiments. Notably, the
changes in the band structure from introducing tensile strain
are much more dramatic than those arising from increasing
the interlayer spacing by intercalating larger cations (Fig. 14).
This could indicate the importance of the electrostatic inter-
actions between the cation and the WTe, layers to retain their
bond geometry.

DRIFT optical band gap determination

Diffuse reflectance (DRIFT) spectra of the intercalated
AosWTe, phases were evaluated using the Kubelka-Munk
transformation

a  (1—Rx)
F(Ra) = &= O Re)
S 2R
R
with Re = —2P' the reflectance of an infinitely thick speci-
standard

men, «a is the absorption and S is the scattering coefficient. For
particle sizes greater than the light wavelengths measured, the
scattering coefficient is understood to be approximately inde-
pendent of frequency (F(R,,) ~ @) and therefore F(R,,) could be
understood as a “pseudo-absorbance” coefficient.’**™'” The
transformed spectra exhibit a very broad absorption edge,
typical for layered materials with weak interlayer interactions
and small, anisotropic gaps. Notably, we observe that while the
absolute absorption edge energy remains essentially constant

Bl

Yy \
e .(“J
¢ ‘ & AN . [\ \ /‘
+2% 0% -2%

Fig. 16 Local structural arrangement of KosWTe, in the P2;/m space
group, showing the crystal structure under +2% strain (left), no strain
(middle), and —2% strain (right) along the interlayer direction (viewed
along the [101]-direction; W: grey, Te: yellow, K: turquoise).
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Fig. 17 Calculated electronic band structures of Ko sWTe; in the P2;/m
space group with compressive (negative) and tensile (positive) strain
(a—d) along the interlayer direction b. Bands are colored by their tung-
sten character. Special points in and paths through reciprocal space
were chosen following the literature.*°

between different synthesis batches, the slope of the edge
varies considerably, reflecting texturing effects such as dis-
order, stress and microstructure. Attempts to extract a band
gap using conventional Tauc analysis, [ahw]" « (hv — Eg) with n
= 2 for direct allowed and n = 0.5 for indirect allowed tran-
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sitions, give highly inconsistent results. While the direct tran-
sition extrapolation results in values around 0.4-0.5 eV, the
indirect treatment yields unrealistically small values.

An alternative band gap determination according to Zanatta
et al. was performed."'® In this method, the energy-dependent
absorption coefficient a(E) is fitted with a Boltzmann-type sig-
moidal function:

Amin — ¥max

E— EBDltZ ’
1+ exp (TEO)

a(E) = omax +

where anmin (@max) stands for the minimum (maximum) absorp-
tion coefficient; EE°' is the energy coordinate at which the
absorption coefficient is halfway between amin and amay; and
SE is associated with the slope of the sigmoid and indicates
the energy range over which most optical transitions occur.'"®
The optical band gap is then estimated using the relation:
Ego'* = Eg°' — gt 1 +OE, with ngf!” = 0.3 for direct and nj0y:
= 4.3 for indirect transitions.

Both the Tauc and Zanatta approaches yield reasonable and
consistent results when assuming a direct transition. However,
both methods fail to produce meaningful band gap values
under the assumption of an indirect transition, not due to the
optical data itself but because of intrinsic limitations in the
derivation of the corresponding formalisms. Despite this, the
Zanatta model allows a more precise and consistent determi-
nation of the absorption edge energy EE°', which represents
the most robust physical observable. For K, sWTe, (see Fig. 18,
Fig. S12 and S13), an analysis of Kubelka-Munk-transformed
spectra with Zanata’s method yields E§™* = 0.431 eV
(RbysWTe, = 0.448 and CsysWTe, = 0.440). These values
correspond closely to the band gap of 0.476 eV determined
from temperature-dependent conductivity measurements
and closely to the values of the DFT-calculated band gaps
(0.35-0.4 eV).

o(normalized)

T T T T T T

T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
hv (eV)
Fig. 18 Optical absorption coefficient spectrum of Ko sWTe, with the

Boltzmann function (R? = 0.997, 4> = 4.00 x 107%) used to fit a
(normalized).
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The broadness of the absorption edge and the mismatch
between different extrapolations reflect the intrinsic sensitivity
of the electronic structure to weak van der Waals bonding and
distortions. Even slight shifts of the layers alter orbital overlap
and band dispersion. First-principles calculations confirm that
a semiconductor-metal transition can be induced in K, ;WTe,
by applying only +2% uniaxial strain along the interlayer axis,
collapsing the gap entirely under compression. Similar behav-
ior is predicted for pristine WTe,, where both tensile and com-
pressive strain change the balance of electron and hole
pockets and lead to a semimetallic state. Further perturbations
such as hydrostatic pressure, uniaxial stress from substrate
mismatch, or moiré-type stacking in twisted bilayers also
produce pronounced band structure modifications, including
complete bandgap closure at twist angles of about 15°. These
combined results demonstrate that the diffuse absorption
edge seen experimentally does not represent a sharp bandgap
in the conventional sense but rather the response of a system
whose band structure is highly susceptible to strain, stacking,
and interlayer distortions, making any rigid assignment of a
direct or indirect gap challenging.

Experimental
Synthesis of WTe, and 4, sWTe,

All material handling and manipulations were performed in
an argon-filled glove box (MBraun Labmaster 130, O, < 1 ppm,
H,0 < 1 ppm). All synthesis steps consistently afforded yields
greater than 95%.

WTe, was synthesized by combining tungsten powder
(1256.24 mg, 6.84 mmol, ABCR GmbH, 99.95%, particle size
0.6-0.9 pm), tellurium pieces (1830.95 mg, 14.35 mmol,
Evochem, 99.999%), and tungsten(vi) chloride (WCl;
135.49 mg, 0.34 mmol, Arcos, 99.9+%) in a 1:2.1:0.05 molar
ratio, with WClg serving as an oxygen getter. The mixture was
sealed in a dry, evacuated silica ampoule (40 mm length,
16 mm diameter) and heated in a commercial (Carbolite)
furnace to 800 °C for 6 hours, employing heating and cooling
rates of 2 K min™".

The resulting product was thoroughly ground, vacuum-
sealed in a second silica ampoule (200 mm length, 16 mm dia-
meter), and heated to 500 °C for 20 hours under a temperature
gradient, with the opposite end of the ampoule maintained at
room temperature, to facilitate the removal of excess tellurium,
tungsten oxychloride impurities and unreacted WClg.

Ay sWTe, with A = K, Rb, Cs (Strem Chemicals, 99.9+%) was
synthesized by reacting WTe, with a 1.5 molar excess of 0.2 M
alkali naphthalenide solutions (in anhydrous THF, naphtha-
lene >99% Sigma-Aldrich) at —50 °C for 3.5 hours under vigor-
ous stirring with a glass stir bar. The reaction mixture was
washed multiple times with absolute THF at —50 °C and sub-
sequently dried under vacuum, yielding a black powder
product. Single crystals were grown by maintaining the reac-
tion at —80 °C for five weeks without stirring, followed by the
same washing and drying procedures described above.
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Powder X-ray diffraction

PXRD patterns of products were collected with a Stadi-P
(STOE, Darmstadt) powder diffractometer using germanium
monochromated Cu-K,, radiation (1 = 1.5406 A) and a Mythen
1 K detector.

ICP-OES

After dissolving of 4, sWTe, (A = Li, K, Rb) in 3.3 wt% HNO;/
H,0,/oxalic acid, the W/Te/A ratio was determined by ICP-OES
(iCAP 7400 Thermo Fisher Scientific).

TXRF (total internal reflection X-ray fluorescence) spectroscopy

TXRF studies were performed using a S2 Picofox (Bruker AXS
Microanalysis, Berlin, Germany) equipped with a Mo X-ray
tube, which was operated at 50 kv and 600 pA. The measure-
ment period for each sample was 1000 s (live time). Fitting of
the resulting spectra was done using the Spectra software
(Bruker Nano GmbH) in the super byas mode (maximum strip-
ping cycles of 2000).

DFT calculations

Calculations were performed using the ABINIT software
package with the projector augmented-wave (PAW) method
and a plane-wave basis set.*****° The Perdew-Burke-Ernzerhof
exchange-correlation functional was used with the vdw-
DFT-D3 dispersion correction.'*"'?> PAW data files were used
as received from the ABINIT library.'*® Methfessel-Paxton
smearing was used to determine band occupation.'**
Convergence studies were used to choose a 26 Ha (K, sWTe,,
WTe,), 22 Ha (Rb,sWTe,), and 20 Ha (Cs,sWTe,) plane wave
basis set cutoff energy outside the PAW spheres; a 5 times
larger cutoff was used within the spheres. The Brillouin zone
was sampled with a 4 x 2 x 4 (K, sWTe,, CsysWTe,, WTe,) or 5
x 4 x 5 (RbysWTe,) grid of k-points. Structural relaxation was
performed prior to calculation of the electronic structure in all
cases. Negatively charged structures were simulated using a
uniform background compensating positive charge. Example
input files are available as part of the SI.

DRIFT (diffuse reflectance infrared Fourier transformation)
spectroscopy

Samples were measured at room temperature under inert con-
ditions in diffuse reflectance with a Harrick Praying Mantis
attachment equipped with an inert chamber attachment
custom-made for the original sample holder (details provided
in the SI). Measurements were conducted on a Bruker Vertex
70 infrared spectrophotometer with a deuterated triglycine
sulfate (DTGS) detector and KBr beam splitter. The back-
ground spectra were collected using pure dried KBr in powder
form.

Electrical characterization

Conductivity measurements were performed at a Lake Shore
Cryotronics CRX-6.5 K probe station with a Keithley 2636B
source meter unit. Needle-shaped crystals of Rb, ;WTe, were
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transferred into the chamber under protective gas and con-
tacted with silver paste on a silicon substrate with 770 nm
dioxide layer. The conductive silver pads at each end of the
crystals were then connected to the circuit with tungsten tips.
The chamber was kept under vacuum (<5 x 10~> mbar) and the
temperature was varied between 20 K and 300 K. Before each
measurement, sufficient time was allowed for the sample to
reach the chosen temperature. Two-point conductivity
measurements were performed by varying the applied source-
drain voltage from —1 V to 1 V while detecting the current. For
time-resolved photocurrent measurements, using a picosecond
pulsed laser driver (Taiko PDL M1, PicoQuant) together with a
laser head 779 nm (pulse length <500 ps), the crystals were
illuminated at 40 mW laser output power using the continuous
wave mode while a constant voltage of 1 V was applied.

SEM and EDX

Energy Dispersive X-ray Spectroscopy (EDX) and Scanning
Electron Microscopy (SEM) analyses were conducted using a
HITACHI SU8030 scanning electron microscope equipped with
a Bruker QUANTAX 6G EDX detector. Samples of RbysWTe,,
including both powders and crystals, were mounted on carbon
tape and transferred via the transfer chamber technique as
described by Grahlow.'>® The average elemental ratio, deter-
mined from multiple measurement points, were W:Te:Rb =
1:2.02(4):0.50(2) and W: Te: Cs = 1:1.99(5) : 0.51(4).

Conclusions

The successful cationic intercalation of tungsten ditelluride
(WTe,) with potassium, rubidium, and cesium resulted in the
formation of A,s;WTe, compounds, which exhibit notable
modifications in both their structural and electronic pro-
perties. The crystallographic analysis reveals an expansion of
the interlayer distance, consistent with alkali metal incorpor-
ation, leading to subtle structural distortions and a reduction
in symmetry. These changes correlate with a transition from
semi-metallic to semiconducting behavior, demonstrating the
tunability of WTe,’s electronic properties through alkali
intercalation.

The synthesis of these intercalation compounds required
careful control of conditions to accommodate the high reactiv-
ity of alkali metals. Powder X-ray diffraction and diffuse reflec-
tance spectroscopy were key to providing accurate structural
and electronic characterization of the materials.

The ability of the WTe, framework to accommodate
different alkali metals while maintaining structural integrity
highlights its potential as a versatile material for applications
in electronic and energy storage devices. The tunable pro-
perties observed in A, sWTe, compounds open new possibili-
ties for engineering the electronic characteristics of transition
metal dichalcogenides, contributing to advancements in
materials design for future electronic applications.

This journal is © The Royal Society of Chemistry 2026
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Intercalation of Alkali Metal into WTe,, the Crystal Structure of
AysWTe, and Observation of a Metal-to-Semiconductor Transition

Patrick Schmidt,? Fabian StrauB3,> Marcus Scheele,’ Carl P. Romao,® Hans-Jiirgen Meyer*?

Figure S1. Microscope image (2x magnification) of WTe, single crystal in a 2 mM solution of rubidium naphthalenide after 30 min at room temperature.

Figure S2. Section of the RbysWTe, initial structure solution of RbysWTe,, showing two disordered rubidium positions with refined occupation factors close to
0.5.
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P124m1 W11: 4f Te11: 4f T921: 4f Rb1: 2e Rb2: 2e

m m
Rbo.sWTe2 0.791 0.274 0.772 0.261 0.245
0.496 0.583 0.618 1/4 1/4
0.185 0.570 0.071 0.533 0.712
i2
a+c, b, -a+c
A
1 29m 1 WA: 4f | W2: 4f | Te1: af | Te2: af | Te3: 4f | Ted: 4f |Rb1:2e | O:2e | O:2e |Rb2: 2e
A1) 1 1 1 1 1 1 m m m m
Rbo.sWTe2 0.303 | 0.803 | 0.921 | 0421 | 0922 | 0422 | 0364 | 0.864 | 0.266 | 0.766
0.496 | 0.496 | 0.583 | 0.583 | 0.618 | 0.618 1/4 1/4 1/4 114
0.388 | 0.988 | 0.351 | 0.851 | 0.851 | 0.351 | 0.897 | 0.397 | 0.979 | 0.479

Figure S3. Birnighausen tree: group-subgroup relation between the initial (top) and the final (bottom) structure solution of Rb,sWTe, with double cell volume
and resolved disorder of the rubidium atoms.
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Figure S4. PXRD refinement of K,sWTe, at 298 K with the experimental (red) and calculated (black) intensities of the Rietveld refinement. Bragg positions
(green) and the difference curve (blue) are also shown (CSD: 2392515).
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Figure S5. PXRD refinement of CsysWTe, at 298 K with the experimental (red) and calculated (black) intensities of the Rietveld refinement. Bragg positions
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(green) and the difference curve (blue) are also shown (CSD: 2390900).
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Synthesis of LiysWTe,: LijsWTe, was synthesized under an argon atmosphere by adding 10 mL of

2.5 M n-butyllithium (in hexane, Sigma-Aldrich) to 500 mg of WTe, (1.14 mmol) at room temperature.

The mixture was gently agitated intermittently over five days. The solution was then decanted, and an

additional 5 mL of 2.5 M n-butyllithium (in hexane) was added, followed by gentle shaking for another

five days. After the reaction, the solution was removed, and the resulting solid was washed three times

with 10 mL portions of absolute pentane. The final product was obtained as a black powder with a yield
of ~95%.
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Figure S6. Le Bail profile fit to the PXRD pattern of Liy sWTe,. Shown are the observed (red) and calculated (black) profiles, the difference curve (blue), and Bragg
reflection positions (green). Refinement in the monoclinic space group P2, yields a = 7.28855(6) A, b = 14.8297(2) A, ¢ = 7.23983(6) A, and 8 = 119.3451(5)°.

Synthesis of Na,sWTe,: Na,sWTe, was prepared using the same procedure as described for 4o sWTe,
(4 =K, Rb, Cs) in the main text, employing sodium metal (99.95%, Sigma-Aldrich) as the alkali source.
The reaction yielded a mixture of partially intercalated material with an overall yield of ~95%.
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Figure S7. Le Bail profile fit to the PXRD pattern of NaysWTe,. Shown are the observed (red) and calculated (black) profiles, the difference curve (blue), and
Bragg reflection positions (green, top= NagsWTe, bottom=WTe,). Refinement in the monoclinic space group P2,/m yields a = 7.2897(2) A, b = 16.1501(3) A, ¢
=7.24837(2) A, and 8 = 119.1634(5)°. The pattern also contains ~30 mol% WTe; as an impurity.
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Figure S8. Time resolved PXRD analysis of RbysWTe, showing structural evolution upon exposure to ambient conditions. Note: Sample was mounted between
two Mylar foils and was not hermetically sealed with Lithelen grease).
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Figure S9. SEM images, highlighting the layered morphology of Rby, sWTe, crystals.
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8
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Figure S10. EDX spectra of Rb, sWTe,, confirming the elemental composition and successful intercalation of rubidium. The inset SEM image indicates the precise
measurement location, ensuring correlation between morphological features and compositional analysis. The presence of carbon and oxygen signals originates
from the carbon tape used for sample mounting.
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Figure S11. Local structural arrangement within a single layer of WTe, from DFT calculations in the P2,/m space group, showing the crystal structure without

intercalating cations in (a) the neutral state and (b) with a —4 charge per unit cell (viewed along the b-axis; W: grey, Te: yellow). W, cluster formation is highlighted
by dotted lines.

o (normalized)

I
0.3 0.4 0.5 0.6 0.7
hv (eV)

2 .
Figure S12. Optical absorption coefficient spectra of RbysWTe, with the Boltzmann function (R =0.995, x> =4.68-10) used to fit a(normallz ed) with
E = 0.4589(3
Boltz ©) and dE = 0.03596(3).
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Figure S13. Optical absorption coefficient spectra of CsosWTe, with the Boltzmann function (R =0.997, 2 = 5.93-10%) used to fit a(normalized) iy

Epoe, = 04542(3) i - 0.0859(3).
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Inert Chamber attachment for Harrick Praying Mantis Standard Sample Holder

All sample preparations were conducted under inert conditions (argon). The standard preparation
procedure for DRIFT samples, including necessary adjustments, was followed. The measuring window
was prepared by pressing a standard 13 mm press tool with 150 to 200 mg of KBr. The window was
then fixed on top of the brass inert chamber attachment using vacuum-dried LVO 810 Lithelen grease,
which was dried at 80 °C for a minimum of three days. After assembling the brass part with the sample
holder, the pressure regulation hole was filled with grease to ensure a proper seal.

Although the KBr window degraded over time and was no longer intact for further measurements, the
enclosed samples remained stable for at least one week when exposed to air.

Figure S14. Images of the brass inert chamber attachment (left) and the fully assembled setup (right), including the sample holder, KBr window, and sealing grease.

12,5 13.5

9.5

|5 Bl | Teo

17.0 l |
| | | 17.0 |

12.5 15

Figure S15. Schematic representation and dimensions (in mm) of the brass inert chamber attachment (black). The KBr window is shown in blue, sealing grease in
yellow, rubber sealing ring in green, and the sample holder in grey.
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Table S1: Interlayer spacing of pristine WTe, and its alkali-metal-intercalated derivatives, determined from PXRD via the (0 0 2) Bragg reflection.

Compound Spacing / A

WTe, 7.009
Li0‘5WT62 7.4149
Nao,5WTez 8.0751
K0'5WT62 8.6297
Rb0'5WTez 8.9179
CSO'5WTCZ 9.2606
Table S2: Atomic coordinates and equivalent isotropic displacement parameters (pm?) for Ko sWTe,. U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.
X y Z U(eq) SOF
w1 0.7404(3) 0.9941(2) 0.5669(3) 0.0261(2) 1
w2 0.80081(3) 0.00456(2) 0.98707(3) 0.0261(2) 1
Tel 0.582850(6)  0.076680(2)  0.178032(6)  0.02639(2) 1
Te2 0.07637(5) 0.08472(2) 0.65191(5) 0.02639(2) 1
Te3 0.569649(5)  0.110430(2)  0.682741(5)  0.02639(2) 1
Ted 0.07680(6) 0.12008(2) 0.14999(5) 0.02639(2) 1
K1 0.77796(2) 0.25 0.48274(2) 0.0234(2) 1
K2 0.36313(2) 0.25 0.8934(2) 0.0234(2) 1
Table S3: Atomic coordinates and equivalent isotropic displacement parameters (pm?) for Rby sWTe,. U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.
X y z U(eq) SOF
wi 0.8033(3) 0.4963(3) 0.9879(3) 0.0254(3) 1
w2 0.7395(3) 0.5056(2) 0.5680(3) 0.0254(3) 1
Tel 0.9213(5) 0.5832(2) 0.3514(6) 0.0269(3) 1
Te2 0.5876(6) 0.4259(2) 0.1810(6) 0.0269(3) 1
Te3 0.9216(6) 0.6175(2) 0.8506(6) 0.0269(3) 1
Te4 0.5689(5) 0.3918(2) 0.6800(6) 0.0269(3) 1
Rbl 0.36435(9) 0.25 0.89691(9) 0.03674(1) 1
Rb2 0.7664(1) 0.25 0.47853(9) 0.03674(1) 1

Table S4: Atomic coordinates and equivalent isotropic displacement parameters (pm?) for CsysWTe,. U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.

X y Z U(eq) SOF
Wl 0.8036(3) 0.4964(2) 0.9880(3) 0.0183(2) 1
w2 0.7421(3) 0.50674(18)  0.5698(3) 0.0183(2) 1
Tel 0.9277(5) 0.5776(2) 0.3559(5) 0.0219(3) 1
Te2 0.5844(6) 0.4283(2) 0.1851(6) 0.0219(3) 1
Te3 0.9238(5) 0.6129(2) 0.8464(5) 0.0219(3) 1
Ted 0.5717(5) 0.3978(2) 0.6804(6) 0.0219(3) 1
Csl 0.3697(6) 0.25 0.9041(6) 0.0310(2) 1
Cs2 0.7741(6) 0.25 0.4824(6) 0.0310(2) 1
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ABSTRACT: The new compound WTe,I was prepared by a
reaction of WTe, with iodine in a fused silica ampule at
temperatures between 40 and 200 °C. Iodine atoms are
intercalated into the van der Waals gap between tungsten
ditelluride layers. As a result, the WTe, layer separation is
significantly increased. Iodine atoms form planar layers between
each tungsten ditelluride layer. Due to oxidation by iodine the
semimetallic nature of WTe, is changed, as shown by comparative
band structure calculations for WTe, and WTe,I based on density
functional theory. The calculated phonon band structure of WTe,I
indicates the presence of phonon instabilities related to charge
density waves, leading to an observed incommensurate modulation

B INTRODUCTION

Transition metal dichalcogenides (TMDCs) are quasi-two-
dimensional layered materials, formed by monolayers of metal
atoms sandwiched between layers of chalcogen atoms. Weak
van der Waals interlayer bonding between building blocks of
hexagonal chalcogen layers with nearly octahedral or nearly
trigonal prismatically coordinated metal atoms allow many
polytypes to form.' >

The weak interlayer bonding permits intercalations, quite
akin to other layered materials such as graphite,* allowing the
incorporation of various metal atoms’” '’ and organic
molecules'”'* between the layers to form stoichiometric or
nonstoichiometric compounds. Depending on the intercalated
species, changes in the physical properties of the host can
occur. In addition, such intercalated species can be used as
precursors for the exfoliation of single TMDC layers."*™"*

Tungsten ditelluride (WTe,)" is a typical TMDC that
crystallizes with the so-called distorted 1T (T) structure. The
structure resembles a distorted derivative of the TiS,>°
structure with distorted tellurium octahedra and tungsten
atoms shifted away from octahedral centers, thereby forming
W—W zigzag chains along the a-axis direction (Figure 1). The
arrangement of tungsten atoms in the structure plays a
significant role in the remarkable electronic properties of
WTe,. Electronic structure calculations have revealed WTe, to
be a semimetal.”' ™ Physical studies have revealed many
unusual properties of WTe,, including charge density wave
(CDW)***" formation, superconductivity,32 large magneto-
resistance,”” and the presence of nontrivial topological
properties such as the appearance of type-Il Weyl Fermions,”*
making this material interesting for a variety of electronic
applications. Herein, we demonstrate that the oxidation of
WTe, by iodine and the formation of the intercalated species

© 2021 American Chemical Society
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of the iodine position within the layers.

WTe,I modifies the electronic structure and therefore changes
the properties of this material. According to our knowledge,
this type of anionic intercalation has not been reported before
in a TMDC and may be applicable to other TMDC systems as
well.

B EXPERIMENTAL SECTION

Synthesis of WTe, and WTe,l. Manipulations of starting
materials were performed in an argon-filled glovebox (MBraun,
Labmaster 130, O, < 1 ppm, H,0O < 1 ppm). WTe, was prepared in a
dry, vacuum-sealed silica ampule with a 1:2 molar ratio of tungsten
powder (ABCR GmbH, 99.95%, 0.6—0.9 um) and tellurium pieces
(Evochem, 99.999%) heated at 800 °C for 24 h (total mass = 1 g). An
additional 0.1 equiv of WCl, (Arcos, 99.9+%) was added as an oxygen
getter.

WTe,I was prepared by heating a 1:2 molar mixture of WTe, and
iodine (Honeywell, >99.8%) in a dry, vacuum-sealed silica ampule at
100 °C for 16 h. The product appeared as black powder. Excess
iodine aggregated at the top of the ampule.

Synthesis of WTe,l Single Crystals. The as-prepared WTe,
product contained some single crystals. Carefully selected single
crystals of WTe, were heated with an approximately 4 molar excess of
iodine at 120 °C for 16 h.

Powder X-ray Diffraction. PXRD patterns of products were
collected with a Stadi-P (STOE, Darmstadt) powder diffractometer
using germanium monochromated Cu—Ky, radiation (1 = 1.5406 A)
and a Mythen 1K detector.
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Figure 1. Projection of the WTe, structure. View along the c-axis of
the distorted T structure in which tungsten (gray) atoms follow a
CDW along the a-axis. Tungsten atoms are shifted off the octahedral
centers formed by tellurium (yellow) atoms.

ICP-OES. After dissolution of WTe,l in 2 wt % NaOH/H,0,, the
W/Te/1 ratio was determined by ICP-OES (iCAP 7400 Thermo
Fisher Scientific).

Thermal Analysis. Differential thermal analysis (DTA) and
thermal gravimetry (TG) measurements were performed with a
Netzsch Jupiter, STA 449 F3 apparatus between room temperature
and 350 °C with a heating and cooling rate of 2 K min™" in a bespoke
silica crucible (height: 2 cm, inner diameter: 0.6 cm, thickness of wall:
0.1 cm).

DFT Calculations. Calculations were performed using the
ABINIT software package with the projector augmented-wave
(PAW) method and a plane-wave basis set.>>*® The Perdew—
Burke—Ernzerhof exchange—correlation functional was used with the
vdw-DFT-D3 dispersion correction.””*® PAW data files were used as
received from the ABINIT library.” Methfessel—Paxton smearing was
used to determine band occupation.” Convergence studies and
structural relaxation were performed prior to calculation of the
electronic structure. Spin—orbit coupling was included by calculation
of the electronic wave function of each spin separately, as described in
ref 41. Example input files are available as part of the Supporting
Information.

B RESULTS AND DISCUSSION

Reactions of metal dichalcogenides with halides have been
reported to yield mixed chalcogenide-halide cluster com-
pounds. An example is the formation of Re;Se,Brg from ReSe,
with Br, (at 450 °C).* Following this example we have
explored the reaction of WTe, with iodine. WTe, can be
prepared from well-known transport reactions of the elements
in fused silica tubing, like other transition metal chalcoge-
nides.'”*"**7*® A detailed study of the reaction of WTe, with
iodine in a fused silica ampule reveals several reaction steps
with increasing temperature and iodine pressure. The first step
is an intercalation of iodine into interlayers of the WTe,
structure, yielding the new compound WTe,l, which occurs
following heating above 40 °C in a closed vessel. When heated
above 200 °C, iodine and Tel, are released until
(Tel,),[Wql,,] is formed at 250 °C.*

A chemical analysis of WTe,I by inductively coupled plasma
optical emission spectrometry (ICP-OES) confirmed the
identity of the product with an average ratio of elements
(from a number of measurements) corresponding to W:Te:I =
1:1.98:0.99.

The crystal structure of WTe,l is closely related to that of
WTe, but contains iodine atoms in interlayers and was refined
by powder X-ray diffraction (PXRD) in the centrosymmetric
space group Pmmn (Figure 2).

The structure refinement converged with a conclusive crystal
structure model, revealing unusually high anisotropic displace-
ment parameters (ADPs) of the iodine atoms (Table S2). A
single-crystal X-ray analysis of the reciprocal a*/b* plane
(Figure S2) revealed perturbations of some weak Bragg
reflections away from the exact regularity of the basic lattice
reflections. The PXRD pattern exhibits a few additional
reflections (with I/I,,, = 1/100, marked with asterisks in
Figure 2) that could not be assigned to any known compound
(and the purity of all starting materials was carefully checked
by EDX, ICP-OES, and RFA).
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Figure 2. PXRD refinement pattern of WTe,l at 298 K with the experimental (red) and calculated (black) patterns of the Rietveld refinement.
Bragg positions (green) of WTe,I and the difference curve (blue) are also shown. Asterisks (*) are discussed in the main text.
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The observation of large ADPs of the iodine atoms can be
seen to be indicative of a modulation of the iodine atom
arrangement in interlayers of the structure. Hence, based on
our PXRD studies, we can only provide an average location of
the iodine atoms relative to the WTe, lattice. Low-temperature
PXRD measurements (at 120 and 12 K) did not introduce a
significant change in the diffraction pattern, nor in the iodine
ADPs (Figure SS, Figure S6, and Table S8).

The g, b, and ¢ axes in WTe,l correspond to the ¢, a, and b
axes, respectively, in WTe,. Individual WTe, layers and
corresponding W—W and W-Te distances are nearly
unchanged before and after the reaction with I, (Table 1).
Therefore, the cell dimensions within the layers remain almost
the same. However, due to the intercalation of iodine between
adjacent WTe, layers, the lattice parameter along the stacking
direction are approximately doubled (Table 1, compare the c-
axis of WTe, and a-axis of WTe,I) (Figure 3). The relative
orientation of adjacent WTe, layers changes compared to
WTe, in a way such that the tungsten chains are aligned
parallel along the stacking axis.

Iodine atoms form nearly square (Figure 4), planar layers
within the bc-plane with I—I distances of 3.18(1) A and
3.48(1) A. A similar arrangement of iodine layers with values
of 3.32 and 3.84 A was reported in the unusual intercalation
compound (Te,),(I,).*” Another, more closely related, TMDC
intercalation compound containing a planar iodine network is
AuTe,],*° which has I-I distances of 4.06(1) and 4.74(1) A.

As noted above, the incorporation of iodine atoms into the
structure of WTe, yields a significant increase of the interlayer
W-W (from 7.01 A in WTe, to 10.95 A in WTe,I) and Te—
Te (from 3.911to 6.813 A) distances. This increase is huge in
comparison to cationic intercalation compounds like in WS,In
(increasing from 6.16 A in WS, to 6.18 A in WS,In).”" As a
result of this strong interlayer expansion and weak interaction
forces between layers, dislocations are typically obtained (see
Figure S1).

The intercalation reaction between iodine and WTe, in a
sealed ampule proceeds without a detectable calorimetric
feature. The deintercalation of iodine from WTe,I under
ambient pressure can be observed above 100 °C (Figure S).
The observed exothermic effect corresponds to the enthalpy of
sublimation of the released iodine (in a constant argon flow of
60 mL/min) and has no correlation with the intercalation
energy.

Electronic Structure. The calculated electronic band
structure of WTe,l is shown in Figure 6. This electronic
structure calculation was performed on the average structure,
as determined by XRPD; a discussion of the potential origins

Table 1. Crystallographic Data and W—W and W—Te
Distances of WTe, and WTe,l

WTe,"® WTe,l
space group Pmn2, Pmmn
a/A 3.477(2) 21.8967(2)
b/A 6.249(4) 3.4759(0)
c/A 14.018(9) 6.3270(1)
V/A3 304.6(3) 481.54(1)
d(W=w)/A 2.85(1), 3.48(1) 2.87(1), 3.48(1)
d(W-Te)/A 2.70(1)—2.80(1) 2.68(1)—2.83(1)
d(Te—1)/A - 4.14(1)— 4.36(1)
Rpragg - 5.0301
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Figure 3. Perspective projection of the crystal structure of WTe,],
showing a layered arrangement. Tungsten atoms are shown gray,
iodine atoms in violet, and tellurium atoms in yellow.

Figure 4. Arrangement of a rectangular net of iodine atoms on top of
a WTe, layer of the WTe,]I structure (W = gray, Te = yellow, I =
violet).
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Figure 5. DTA/TG measurement of WTe,I in an open SiO,
container up to 350 °C with complete iodine loss (DTA: red line,
TG: black line).

and effects of a modulation of the iodine positions can be
found below. Comparison of Figure 6 to the band structure of
WTe, (Figure 7) shows that the addition of iodine layers into
the structure increases the density of states (DOS) at the
Fermi level significantly, leading to a transition from a
semimetal to a metal. These additional states are largely
located between the I ([0 00]), X ([1/200]),and Z ([00 1/
2]) points in reciprocal space. The projected density of states

https://dx.doi.org/10.1021/acs.inorgchem.0c02676
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Figure 7. Electronic band structure and density of states of WTe,,
calculated without spin—orbit coupling (see ref 8 c for the band
structure with spin—orbit coupling). The projected densities of states
within the PAW spheres are shown as colored lines at right.

shows that the states around the Fermi level have contributions
from W, Te, and I atoms; many of the states project onto
interatomic regions which cannot be assigned to a single atom.
Along the '—=Y—S—X—T  path in reciprocal space (Figure 6),
the calculated band structure of WTe,I closely resembles that
of WTe, along the '-X—U—Z—T" path, with the Fermi level
shifted downward in energy by approximately 0.5 eV. The
significant increase in the DOS at the Fermi level following the
addition of iodine can therefore be partially attributed to the
depletion of some electron density from the tungsten telluride
layers into the iodine layers. The magnitude of this charge
transfer can be estimated from the calculated density of states
of WTe, and WTe,l as 0.7 electrons per formula unit. In
WTe,, an avoided crossing of two bands due to spin—orbit
coupling near the Fermi level along the I'=X direction gives
rise to Weyl semimetal behavior.”*** The addition of iodine to
form WTe,] moves the Fermi level away from the
corresponding feature (located between I' and Y), into a
region with more conventional bands at the Fermi surface.
The addition of iodine to WTe, also creates additional
bands at the Fermi level between R ([1/2 1/2 1/2]) and S

1414

([1/21/2 0]) and between Y ([0 1/2 0]) and T ([0 1/2 1/2])
(compare Figure 6 and Figure 8). These bands have very high
dispersion, indicating small effective electron masses and large
charge carrier mobility. They are associated with Dirac cone-
like anticrossings lying approximately 0.5 eV below the Fermi
level. Several methods were used to investigate the nature of
these highly dispersive bands. Projections of the wave
functions near each atom onto spherical harmonics were
used to determine the atomic and orbital character of the wave
functions corresponding to the bands. As shown in Figure 10,
this indicates that the bands of interest can be largely assigned
to iodine p, orbitals. To validate this result, the electronic band
structure of the iodine layer alone was calculated, and the
features between R and S and Y and T can also be found there
(Figure 8).

Careful examination of the electron density around the
iodine atoms (Figure 9) shows evidence of bonding (i.e., some
interstitial electron density) in chains along c. Stronger
bonding is indicated between iodine atoms with an interatomic
distance of 3.148 A in the XRD crystal structure. The
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Figure 8. Electronic band structure of the iodine layers in WTe,L
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Figure 9. Density of valence electrons in a section through iodine
atoms in the bc plane. A slight increase in electron density between
iodine atoms along ¢ evidence I-I bonding. The Te atoms above the
plane are shown for comparison.

formation of dimers along c indicates that the bands with p,
character (Figure 10) correspond to o bonding and
antibonding orbitals.

The effects of modulation of the iodine layers upon the
electronic band structure were investigated by calculation of
the electronic band structure of WTe,I with a displacement of
the iodine atoms by —0.25 along ¢ (Figure S3), in order to test
the sensitivity of the band structure to the Te—I distances. The
band structure was mostly unchanged, with the largest
modification being a significant increase in energy of the
valence band between R, S, Y, and T. This increase led to the
valence band reaching the Fermi level at R and T, indicating
that modulation of the iodine layers may introduce more states
which contribute to electronic conductivity. Shifting the iodine
atoms such that there is only one crystallographically
independent I-I distance resulted in no noticeable effect on
the electronic band structure (Figure S4).

Calculation of the phonon band structure of WTe,]I revealed
the presence of several soft modes (modes with imaginary
frequencies, shown as negative values in Figure 11). These
modes indicate instabilities of the crystallographic Pmmn
structure and can be identified as Kohn anomalies, that is, they
indicate that a charge-density wave ordered structure is more
stable at 0 K than the Pmmn structure.' The CDW ordering
can be commensurate or incommensurate with the lattice
vectors. The presence of these Kohn anomalies therefore offers

Energy (eV)

Figure 10. Projected contributions of p, spherical harmonics to
electronic bands in WTe,], shown in red as fatbands.
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Figure 11. Calculated phonon band structure of WTe,L

an explanation for the modulation of the iodine layers detected
by X-ray diffraction and indicate that a phase transition to a
CDW disordered state can be expected on heating (although
decomposition could happen prior to such a transition).

The Kohn anomalies are related to nesting vectors of the
Fermi surface (Figure 12); the introduction of additional
sheet-like bands crossing the Fermi level therefore opens new
possibilities for such nesting. The phonon band structure also
shows numerous triply degenerate nodal points between R and
S and Y and T, where optic bands invert and become lower in
energy than the acoustic bands. These topological features can
act as additional phonon scattering centers and lead to glass-
like thermal conductivity.>*** There are also numerous
crossings and near-crossings of bands, especially near T,
which may correspond to Dirac points which could, by
breaking the inversion symmetry, be transformed into
topologically charged Weyl phonons.”**

The nature of the CDW can be determined by examination
of the eigenvectors of the soft modes, which are shown in
cartoon form in Figure 13. These modes all involve oscillations
of iodine atoms along b, with rocking motions of the Te, layers
being incorporated in some cases. Since the soft modes involve
motions of individual iodine atoms, not rigid I, units, we can
conclude that the CDWs are related to instabilities of the weak
I-1 bonds seen in the average structure and in Figure 9. This
offers an interesting parallel to the dissociation of I-I bonds
under pressure in solid iodine, which involves the formation of
a modulated structure where some of the I-I distances vary
between the values seen in the average structure.”
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Figure 12. Calculated Fermi surface of WTe,l. Nesting vectors (from
left to right, [0 0 0.52], [0 0.34 0.20], [0 0.28 0], and [0 0 0.45]) are
shown as black arrows.
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Figure 13. A cartoon view of several soft modes in WTe,I. The modes
with the largest imaginary frequency (most negative values in Figure
8) at the Z, T, R, and U points are shown. Linear oscillations of I
atoms are shown as black arrows, and rocking motions of the WTe,
layers are shown as curved arrows.

B CONCLUSIONS

The reversible intercalation of iodine into the structure of
WTe, is presented with an average crystal structure of WTe,lI
obtained by PXRD. Iodide atoms in interlayers of the structure
appear not fully ordered and show therefore anomalous large
ADPs. Single-crystal studies have revealed additional reflec-
tions inconsistent with the Bragg reflections of the structure,
leading to the assumption of the presence of an incommen-
surable structure.

To our knowledge, the example of WTe,] represents the first
reported halide intercalation into a dichalcogenide structure.
Although other intercalation compounds of WTe, with alkali
ions are known, no crystal structures have been reported in
ICSD.*° In light of the many unusual physical properties of
WTe,, this intercalate with oxidized WTe, layers represents an
interesting material for electronic applications. Electronic band
structure calculations reveal WTe,I to be metallic and to have
steep bands with dominant iodine p-band character crossing
the Fermi level. The phonon band structure indicates that
modulation of the iodine layers is due to Kohn anomalies in
the Pmmn structure. Halogen intercalation is therefore
demonstrated to present a potential method to reversibly
modify the physical properties of WTe,.
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Figure S1. WTe,I crystal with layer dislocations.
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Table S1. Crystal data and structure refinement for WTe,I at 298 K.

Identification code CSD 2019336
Empirical formula WTe,l

Formula weight / g-mol! 565.9945
Temperature / K 298(2)
Wavelength / A 1.54060

Crystal system Orthorhombic
Space group Pmmn (No.59)

Unit cell dimensions / A

a=21.8967(2)
b = 3.47586(2)
€= 6.32696(6)

Volume / A3 481.545(8)

A 4

¢ (CuKa) / mm! B 186.899
Density (calculated) /g-cm 7.806

Theta range for data collection / ° 5.0 to 119.87
Total number of reflections 445

Refined structure parameters 24

Ry, Rup 5.8879, 8.0924
Riragg 5.0301

7 1.3882

Table S2. Atomic coordinates and equivalent isotropic displacement parameters (pm?) for WTe,l. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.

X y z U(eq) SOF
w1 -0.50558(9) 4 0.3201(3) 0.0410(4) 1.00000
Tel -0.40557(10) 4 0.5807(4) 0.0342(6) 1.00000
Te2 -0.43444(11) 14 0.0710(4) 0.0405(7) 1.00000
11 % 34 0.6681(11) 0.192(2) 1.00000
12 % 34 0.1705(10) 0.183(2) 1.00000
Table S3. Structural parameters of WTe,I following DFT optimization.
X y z
w1 -0.50506 4 0.32305
Tel -0.39138 4 0.58493
Te2 -0.42598 A 0.07194
11 %4 % 0.65535
12 %4 % 0.14979
Unit cell vector lengths a=19.27814 b=3.5407 A c=631794A
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Table S4. Crystal data and structure refinement for WTe,l at 120 K.

Empirical formula
Formula weight / g-mol!
Temperature / K
Wavelength / A

Crystal system

Space group

Unit cell dimensions / A

Volume / A3

A

1 (AgKa) / mm! B
Density (calculated) /g-cm
Theta range for data collection / °
Total number of reflections
Refined structure parameters

Ry, Rup

Reragg

WrTe,l
565.9945
120(2)
0.559407
Orthorhombic
Pmmn (No.59)
a=21.7849(4)
b =3.46807(7)
c=6.31444(12)
477.07(1)

4

22.317

7.808

6.0 to 70.005
2510

15
4.3349,5.6923
4.0051

4.1754

Table S5. Atomic coordinates and equivalent isotropic displacement parameters (pm?) for WTe,I at 120 K. U(eq) is defined as one third of the trace of

the orthogonalized Uij tensor.

X y

V4

Uleq)

SOF

w1

Tel

Te2

-0.50402(7) %
-0.4056(1) %
-0.4344(1) Y

% %
% %

0.3197(1)
0.5794(3)
0.0655(4)
0.643(1)

0.183(1)

0.0080(2)
0.0062(4)
0.0120(5)
0.109(2)

0.117(2)

1.00000
1.00000
1.00000
1.00000

1.00000

Intensity |
(arb. units)f
15000

13000
11000
9000
7000
5000
3000

1000

[ 1100 0000000000 W T O

Figure S5. PXRD refinement pattern of WTe,l at 120 K with the experimental (red) and calculated (black) patterns of the Rietveld refinement.

40
20 (°)

Bragg positions (green) of WTe,l and the difference curve (blue) are also shown.
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Table S6. Crystal data and structure refinement for WTe,l at 12 K.

Empirical formula
Formula weight / g-mol*!
Temperature / K
Wavelength / A

Crystal system

Space group

Unit cell dimensions / A

Volume / A3

Z

4 (CuKa) / mm! 5
Density (calculated) /g-cm
Theta range for data collection / ©
Total number of reflections
Refined structure parameters

Ry, Rup

RBragg

WTe,l
565.9945
12(1)

1.54060
Orthorhombic
Pmmn (No.59)
a=21.7269(2)
b =3.46441(6)
c=6.31172(6)
475.09(1)

4

187.101

7.913

10.0 to 120.0
462

15

5.5557, 8.3462
6.9218

3.1899

Table S7. Atomic coordinates and equivalent isotropic displacement parameters (pm?) for WTe,I at 12 K. U(eq) is defined as one third of the trace of the

orthogonalized Uij tensor.

X y z U(eq) SOF
w1 -0.50447(7) Yo 0.3208(2) 0.0172(3) 1.00000
Tel -0.40445(9) Yo 0.5800(3) 0.0092(4) 1.00000
Te2 -0.4337(1) - 0.0683(4) 0.0284(6) 1.00000
11 -34 -3 0.6642(7) 0.089(2) 1.00000
12 -3 -3 0.1641(7) 0.082(2) 1.00000
Intensity } ' S o S e LI
(arb. units)[
9000 ' -
7000 = =1
5000 .' -
3000 | 4
1000 ." "-
I | [ R e ORI TRE UL IO A0 000 000N OO0 OO0 R \IIIHIIIIII\|||II|||HI|I||I|IIIIEI‘I\HIIIII:
| | |
t el - ”
; A L i L | I
10 30 50 70 90 110
20(°)

Figure S6. PXRD refinement pattern of WTe,l at 12 K with the experimental (red) and calculated (black) patterns of the Rietveld refinement. Bragg
positions (green) of WTe,l and the difference curve (blue) are also shown.
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Table S8. Average equivalent isotropic displacement parameters gU;; (pm?) at different temperatures and their ratio.

T/K 298 (CuKa) 120 (AgKa) 12 (CuKar)
gU;(W,Te) 0.039 0.009 0.018
gU;(1) 0.188 0.113 0.086

oU;i(1)/8U;(W,Te) 4.862 12.939 4.681
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Structural evolution during reversible halogen
intercalation into WTe,: commensurate—
incommensurate WTe,l and multistage WTe,Br,
(x =0.5,1.0 and 1.25)

Patrick Schmidt, €22 Carl P. Romao {2 ® and Hans-Jiirgen Meyer () *@

Halogen intercalation into the layered material tungsten ditelluride (WTe,) provides a unique pathway to
tune its structural and electronic properties. In this study, we detail the synthesis and characterization of
the new bromine-intercalated phases WTe,Br, (x = 0.5, 1.0, and 1.25), and reinvestigate the iodine-inter-
calated analogue, WTe;l. A defining feature of the bromine system is its rapid and re-versible "breathing”
behavior at room temperature, allowing guest molecules to be absorbed or released from the van der
Waals gaps under ambient conditions. Structural analysis shows that the bromine-poor phase WTe,Brq 5
crystallizes in the orthorhombic space group Pmmn, thereby maintaining a uniform stacking sequence. In
contrast, the bromine-rich WTe,Bry >5 phase (space group Imm?2) adopts an architecture where two dis-
tinct types of bromine layers alternate between the host layers. For the iodine system, the compound
WTe,l exhibits both incommensurate and commensurate (3 + 1)D modulated variants in the superspace
group P2:/m(a0y)00. In the commensurate polytype, the structural modulation locks into a rational
vector, g = (1/2, 0, 1/6), which can be described also as a 3D supercell. Electronic structure calculations
show WTe,Brg s and commensurately modulated WTe,l to be metals with flat bands at the Fermi energy
arising from the intercalation. These findings demonstrate the unusual stability and structural flexibility of

rsc.li/dalton

Introduction

Layered transition metal dichalcogenides (TMDCs) have
attracted intense interest for their unique electronic, magnetic,
and topological properties.'™ In these materials, strong in-
plane covalent bonding and weak interlayer van der Waals
forces give rise to a two-dimensional architecture that is highly
responsive to external perturbations, such as intercalation or
the application of pressure.>* This open layered structure
enables a rich intercalation chemistry in which various guest
species can be incorporated. Typically, cations, neutral mole-
cules or organic molecules can be inserted between the layers,
thereby modifying the host’s structure and properties.”*®
WTe, is a particularly intriguing member of the TMDC
family and crystallizes in an orthorhombic T4 phase, where it
exhibits semimetallic behavior,"”*° exceptionally large, non-
saturating magnetoresistance,>®** and complex topological

“Section of Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, Eberhard Karls University Tiibingen, Auf der Morgenstelle 18,

72076 Tiibingen, Germany. E-mail: juergen. meyer@uni-tuebingen.de

bDepartment of Materials, Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University in Prague, Trojanova 13, Prague 120 00, Czech Republic

8228 | Dalton Trans., 2026, 55, 8228-8242

anionic intercalation in transition metal dichalcogenides.

properties—ranging from a 2D topological insulator in its
monolayer form to a type-II Weyl semimetal in the bulk.”>?* It
also displays superconductivity at low temperatures® and
shows a charge density wave (CDW) state,>®** underscoring its
rich and exotic physical properties. The crystal structure (space
group Pmn2,) features distorted octahedral coordination of
tungsten atoms by tellurium atoms, with zigzag W-W chains
running within the gb-plane along the g-axis and van der
Waals gaps separating the WTe, layers.*® These structural fea-
tures render WTe, highly receptive to intercalation, offering an
opportunity to tune its electronic ground state through the
controlled insertion of guest species.

Cationic intercalation into the structure of WTe, has been
reported for A, sWTe, compounds (A = K, Rb, Cs), which we
have previously characterized structurally and electronically,
showing that alkali ions act as electron donors.>* While cat-
ionic intercalation into TMDCs is well established, involving
alkali metals,”®""133%3¢ greanometallic species, or molecular
donors,>'*™® anionic intercalation remains extremely rare.
Halogen molecules (I,, Br,, Cl,), despite their strong oxidizing
nature, have largely resisted clean insertion into TMDCs in a
structurally defined and stoichiometric manner. Instead, halo-
gens have often been introduced during crystal growth as

This journal is © The Royal Society of Chemistry 2026
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transport agents and later found in low concentrations or as
surface dopants. For example, Cl, and I, have been shown to
form bound excitonic centers in MoS,, WS,, and MoSe,, being
responsible for characteristic luminescence features at low
temperatures.®”*® However, these guest species reside in dilute,
disordered environments, without forming ordered intercala-
tion phases or significantly expanding the host lattice. As such,
these systems are better classified as halogen-doped or halogen-
decorated TMDCs—rather than true intercalation compounds.

Recently, we have demonstrated that WTe,l is the first and
so far only example of a structurally confirmed anionic
halogen-intercalated TMDC.*>*° In this compound, planar
monolayers of iodine are inserted between the WTe, layers of
the orthorhombic host, expanding the c-axis by ~56% and
forming a fully stoichiometric intercalate. Importantly, the
intercalation process was shown to be topotactically reversible:
heating WTe,I above 100 °C under inert conditions fully dein-
tercalated iodine and regenerated pristine WTe,. These results
established WTe,I as a prototypical system for reversible
anionic intercalation in layered semimetals. The crystal struc-
ture of WTe,I was refined an averaged three-dimensional struc-
ture from powder X-ray diffraction (PXRD) data, which revealed
notably large anisotropic displacement parameters (ADPs) for
iodine, already suggesting a positional modulation.

Subsequent single-crystal X-ray diffraction studies indicated
the presence of an incommensurately modulated structure.
Density functional theory (DFT) calculations supported these
findings, indicating significant charge transfer from WTe, to
iodine, a shift of the Fermi level, and soft phonon modes
characteristic of structural instability. In this work we present
an incommensurate and a commensurate structure, appearing
simultaneously for WTe,l, and for better realization we report
a supercell of the structure.

Despite many reports of halogen-related doping no other
halogen-intercalated TMDC compound has been structurally
verified to date. The present work expands this chemistry by
demonstrating that bromine, though more volatile and reactive
than iodine, can also be intercalated into WTe, in well-defined
stages. We describe the synthesis and reversible intercalation
of bromine into WTe,, leading to the formation of stable
WTe,Br, compounds with distinct structural and electronic
signatures, representing only the second known example of an
anionic halogen intercalation phase in the TMDC family.
Time-resolved powder X-ray diffraction (PXRD) reveals that
bromine can be reversibly inserted and removed from the van
der Waals gaps, with distinct diffraction patterns for each stoi-
chiometry (x = 0.5, 1.0, and 1.25), highlighting a remarkable
“breathing” behavior that enables dynamic control of compo-
sition and structure under mild conditions.

Results and discussion
Incommensurate and commensurate modulations of WTe,I

As reported previously,’® WTe,I forms when WTe, is reacted
with iodine at 40-200 °C. Elemental analyses confirm a stoi-
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chiometry corresponding to one iodine per WTe, (WTe,l)
within experimental uncertainty (see Experimental section).
No phase transition of WTe,l single crystals was detected
between 100 K and 270 K. The present study therefore provides
an updated structural description of WTe,l, in which the pre-
viously reported average structure is retained, while the under-
lying modulation is now resolved explicitly.

Single-crystal X-ray diffraction studies, performed on several
crystal specimens at 150 K, revealed two closely related (3 + 1)
D modulated structure variants in the superspace group P2,/
m(a0y)00 with almost identical basic lattice parameters
(Table 1), in good agreement with the previously reported unit
cell.*’ The incommensurate variant is described by the modu-
lation vector g = (0.4487, 0, 0.1617), whereas the commensu-
rate polytype has g = (1/2, 0, 1/6) and can equivalently be
described as a 3D supercell. Using the transformation matrix
(10-3,010,10 3), a primitive P2,/m supercell with a =
12.1694(1) A, b = 21.8799(2) A, ¢ = 12.1726(1) A and § = 117.635
(1)° is obtained. For ease of comparison and broader re-
usability, the commensurate structure was also refined as an
explicit 3D superstructure in SHELXL; the resulting model is
crystallographically equivalent and is provided as a reference
in the deposited data (Table 1). All modulated crystals show
pronounced pseudo-merohedral twinning, where the main
reflections overlap, while the satellites are well separated in
the incommensurate case and partially overlap for the com-
mensurate polytype. The twin law corresponds either to a
twofold rotation about c-axis or an equivalent mirror perpen-
dicular to it; owing to the metric pseudosymmetry (§ ~ 90°),
both descriptions are indistinguishable, and a conventional
twofold twin matrix was applied, with the twin fraction of the
second domain refined to 0.432(2). Depending on the batch,
crystals were found to be fully commensurate or incommensu-
rate (with slightly different incommensurate g-vectors), and
some specimens contained mixed domains, combining com-
mensurate and incommensurate regions, or even multiple dis-
tinct incommensurate modulations alongside the commensu-
rate phase (Fig. S1). Although satellites are visible up to m =
+4, refinements were restricted to m = +2 and carried out with
the minimal, physically meaningful set of modulation waves
needed to reproduce the observed atomic displacements,
thereby avoiding over-parameterization. Refinement statistics
are summarized in Table 1.

The average 3D structure is essentially identical to the pre-
viously reported model of WTe,I (see Fig. 1), but requires two
additional split sites, Te3 and I3. These minor positions are
~15.5% occupied, while the corresponding main sites (Te2, I1,
and I2) are under-occupied accordingly, consistent with a local
defect motif rather than a distinct bulk phase. Structurally, the
splitting is initiated by a local ~90° rotation of a I, unit
(denoted as 13) out of the iodine-net plane. This reorientation
necessitates a concomitant shift of the adjacent tellurium
atom. This reorientation is accommodated by a concomitant
shift of the adjacent tellurium atom (Te2 — Te3); without this
shift, the resulting Te2-I3 contact would be unrealistically
small and physically prohibitive. By adopting the Te3 position,
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Table 1 Crystallographic data and details of the crystal structure refinement of the different WTe,l modifications. Refinements were performed for
(in)commensurately modulated crystal structures and the corresponding supercell. Detailed information on the modulation functions is given in the
crystal information file. All crystals were measured with Mo-K, radiation at 150 K

WTe,l
Modification Incommensurate Commensurate Supercell
CCDC 2520418 2519690 2519736
Formula WrTe,l WeTeq,l6
MJ/g mol™* 565.95 3395.7
Crystal system Monoclinic
(Super)space group P24/m(a0y)00 P2,/m
Modulation wave vector g (0.4487 0 0.1617) (1/2 0 1/6) —
m/max. <2 <2 —
t 0 0 —
alA 6.3200(2) 6.30257(5) 12.1694(1)
b/A 21.8060(6) 21.8792(3) 21.87990(2)
c/A 3.4713(2) 3.47075(3) 12.1726(1)
pl° 90.057(3) 90.0268(7) 117.635(1)
1% 478.40(3) 478.600(9) 2871.38(6)
zZ 4 4 4
6-Range/° 1.97-38.01 1.89-45.01 1.888-30.508
unique reflections/parameters 7009/193 7023/152 8947/294
twvol2 or BASF 0.432(2) 0.394(4) 0.378(2)
R1/WR,/GooF (all data) 4.86/7.47/1.10 6.99/14.37/1.08 0.0433/0.0999/1.022
R;/WR,: (all main) 1.65/3.80 5.18/13.33 —
(All 1st order) 6.92/12.93 8.54/17.19 —
(All 2nd order) 12.09/21.07 9.13/19.37 .
Max./min. Ap/e” x 107° pm® -1.02/1.25 -1.96/1.75 —4.081/4.297

w1\ \ )
\' Te3

'\ ‘& Te1 Te2 '
S
S 12
a 13

b « | ew

t? \ t Te
| >a - ?‘*»At :|

¥

Fig. 1 Section of the average incommensurate WTe,l structure (left)
and a smaller section with atom labels (right). Note, the zig-zag chains
of tungsten atoms running parallel to the c-axis. The previously reported
average model®® corresponds to this structure when the minor split sites
Te3 and I3 are omitted.

the system instead establishes a Te3-I3 distance of ~2.77 A.
This value is characteristic of a covalent bond (sum of covalent
radii ~2.71 A), suggesting that the local defect motif is stabil-
ized by a degree of covalent bonding between the host layer
and the guest. This localized covalent interaction likely acts as
an ‘anchor’ that pins the iodine guest to the WTe, framework,
thereby stabilizing the defect motif and dictating the specific
periodicity of the long-range structural modulation.

Since the commensurate and incommensurate refinements
are nearly identical apart from the modulation vector, we focus

8230 | Dalton Trans., 2026, 55, 8228-8242

here on the incommensurate model. The modulation is domi-
nated by the iodine sublattice, where iodine atoms show a pro-
nounced displacive modulation within the planar net (see
Fig. 2, 4 and 3, right), whereas the WTe, layers exhibit only
small, coupled distortions. Within the iodine layer, the displa-
cive modulation translates into a pronounced spread of I-I dis-
tances. Over one modulation period, the shortest and longest
distances within the 11/I12 planar net span 2.688(8)-4.018(8) A
(see Fig. S2) and the 13-13 distance remains comparatively long
at 3.272(2) A, highlighting the strongly distorted and non-
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Fig. 2 Section of the incommensurate WTe,l structure (a) only showing
one iodine layer with I, dumbbells of I3 being aligned along the b-axis,
including the projected unit cell; and (b) a corresponding view along the
c-axis, emphasizing the I, dumbbells of 13. I1 and 12 are displayed in
purple, and I3 in lighter purple.
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x3=0.7492,x1=0.0702

Xx2=0.7500,x3=0.7591

0.530 0.550 0.570 0.590 %2 0.610

Fig. 3 de Wolff sections (Fops) of x2—x4 plane for Te2 and Te3 (left) and
in the x1-x4 plane for I1 (right). Refined atomic positions are indicated
by lines (Te: yellow; I: purple); the Te2 and Te3 sections are highlighted
at x2 = 0.57 and x2 = 0.55, respectively. The electron density is visual-
ized as a heat map (red = high, green = low).
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Fig. 4 The modulation functions of the deviations from the average

positions for 12 and 13 along x and z directions as a function of internal
phase coordinate t with crenel limits marked as dashed vertical line.
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uniform iodine net. A representative section of the modulated
structure at ¢ = 0 is shown in Fig. 2.

The structure solution and refinement indicate that the
displacement modulation of the iodine net is most pro-
nounced in the ac-plane. Superimposed on this, an occu-
pational modulation is required and was modeled using
crenel functions (harmonics, orthogonalized to crenel inter-
val) for the Te2/I2 and Te3/13 split positions. The crenel inter-
vals are A(Te2/I2) = 0.831824 and A(Te3/I3) = 0.168176, con-
sistent with the intermittent appearance of the 13 site, which
corresponds to a local ~90° out-of-plane reorientation of an
I, unit out of the ac-plane that disrupts the wave-like iodine
layer. The crenel functions were refined using constraints
linking their origins and A intervals (A(Te2/I1/12) + A(Te3/13)
= 1), ensuring a consistent occupational modulation between
the split-site pairs.

To accommodate this local motif, Te2 splits into Te2/Te3
and induces subtle but observable distortions in the WTe,
layer. The corresponding de Wolff sections (Fops) through the
(3 + 1)D Fourier map for Te2/Te3 and 12 is shown in Fig. 3.

Although the host-layer modulations are comparatively
small, they are clearly resolved. In particular, the position
modulation of tungsten atom shows a characteristic saw-tooth
modulation in the x3-x4 section (see Fig. 6 and 7), resulting in
an average W-W distance of 2.86(1) A. The shortest W-W
contact with 2.78(1) A remains closer to the average, whereas
the longest distance with 3.10(2) A periodically disrupts the
chain after segments of roughly ~12 tungsten atoms. This dis-
ruption is induced by the I3 atom, which corresponds to the
out of plane I, dumbbell of the iodine layer above and below
the projected ac-plane of W chains, shown in Fig. 5 and
Fig. S3.

Apart from these interruptions, the W-W distances vary
only modestly with ~0.08 A (see Fig. 7, grey lines). The remain-
ing tellurium sites exhibit similarly small displacements, with
amplitudes of approximately d.,(Te1) = +0.1 A and dy,(Te2) =
+0.06 A. Further refinement details, including constraints,

AAAAAAAAA
WAAAAAAAA
NAAAAAAAAA

c

Fig. 5 Section of the incommensurate WTe,l structure viewed along
the b direction with highlighted unit cell. For clarity, tellurium atoms are
omitted and only one interlayer section in the ac-plane of the tungsten
zigzag chains is shown, together with the |, dumbbells (I3 sites) aligned
along b which are directly above and beyond of the ac-plane section.
Elongated W-W contacts, indicating disruption of the tungsten chain
are highlighted by violet bonds (W: grey; I: violet; t = 0.62).
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Fig. 6 de Wolff sections (Fops) of x3—x4 plane for W1 in WTe,l. Refined
atomic positions are indicated by a grey line. The electron density is
visualized as a heat map (red = high, green = low).
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Fig. 7 t plots of the W-W distances (grey) and positional deviation
(blue) of tungsten along x3 direction in WTe,l with crenel limits marked
as dashed vertical line.

parameter correlations, and the complete list of refined vari-
ables, are provided in the deposited CIF and in the SI.

Commensurate structure and superstructure model of WTe,I

In addition to the incommensurate variant, a commensurate
polytype is occasionally obtained in which the modulation
“locks in” to the rational vector q = (1/2, 0, 1/6) and can there-
fore be described as a conventional three-dimensional P2,/m
superstructure. Using the transformation matrix (1 0 =3, 01 0,
1 0 3) yields a primitive supercell (a ~ 12.17 A, b ~ 21.88 A, ¢ »
12.17 A, B ~ 117.64°; WeTe;,16), which makes the modulation
periodicity explicit in real space. In this commensurate
description, the iodine net adopts a regular repeating motif
that mirrors the rational components of g, where along a direc-
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Fig. 8 Section of the commensurate WTe,l structure only showing (a)
one iodine layer with highlighted I3 units aligned along the b-axis with
the unit cell shown, and (b) a corresponding view along the c-axis,
emphasizing the I, dumbbells (I11/12: purple; 13: lighter purple).

tion, the rotated defect motif alternates such that every second
I, unit is rotated by ~90° out of the iodine-net plane and
appears as the I3 site, while along the ¢ direction the same
motif repeats with a six-unit periodicity (Fig. 8). The commen-
surate structure reproduces essentially the same I-I distance
distribution, but arranges the shorter and longer contacts into
an exactly repeating pattern.

Refinement in the commensurate setting is advantageous
over a purely 3D average-cell description because the modu-
lation is represented explicitly rather than being “smeared
out”, typically improving agreement factors and yielding
cleaner residual density. Overall, the commensurate model can
be viewed as a periodic approximant of the incommensurate
structure that facilitates direct real-space visualization of both
the iodine-net displacement wave and the ordered occurrence
of the I3 defect motif. For ease of comparison and broader re-
usability, the commensurate structure was also refined as an
explicit 3D superstructure in SHELXL; the resulting model is
crystallographically equivalent and is provided as a reference
in the deposited data (Table 1). Because the diffraction data
are affected by twinning and residual modulation, the super-
cell refinement was improved by modeling the interlayer
iodine net as a two-component disordered layer (atom sites
Ixa/lxb; x = 2-11), with coupled occupancies constrained to
unity and the b component accounting for ~20% occupancy.
The minor b component represents a slightly b-rotated relative
alignment of the iodine layer, whereas the out-of-plane iodine
positions remain unaffected (see Fig. S4).

Synthesis and “breathing” behavior of WTe,Br,

WTe,Br, powder phases, as well as the corresponding single
crystals, were obtained as black solids with a metallic luster
and were prepared by Schlenk techniques by exposing ortho-
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rhombic WTe, to an excess of bromine liquid between 0 and
30 °C. Single crystals were intercalated by bromine vapor at
room temperature for 4 days or with liquid bromine at 6 °C for
2 days. Although crystallinity is generally compromised by the
multiple phase transitions during bromine uptake and release,
the vapor intercalation route consistently afforded crystals of
higher quality than direct contact with liquid bromine.
Thermal stability is a critical constraint in this system. While
intercalation proceeds smoothly even near room temperature,
heating WTe, with excess bromine in a closed vessel to 60 °C
leads to decomposition of the host structure and formation of
binary halides, for example TeBr, and WBTr.

A striking feature of this system is a fast and reversible
“breathing” behavior, present at room temperature, which
involves an uptake and release of guest bromine. The bromine
content can be increased up to the maximum stage with x =
1.25 by supplying liquid bromine, and bromine can conversely
be removed from the van der Waals gaps (at room tempera-
ture) under constant argon flow. The actual bromine content
in the structure of WTe,Br, is highly temperature sensitive
during this de-intercalation step. Evaporation of excess
bromine under a constant flow of argon yields WTe,Br; 5
when the temperature is maintained between 0 and 5 °C,
whereas the comparatively stable WTe,Br,s phase can be
obtained at around 25 °C. Starting from WTe,Br, 5, re-interca-
lation to the bromine-rich stage is particularly rapid and pro-
ceeds within minutes.

Argentometric titration of the comparatively stable phase
WTe,Br, ;5 confirmed its bromine content, while the deinterca-
lation behavior of Br,-saturated WTe,Br, supports three dis-
tinct composition regimes at x = 0.5, 1.0, and 1.25. Direct
chemical analysis of the more bromine-rich phases was not
feasible, since these compounds continuously lose bromine in
the absence of sufficient bromine counterpressure, so their
compositions were assigned from the crystallographic results
in combination with the thermogravimetric data.

The dynamics of bromine exchange are directly captured by
in situ PXRD studies. Starting from WTe,Br, 5, the bromine
uptake is extremely rapid and occurs within minutes. The
accompanying change in bromine content is directly reflected
in the basal reflections that tracks the interlayer spacing. For
the monoclinic phases, the corresponding layer-stacking
reflection, indexed here as (020), shifts continuously toward
lower 26 angles as the van der Waals gap expands to accommo-
date bromine. Upon de-intercalation, time-resolved PXRD in
Fig. 9 reveals the reverse evolution through discrete stages, and
the basal reflection shifts back toward higher 26 as bromine is
released from the lattice (260 = 8.21°, 8.52° and 10.56°).

This inherent reversibility also explains why WTe,Br; o is
difficult to isolate and handle. Unless samples are stored
under strictly controlled conditions, bromine readily diffuses
in or out, and bromine contents of the sample near x = 1.0
often relax toward x = 0.5 or x = 1.25. As a result, mixtures are
frequently obtained in which WTe,Br;, coexists with
WTe,Br, s or WTe,Br; ,5. The WTe,Br;, phase also typically
shows reduced crystallinity compared with the more stable
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Fig. 9 Time resolved PXRD analysis of WTe,Br, showing structural
evolution during bromine deintercalation with discrete phases from x =
1.25 to 1.0 and 0.5 (for full 20 range see Fig. S5).

end members, which we attribute to ongoing bromine
exchange between the two stages.

Thermogravimetric analysis (TGA) of products obtained
from the reaction of WTe, with excess bromine provides
additional support for these composition regimes. During con-
trolled de-intercalation, distinct changes in the mass-loss rate
mark transitions between the bromine-rich and bromine-poor
stages. The TGA traces in Fig. 10 show an initial rapid loss of
excess bromine, followed by regimes of slower mass loss and a
final, near-horizontal segment with only a subtle residual
mass-loss rate. At 25 °C, the first clear change in slope corres-
ponds to a bromine content consistent with WTe,Br; ,s,
whereas at 50 °C the first change in slope is shifted to the
intermediate composition WTe,Br; . In both cases, the
ensuing near-horizontal segment is consistent with the com-
paratively stable WTe,Br, 5 phase, which still shows a very slow

1.75 1 1 Il 1

—50°C

150 ——25°C

1.25 41

1.00

Bromine content x

0.75

0.50

0.25 T T T

Time (h)

Fig. 10 TGA showing the bromine loss of bromine saturated WTe,Br,
samples, showing steps at x = 1.25, 1.0, and 0.5 at constant temperature
of 25 °C (blue) and 50 °C (red), under constant argon flow of 320 ml
min~? (an onset fit for the 50 °C measurement is shown in green).
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residual bromine loss that becomes more pronounced at
higher temperature. Accordingly, samples were stored cooled
(£ 0 °C) or kept under a sufficient bromine counter pressure at
room temperature to suppress bromine evaporation. Even
though phase-pure WTe,Br, , could not be isolated and struc-
turally characterized, the established structure of WTe,Br; »5
shares key motifs with WTe,l, which suggests that the inter-
mediate WTe,Br; , phase may follow a closely related structural
principle and has a similar structure.

Owing to the highly corrosive nature of bromine, special-
ized reaction and measurement setups were employed, as
described in the Experimental section and the SI.

Crystal structure of WTe,Br, 5

The bromine-intercalated phase WTe,Br, 5, representing the
lowest bromine content in the WTe,Br, series, crystallizes in
the orthorhombic space group Pmmn with refined lattice para-
meters a = 16.7450(4) A, b = 3.67734(3) A, and ¢ = 6.29678(8) A.
As shown by the Rietveld plot in Fig. 11, the powder diffraction
pattern is well described by the refinement (Rprage = 2.028%,
R, = 5.438%, Ry, = 7.104, 4 = 1.268, number of reflections/
parameter 392/27), confirming a well-defined crystalline
phase.

In the chosen setting, the a-axis corresponds to the stacking
direction. The WTe, layers adopt a stacking arrangement in
which the tungsten zig-zag chains of neighboring layers are
brought into eclipsed alignment along the a-direction, generat-
ing an enlarged interlayer void to accommodate bromine guest
atoms (Fig. 12).

The adjacent WTe, layers are arranged in a mirror-like
fashion across the bromine-containing interlayer plane. The
average W-W separation of 2.909(2) A is slightly expanded rela-
tive to pristine WTe,. In contrast to WTe,l, where a more con-
tinuous halogen layer separates adjacent WTe, layers,
WTe,Br, s contains only half as many halogens and the
bromine position is shifted such that bromine atoms align
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Fig. 11 Rietveld PXRD structure refinement of WTe,Brgs with the
space group Pmmn at 298 K with the experimental (red) and calculated
(black) intensities. Bragg positions (green) and the difference curve
(blue) are also shown.
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Fig. 12 Section of the WTe,Brg 5 crystal structure highlighting the posi-
tion of bromine atoms within the van der Waals gap, with their align-
ment toward Tel, thereby connecting adjacent WTe, layers. Atomic dis-
placement parameters are shown as anisotropic displacement ellipsoids
at the 50% probability level.

along the g-axis with the tungsten-chain-bridging tellurium
atom Tel, giving a short Tel-Brl contact of 2.946(2) A that
connects neighboring WTe, layers. When projected onto the
bc-plane, the bromine positions define a rectangular net with
Br---Br separations fixed by the lattice dimensions (3.6773(1) A
along b and 6.297(1) A along the c-axis); these relatively long
distances make direct Br---Br interactions inefficient.

A defining feature in the structure of WTe,Br, s is the
exceptionally large anisotropic displacement of the bromine
atom Br1, which occupies the Wyckoff 2b position with mm2
site symmetry. The bromine atom refines with U5, = 0.115(7)
A%, and anisotropic atomic-displacement parameter (ADP)
refinement reveals a pronounced directional character (U;; =
0.145(9) A%, U,, = 0.036(5) A%, Us; = 0.163(7) A%) with the
largest components along a- and c¢-direction and only a minor
component along b. Attempts to improve the description by
splitting the bromine position or refining the site occupancy
did not yield a better model and were therefore not pursued
further. These unusually large and anisotropic ADPs indicate
that bromine is not sharply localized but exhibits pro-
nounced positional disorder and/or dynamic motion within
the van der Waals gap, resulting in an averaged, “smeared”
electron density of bromine atoms. This crystallographic sig-
nature is consistent with the high bromine mobility inferred
from the rapid and reversible bromine exchange (“breathing”)
behavior observed for the WTe,Br, system. While the present
X-ray powder diffraction data are adequately described by the
average Pmmn model, the presence of a weak superstructure
or subtle incommensurate modulation cannot be fully
excluded.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Crystallographic data and details from single-crystal X-ray
refinement for WTe,Br, »5

Compound WTe,Br, »5
CCDC 2438541
Formula W,,Te gBrso
Formula weight/g mol ™" 12934.50
Density/g em™ 7.441

zZ 2

Crystal system Orthorhombic
Space group Imm2

alA 10.6218(4)
b/A 43.038(3)
c/A 12.6285(9)
VIA® 5773.0(6)
T/K 150.0(1)
Radiation type Cu-K,
Reflections measured 25309
Independent reflections 4856

Abs. coeff. (mm™) 148.873
Goof (F%) 1.046

Rint 0.0736

R, 0.1363
WR, 0.2842
Flack 0.56(6)

Crystal structure of WTe,Br, ,5

At the maximum bromine content realized in this series, the
compound WTe,Br; 5 is obtained, which crystallizes in the
orthorhombic space group Imm2 with refined lattice parameters
a=10.6218(4) A, b = 43.038(3) A, and ¢ = 12.6285(9) A. The struc-
ture was determined from single-crystal X-ray diffraction at
150 K and was identified as an inversion twin (see Table 2). All
measured crystals exhibited twin domains with refined Flack
parameters close to 0.5. Due to multiple phase transitions
during bromine uptake the resulting crystallinity is reduced and
the refinement quality is modest (see Fig. S6). Such loss of crys-
tallinity is a common intrinsic consequence of topochemical
intercalation in weakly bound layered materials, where repeated
guest uptake and release, changes in interlayer spacing, and
minor stacking rearrangements readily deteriorate single-crystal
quality. In addition, the structural model was used for Rietveld
refinement of the bulk powder sample, yielding good agreement
with the experimental pattern (see Fig. S7). Given the large unit
cell and number of atoms, the structure refinement from PXRD
data was carried out with fixed atomic coordinates, refining
only lattice parameters and profile functions.

In contrast to the uniform stacking sequence in WTe,Br, s,
WTe,Br, »5 adopts a structure in which two distinct bromine
layer types alternate periodically within the van der Waals
(vdW) gaps between adjacent WTe, layers, leading to a dou-
bling of the b-axis (see Fig. 13). An interesting feature of the
structure is that one vdW interlayer contains 0.5 Br, the other
0.75 Br per WTe, formula unit, corresponding to interlayer dis-
tances of 10.1573(2) A and 11.3493(2) A.

The WTe, layers in WTe,Br, ,5; are largely preserved and
retain the characteristic zig-zag arrangement of tungsten atoms
within a distorted WTe, layer. However, the W-W distances
within the zig-zag chains are not equidistant, reflecting a distor-
tion of the WTe, layers. Specifically, five consecutive tungsten
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Fig. 13 Section of the WTe,Br; >5 crystal structure viewed along the
a-direction (W: grey, Te: yellow, Br: light green/green/olive/orange).
Bromine atoms are shown in different colors to distinguish the individual
bromine sites and to highlight the polybromide maoitifs.

atoms exhibit W-W distances along the crystallographic a-direc-
tion in the typical range of ~2.79 A (2.771(9)-2.815(9) A), fol-
lowed by two distinctly elongated W-W contacts of approxi-
mately ~2.94 A (2.925(9) A and 2.954(9) A, see Fig. 14).

The bromine interlayer containing 0.5 Br atoms per WTe,
formula unit adopts an essentially planar arrangement,
however, containing some out of plane Br, dumbbells (Br7)
aligned parallel to the b-axis (Fig. 15, light green colored
atoms), as present in the planar halogen layer observed in the
commensurate WTe,I structure(Fig. 8). The out of plane
bromine dumbbells, with a Br-Br distance of 3.13(4) A, estab-
lish directional contacts with Te atoms of the WTe, layers, via
interlayer Te-Br contacts of 2.50(3) A. This interaction, based

Cwe qwe &
\ .
ws ewrl ¢ e

r k\ L\\\L ‘.\

c © (%
\ { Bré
'Y ¢ Br7 &
¢ | w2 qwd ©
R\ N\ s R\ AN "
[ (% (% oewt wE @ (%

Fig. 14 Section of the WTe,Br; 5 structure viewed along the b-axis
with the unit cell highlighted. For clarity, only one interlayer section in
the ac-plane of the tungsten zig-zag chains is shown. Tellurium atoms
are omitted, except for Te atoms bonded to the WTe; layer as well as Br
atoms, which are included. Note that Br7 and Br6 belong to different
bromine interlayers, above and below the projected plane of W atoms.
Elongated W-W contacts, indicating disruption of the tungsten chain,
are highlighted by dashed lines (W: grey, Te: yellow, Br: light green/
orange).

Dalton Trans., 2026, 55, 8228-8242 | 8235



Open Access Article. Published on 01 May 2026. Downloaded on 6/2/2026 8:01:37 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Paper

Fig. 15 Section of the crystal structure of WTe,Br; »5 showing interlayer
bromine atoms (0.5 Br per formula unit WTe;) (a) between adjacent
WTe, layers and (b) the same bromine net viewed along the b-direction.
(W: grey, Te: yellow, Br: green/olive). The Br, dumbbells (Br7) connecting
adjacent WTe; layers are aligned along the b-axis and highlighted green.

on Br7, has an impact on the W-W distances along zig-zag
chains (W1-W4), as visualized in Fig. 14 with the longer W-W
bonds shown as dashed lines.

Bromine atoms within this layer organize into a rectangular
network, with Br---Br separations ranging from 2.51(4) A to
4.42(6) A (Fig. 15). The displacement parameters of the
bromine atoms within the rectangular network (Br10-Br13)
behave strongly anisotropic, being extended in the ac-plane,
suggesting significant positional flexibility—possibly dynamic
behavior—and may indicate a tendency toward local modu-
lation or multiple orientations of the bromine atoms.

The bromine interlayer containing 0.75 bromine per WTe,
formula unit hosts a more complex arrangement involving
polybromide species. Within this vdW interlayer, three distinct
types of bromine motifs can be distinguished (see Fig. 13 and
Fig. 16). First, a single bromine atom (Br6 in Fig. 14, orange
color) is observed in close contact with a tellurium atom in the
adjacent WTe, layer, with a Br5-Te12 distance of 2.48(3) A,
which perturbs the crystallographic W-W chain (W5-WS8;
Fig. 14). Second, a linear chain of bromine atoms is also found
interacting with the WTe, layer (Fig. 13, green colored atoms),
but without visibly perturbing the WTe, layers. Third, a more
complex, square-pyramidal arrangement of bromine atoms is
located fully within the interlayer space, forming a layer
through edge-sharing connections (Fig. 13, olive colored
atoms). These bromine atoms show no direct bonding to the
surrounding WTe, framework but are connected into the poly-
bromide chain through the apex bromine atom Br1. All Br-Br
distances fall within the expected range for polybromide
species (2.30-3.67 A),°*™*® spanning from 2.36(3) A to 3.56(2) A,
with the shortest contacts observed at the bridging Br, unit
between two apex bromine atoms.
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b'a . _ .
1 !
L C ' '
Fig. 16 Section of the crystal structure of WTe,Br; »5 showing interlayer
bromine atoms (0.75 Br per formula unit) between adjacent WTe, layers.
For visual clarity, distinct bromine motifs are color-coded. The bromine

atoms (Br6) connecting to adjacent WTe, layers are highlighted in
orange.

The atomic displacement parameters of these polybromide
sites are relatively normal but slightly increased compared to
those of the WTe, framework atoms. In contrast to the
bromine layer forming the rectangular net, the ADPs here are
less anisotropic and suggest limited flexibility or positional
variation of the bromine atoms within the polybromide layer.

Crystal structure of WTe,Br

Given the structural models of WTe,Br; 5, WTe,Brgs and
WTe,], it is reasonable to assume that the intermediate phase
WTe,Br, , adopts a closely related structure. Specifically, the
interlayer region is expected to feature the same bromine
arrangement as observed in the 0.5 Br per formula unit
bromine layer configuration of WTe,Br; ,5, ie., a planar
halogen layer composed of Br,-like units aligned with the
tungsten-chain-bridging tellurium atoms. As such, WTe,Br; o
likely exhibits a uniform stacking sequence with each van der
Waals gap containing the same halogen motif. This would
resemble the commensurate stacking found in WTe,I and rep-
resents a structurally balanced state between the alternating-
filled architecture of WTe,Bry 5 and the polybromide-rich
environment of WTe,Br; ,;s. Due to the fast and reversible
intercalation behavior and high mobility of bromine in this
system, isolation of pure WTe,Br; , remains challenging, and a
final structural characterization has not yet been achieved.

Electronic band structure and phonon calculations

The electronic band structure was calculated by density func-
tional theory (DFT) for the 3D WTe,I supercell model derived
from the commensurate refinement, which can be regarded as
equivalent descriptions (shown in Fig. 17). In comparison to
the band structure of unintercalated WTe, in the P2,/m space
group, which is a semimetal,>* WTe,I shows metallic behavior
due to a downward shift in energy of tungsten orbitals

between A (-1 0 1) and E (-} 1 }). The oxidation of the WTe,
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Fig. 17 Calculated electronic band structure of commensurately
modulated WTe,l, with bands colored by their tungsten character (a),
and the corresponding electronic density of states (b). Special points in
and paths through reciprocal space were chosen following the
literature.>*

network by iodine is quite minimal, with a downward shift of
the Fermi energy of only 0.04 eV.

The electronic structure of the unmodulated Pmmn struc-
ture of WTe,I (a = 21.8967(2) A, b = 3.4759(0) A, ¢ = 6.3270(1) A)
has been previously reported.*>*® The unmodulated structure
is also metallic, but shows several important differences to the
supercell structure: a much higher degree of oxidation of the
WTe, layers, and the presence of iodine bands with high dis-
persion crossing the Fermi level. These crossing bands lead to
nesting of the Fermi surface and charge density wave (CDW)
instabilities, which create the modulated structures that we
have characterized here.

In supercell WTe,I structure, some iodine states form a flat
band at the Fermi energy between C, (—3 1 0) and Y, (-1 0 0)
(shown in blue in Fig. 17). The flatness of this band indicates
a very high degree of electron localization. When moving away
from the C,-Y, line, the band takes a parabolic form with
many anticrossings of the W bands, which demonstrates
strong coupling between the I and W states. This band is
associated with the iodine atoms 12, I8 and I5, 111 which
correspond to I1 and I2 in the commensurate structure at
specific internal phase coordinate ¢ (see Fig. 18, highlighted in
red). The overall picture is of localized metallic electrons on
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Fig. 18 Section of the WTe,l supercell structure only showing one
iodine (red/purple) layer with highlighted 12, I8 and 15, 111 iodines in red,
viewed along the b-axis. Unit cells are shown in black (supercell) and
green (commensurate).

some portions of the iodine layer, potentially representing
frozen CDWs.*”

Electronic band structure and phonon band structure of
WTe,Br, 5

The electronic band structure of WTe,Br, ;s was also calculated
using density functional theory (DFT) (Fig. 19). Like WTe,l,

a) 2 AN/ o

Energy / eV
o -
=
A

J8joRIBYD M

'
N

Energy / eV

—Total DOS

DOS/a.u.

Fig. 19 Calculated electronic band structure of WTe,Brg s, with bands
colored by their tungsten character (a), and the corresponding elec-
tronic density of states (b). Special points in and paths through reciprocal
space were chosen following the literature.>*
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WTe,Br, 5 is a metal, with additional bands appearing near the
Fermi energy compared to WTe,.*® These include an interesting
flat band at the Fermi energy between X (3 0 0) and S (} 1 0);
however, unlike in the case of WTe,l, there is no contribution of
the Br atoms to the states near the Fermi energy, and therefore
these localized metallic electrons are located within the WTe,
layers. WTe,Br, 5 shows a higher degree of oxidation of the WTe,
layers than modulated WTe,l, with a shift of the Fermi energy of
0.35 eV, indicating a more ionic interaction with the intercalant.
The phonon band structure of WTe,Br, s was also calcu-
lated; it is shown in Fig. 20. Like unmodulated WTe,l,*’

19)RIRYD Ig

>
[
£
=
>
)
S
7}
=
w

—W

Te
—Br
—Total DOS

Energy / meV

10 DOS /aw.

Fig. 20 Calculated phonon band structure of WTe,Brgs, with bands
colored by their bromine character (a), and the corresponding phonon
density of states (b). A cartoon view of an unstable mode at R (0.5 0.5
0.5) along c is shown in (c). Special points in and paths through recipro-
cal space were chosen following the literature.>*
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WTe,Br,5; shows many soft modes (modes with negative
energy), corresponding to instabilities of the crystal structure
at 0 K. These soft modes include both displacements of the Br
atoms and of the WTe, layers. Therefore, WTe,Br, 5, like
WTe,l, has a propensity towards the formation of a disordered
or modulated structure.

The observation of an unmodulated structure for
WTe,Br, 5, in comparison to the modulated structure of
WTe,l, can be understood by consideration of the electronic
band structure. WTe,Br,; lacks the extra sheet-like bands
crossing the Fermi level which lead to the formation of CDWs,
CDW instabilities, and a modulated structure in WTe,I.*°
Therefore, the phonon instabilities in WTe,Br, 5 likely cause
dynamic and/or static disorder, as is seen in the large ADPs.
The high density of Br states below 10 meV would also contrib-
ute thermal displacements to the ADPs, although these modes
contain displacements of the Br atoms in all three Cartesian
directions.

Experimental
Synthesis

All material handling and manipulations were performed in
an argon-filled glove box (MBraun Labmaster 130, O, < 1 ppm,
H,O0 < 1 ppm). All synthesis steps consistently afforded yields
greater than 95%.

Powder

WTe, was synthesized by combining tungsten powder
(1256.24 mg, 6.84 mmol, ABCR GmbH, 99.95%, particle
size 0.6-0.9 pm), tellurium pieces (1830.95 mg,
14.35 mmol, Evochem, 99.999%), and tungsten(vi) chloride
(WClg; 135.49 mg, 0.34 mmol, Arcos, 99.9+%) in a
1:2.1:0.05 molar ratio, with WCls serving as an oxygen
getter. The mixture was sealed in a dry, evacuated silica
ampoule (40 mm length, 16 mm diameter) and heated in a
commercial (Carbolite) furnace to 800 °C for 6 hours,
employing heating and cooling rates of 2 K min~'. The
resulting product was thoroughly ground, vacuum-sealed in
a second silica ampoule (200 mm length, 16 mm dia-
meter), and heated to 500 °C for 20 hours under a temp-
erature gradient, with the opposite end of the ampoule
maintained at room temperature, to facilitate the removal
of excess tellurium, tungsten oxychloride impurities and
unreacted WCls.

Single crystals of WTe, were synthesized by combining
tungsten powder (1256.24 mg, 6.84 mmol, ABCR GmbH,
99.95%, particle size 0.6-0.9 upm), tellurium pieces
(1830.95 mg, 14.35 mmol, Evochem, 99.999%), and tungsten
(vi) chloride (WClg; 135.49 mg, 0.34 mmol, Arcos, 99.9+%) in a
1:2.1:0.05 molar ratio, with WClg serving as an oxygen getter.
The mixture was sealed in a dry, evacuated silica ampoule
(40 mm length, 16 mm diameter) and heated in a commercial
(Carbolite) furnace to 800 °C for 6 hours, employing heating

and cooling rates of 2 K min™".
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WTe,I crystals

WTe,, single-crystals (~100 mg) were loaded into a borosilicate
glass screw-cap vial (5/20 mL for incommensurate/commensu-
rate crystals) with four molar equivalents of iodine, and the
vial was sealed with a custom-machined PEEK cap equipped
with a PTFE liner. The reaction mixture was heated in a
Simon-Miiller laboratory oven at a rate of 2 K min™" to 120 °C,
held at this temperature for 12 h, and then cooled to room
temperature at the same rate and the product was obtained as
black crystals.

WTe,Br, (x = 0.5 and 1.25)

Bromine (p.a.) was degassed and purified prior to use accord-
ing to Brauer.”> Due to the corrosive nature and high vapor
pressure of bromine, all operations were performed either in
an argon glovebox or using Schlenk techniques under dry
argon (with appropriate cold traps). Typically, WTe, (powder
or single crystals, ca. 100 mg) was reacted with a large excess
of bromine (ca. 3 mL). WTe, powder was placed in a Schlenk
tube, liquid bromine was added and the mixture was allowed
to react for 3 h. Excess bromine was then removed by passing a
constant argon flow over the sample. Because of the high
density of bromine vapors, a needle was inserted through the
septum and positioned directly above the sample to provide an
efficient outlet for the Br,/argon vapors and the vessel was
gently shaken from time to time. For WTe,Br, 5, evaporation at
room temperature was sufficient, whereas for WTe,Br, ,5 the
Schlenk tube was cooled to 0-5 °C during the bromine
removal step and needed at least 3 h. Needle-shaped WTe,
single crystals were intercalated either (i) by exposure to
bromine vapor at room temperature for 4 days or (ii) by direct
contact with liquid bromine at 6 °C for 2 days. All products
were obtained as black powders or black single crystals with
metallic luster.

Powder X-ray diffraction

PXRD patterns of products were collected with a Stadi-P
(STOE, Darmstadt) powder diffractometer using germanium-
monochromated Cu-K,, radiation (1 = 1.5406 A) and a Mythen
1K detector. PXRD measurements of WTe,Br, (x = 0.5, 1.0, and
1.25) were performed in transmission geometry using inter-
changeable window materials selected according to the experi-
mental requirements. The windows comprised ultrathin glass
(Schott AF 32® eco thin glass, 30 um), Kapton® film (25 pm),
and Mylar® film (15 um). To prevent corrosion by bromine
and to enable reliable sealing, the metal parts of the original
transmission holder were replaced by custom-made PTFE com-
ponents (rotor disc and counter disc) and soda-lime glass com-
ponents in a redesigned holder (see Fig. S8 and S9). In all
experiments, WTe, powder was immobilized on the glass
window using Lithelen grease to ensure a fixed sample posi-
tion during measurement, and all samples were assembled
and sealed under inert conditions (argon atmosphere). For
WTe,Br, 5, a standard glass disc without a filling slit was
employed; the sample was covered with a Kapton® film
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window that was sealed using Lithelen grease and allowed
gradual pressure equilibration via bromine diffusion through
the Kapton film (see Fig. S8(a) and (d)). For WTe,Br; ,s5, a glass
disc featuring a filling slit was used; ultrathin-glass windows
were bonded to both sides of the disc using cyanoacrylate
adhesive (superglue). Bromine was introduced through the slit
under argon, and the opening was subsequently sealed with
wax and additional cyanoacrylate. For in situ PXRD experi-
ments, Mylar film was used as the window material to facilitate
faster bromine release during the measurement. The crystal
structure of WTe,Brys was solved from PXRD using
EXP02014,°° and refined by Rietveld method in FullProf (FP)*’
with a modified Thompson-Cox-Hastings pseudo-Voigt
(TCHZ) profile function.*®° The instrumental resolution func-
tion (IRF) was obtained from the NIST Si640f standard®® and
fitted in WinPLOTR.®' Additionally, multiple texturing effects,
such as particle form, size, and orientation, were included in
the Rietveld refinements to enhance the accuracy of the
model. All intermediate and final structure models were vali-
dated with PLATON.®

Single-crystal X-ray diffraction (SC-XRD)

SC-XRD studies were performed using a Rigaku XtaLAB
Synergy-S diffractometer equipped with a HyPix 6000HE detec-
tor using MoK, (1 = 0.71073 A) and CuK,, (1 = 1.54184 A) radi-
ation at 150 K. Data reduction, scaling and absorption correc-
tions were performed using CrysAlis™™,% taking into account
the crystal shape and size.®* The supercell structure of WTe,I
and WTe,Br; ,; were solved with the ShelXT 2018/2 solution
program,® employing dual methods and refined with ShelXL
2018/3 (Sheldrick, 2015)% using Olex2 1.5 (Dolomanov et al.,
2009)°” as the graphical interface. The models were refined
using full matrix least squares minimization on |F|*>. For
WTe,Br, ,5 crystals, the needle shaped WTe, single crystals
were selected directly from bromine layered with perfluoropo-
lyalkylether (viscosity 1800 c¢St; ABCR GmbH). The modulated
WTe,I structures were solved using the charge-flipping algor-
ithm SUPERFLIP®® (as implemented in JANA2020), and sub-
sequent refinements were carried out in JANA2020.%°772

ICP-OES

After dissolution of WTe,I in 2 wt% NaOH/H,O0,, the W/Te/l
ratio was determined by ICP-OES (iCAP 7400 Thermo Fisher
Scientific) and yielded in averaged ratios W:Te:I of 1.0:1.99
(3): 0.49(3) for WTe,I phases.

TXRF (total internal reflection X-ray fluorescence) spectroscopy

TXRF studies were performed using a S2 Picofox (Bruker AXS
Microanalysis, Berlin, Germany) equipped with a Mo X-ray
tube, which was operated at 50 kv and 600 pA. The measure-
ment period for each sample was 1000 s (live time). Fitting of
the resulting spectra was done using the Spectra software
(Bruker Nano GmbH) in the super byas mode (maximum strip-
ping cycles of 2000). The average ratio for WTe,I with W: Te : I
was 1.0:1.98(7): 0.51(6).
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Bromide content determination (argentometric titration)

Approximately 100 mg of WTe,Br, 5 were dissolved in concen-
trated HNO; (5 mL) with addition of ~1 mL of H,0, (30%).
The mixture was carefully heated to ca. 80 °C for 30 min,
allowed to cool to room temperature, and diluted with bidis-
tilled H,O to a final volume of 100 ml. The bromide content
was determined by argentometric titration with potentiometric
end-point detection using a standardized AgNO; solution (0.01
M). Titrations were performed on a Schott TitroLine easy auto-
matic titrator (SI Analytics) equipped with a silver indicator
electrode. The equivalence point was identified from the
inflection in the electrode potential (mV), corresponding to
complete precipitation of Br~ as AgBr. Repeated determi-
nations gave bromide contents consistent with the expected
composition of WTe,Br 5 (W : Br = 1:0.49(3)).

DFT calculations

Calculations were performed using the ABINIT software
package with the projector augmented-wave (PAW) method
and a plane-wave basis set.”*’* The Perdew-Burke-Ernzerhof
exchange-correlation functional was used with the vdw-
DFT-D3 dispersion correction.””® PAW data files were used as
received from the ABINIT library.”” Methfessel-Paxton smear-
ing was used to determine band occupation.”® Convergence
studies were used to choose a 18 Ha (WTe,I) and 20 Ha
(WTe,Br,5), plane wave basis set cutoff energy outside the
PAW spheres; a 100 Ha cutoff was used within the spheres.
The Brillouin zone was sampled with a 4 x 2 x 4 (WTe,I) or 6 x
10 x 6 (WTe,Brys) grid of k-points. The calculation of the
phonon band structure of WTe,Br, s was performed using
density functional perturbation theory on a 3 x 5 x 3 grid of
g-points. Structural relaxation was performed prior to calcu-
lation of the electronic and phononic structures.

Conclusions

In this work, the crystal structure of the iodine intercalate
WTe,lI was reinvestigated and shown to occur in two closely
related (3 + 1)D variants within P2,/m(a0y)00: an incommensu-
rate form and a commensurate polytype that “locks in” to g =
(1/2, 0, 1/6) and can be equivalently described as a 3D super-
cell. In both descriptions, the modulation is dominated by the
iodine sublattice, while the WTe, host responds only by subtle,
coupled distortions. A key microscopic element is a local
defect motif in which an I2 unit reorients by 90° (I3 site) and
is accommodated by a concomitant Te shift, consistent with
localized host-guest bonding that effectively pins the modu-
lation and periodically perturbs the tungsten chains.
Extending this chemistry from iodine to bromine, we ident-
ify a multistage series WTe,Br, with distinct regimes at x = 0.5,
1.0 and 1.25 and a striking, fast, and reversible “breathing” be-
havior already at room temperature. In situ PXRD directly cap-
tures the rapid evolution of the layer-spacing reflections
during uptake and release, demonstrating that composition
and structure can be cycled under mild conditions.
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Structurally, WTe,Br, 5 (Pmmn) represents a bromine-poor end
member with a half-filled interlayer motif and a short Te-Br
contact that links adjacent layers; its exceptionally large, aniso-
tropic bromine displacement parameters point to pronounced
positional freedom consistent with high bromine mobility. At
the bromine-rich end, WTe,Br, »5 (Imm2) adopts an alternat-
ing-filled architecture with two chemically distinct interlayer
environments, combining Br,-like bridging motifs and more
complex polybromide arrangements, while the WTe, frame-
work remains intact but locally distorted in response to direc-
tional Te-Br interactions. In both WTe,I and WTe,Br, 5, the
electronic structure of the WTe, layers is changed significantly
by intercalation, leading to a metallic state with localized elec-
trons in flat bands at the Fermi level. Together, these results
establish WTe,I and WTe,Br, as rare, structurally resolved
examples of stoichiometric halogen intercalation in a TMDC,
highlighting how a layered semimetal can tolerate strong oxi-
dizing guests while retaining topotactic reversibility—opening
a route to controllable oxidation (hole doping), staging, and
modulation phenomena in van der Waals solids.
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Figure S1. Screenshot from the Ewald Explorer in CrysalisPro showing the collapsed reciprocal lattice, with a simulated satellite pattern on the right
(with m<|+4]). Black dots mark the main reflections, while red and blue dots indicate incommensurate, twinned satellite reflections. Yellow dots denote
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Figure S3. Section o commensurate WTe,l s

ructure showing only one layer of tungsten atoms with long bonds indicated as dashed lines. The
unit cell is highlighted in the top left corner.

Figure S4. Sections of the WTe;l supercell structure illustrating the iodine-layer disorder model. The top panels show the two disorder components
separately (part a, purple; part b, red), while the bottom panel displays the combined iodine layer. Out-of-plane iodine atoms are highlighted in light
purple. The structure is viewed along the b-axis, with the unit cell outlined.
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PXRD and SXRD results.



Specialized Transmission Sample Holder
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Figure S8. Components and assembly of the redesigned transmission sample holder. (a) PTFE rotor disc, PTFE counter disc, and glass disc. (b) Glass
disc with an insertion slit and an ultrathin-glass window bonded to one side. (c) Assembly aid. (d) Transmission holder equipped with an assembled rotor
disc (ultrathin glass on one side and Kapton on the other). (e) Examples of assembled rotor discs prepared for bromine-containing samples; for
experiments with excess bromine, both sides were sealed with ultrathin glass and the perimeter was sealed with wax and cyanoacrylate under argon. (f)
Ultrathin-glass window (Schott AF 32®).
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Figure S9. Engineering drawing of the redesigned transmission holder components (PTFE rotor disc, PTFE counter disc, glass disc, and assembly
aid), including an exploded view and key dimensions (mm).



Crystallographic details for WTe;l (supercell)

Table S1: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x103) for WTe,l (supercell). U, is defined as
1/3 of the trace of the orthogonalised Uj;.

Atom x y z Ueq
w1 10340.8(7) 10074.9(3) 11376.4(7) 757(13)
w2 12243.8(8) 10053.4(4) 9537.5(8) 8.11(14)
w3 18784.5(7) 10050.7(4) 13031.9(8) 7.03(13)
W4 16172.5(7) 9956.1(4) 12038.8(8) 7.31(13)
W5 17157.2(7) 10038.2(4) 14661.4(8) 7.08(13)
W6 14525.4(6) 9978.7(3) 13694.4(6) 6.94(11)
Te 9174.9(11) 9090.6(5) 10028.2(11) 8.51(18)
Te2 12484.8(13) 10971.8(6) 8234.0(12) 9.0(2)
Te3 15801.4(13) 9057.9(6) 13340.0(12) 8.5(2)
Ted 14134.7(11) 9056.6(5) 14952.2(11) 7.95(18)
Te5 17459.0(13) 10958.6(6) 13354.1(12) 8.2(2)
Te6 9010.4(12) 10972.9(6) 11644.3(12) 7.4(2)
Te7 10862.9(11) 9332.5(6) 13394.7(12) 7.9(2)
Tes 20758.1(12) 10691.9(6) 14936.8(12) 7.6(2)
Te9 17602.7(11) 9298.0(5) 16706.1(11) 7.33(18)

Tel0 14124.3(12) 10697.7(6) 11583.2(12) 8.0(2)

Tel1 14260.3(12) 9310.0(6) 10046.9(12) 7.9(2)

Tel12 12502.9(11) 9513.6(5) 11682.9(11) 8.48(17)

1 12390.5(13) 8251.2(5) 11550.8(13) 17.6(2)
12A 17522(5) 7500 13841(6) 52.0(13)
13A 15352(3) 7500 11151(4) 31.98)
14A 13166(6) 7500 8826(6) 36.5(11)
I5A 10319(5) 7500 6530(4) 40.1(10)
I6A 15867(6) 7500 15192(6) 58.0(14)
I7A 9118(7) 7500 8110(8) 73.7(18)
18A 14665(5) 7500 16743(4) 39.4(10)
19A 11810(6) 7500 14423(6) 40.6(12)

110A 9570(4) 7500 12122(4) 34.9(8)
1A 7449(5) 7500 9458(6) 56.5(14)
12B 13600(20) 12500 10224(16) 58(5)
14B 14321(17) 12500 13021(15) 44(4)
138 11067(17) 12500 8914(17) 44(4)
158 10720(20) 12500 11142(12) 50(5)
168 14478(12) 12500 15563(13) 29(3)
178 10810(20) 12500 13717(12) 50(5)
188 14046(17) 12500 17773(14) 38(3)
198 11430(20) 12500 16481(16) 51(4)
1108 12130(30) 7500 14788(16) 50(8)

118 12890(30) 7500 8436(15) 43(7)



Table S2: Anisotropic Displacement Parameters (x10%) for WTe,l (supercell). The anisotropic displacement factor exponent takes the form: -2m2[h?a*?
x Uygs+ ... +2hka* x b* x Uy,]

Atom Uy Uz Uss Uy Uss Un
Wi 5.7(3) 10.2(3) 6.0(3) 20.12) 2.0(2) -0.5(2)
w2 6.4(3) 10.8(3) 6.0(4) 0.4(3) 1.9(3) -1.0(3)
w3 4.9(3) 10.9(3) 5.3(3) 0.4(3) 2.3(2) -1.1(3)
W4 5.1(3) 11.3(3) 5.7(4) 0.5(3) 2.7(2) -1.2(3)
W5 4.8(3) 11.1(3) 5.3(4) 0.8(3) 2.3(2) -1.3(3)
w6 4.7(4) 10.6(3) 5.4(4) 0.9(2) 2.3(2) -1.4(2)
Tef 9.9(6) 11.5(4) 3.9(5) 1.0(4) 3.1(3) -2.5(4)
Te2 10.5(6) 11.3(6) 6.0(6) 0.5(4) 4.5(5) 1.7(4)
Te3 11.2(6) 11.0(5) 3.9(5) 1.0(4) 4.0(4) -1.8(4)
Ted 11.0(6) 10.6(4) 3.3(5) 1.0(4) 4.3(3) 1.7(4)
Te5 10.5(6) 10.9(5) 4.1(5) 1.0(4) 4.1(5) -1.6(4)
Te6 8.7(5) 10.2(5) 5.0(5) 0.4(4) 4.6(4) -1.0(4)
Te7 3.5(5) 13.3(5) 6.6(5) 0.2(4) 2.2(4) -1.9(4)
Te8 3.2(5) 12.1(5) 7.8(6) 0.5(4) 2.8(4) 1.7(4)
Te9 3.4(5) 11.4(4) 7.4(5) 0.9(4) 2.7(3) -1.3(4)

Te10 3.7(5) 11.8(5) 8.4(6) 0.9(4) 2.8(4) -1.4(4)

Tel1 3.5(5) 12.6(5) 8.1(6) 1.3(5) 3.0(4) -0.7(4)

Te12 4.2(5) 14.5(4) 7.7(5) 0.0(4) 3.6(3) -1.5(4)

11 20.0(6) 12.4(5) 20.0(7) -1.0(5) 9.0(4) -0.2(4)
12A 62(3) 26.7(18) 92(4) 0 57(3) 0
13A 39.1(19) 16.2(13) 49(2) 0 27.0(17) 0
14A 49(3) 21.2(17) 44(3) 0 25(3) 0
I5A 63(3) 17.9(14) 49(2) 0 34(2) 0
I6A 91(4) 17.1(14) 79(4) 0 50(3) 0
I7A 100(5) 16.6(16) 110(6) 0 53(4) 0
18A 65(3) 19.7(14) 49(2) 0 40(2) 0
19A 53(3) 22.1(18) 52(4) 0 29(3) 0
110A 46(2) 17.4(13) 54(2) 0 34.1(18) 0
111A 64(3) 29.3(19) 99(4) 0 58(3) 0
12B 91(15) 53(10) 29(8) 0 26(9) 0
14B 55(10) 29(6) 34(7) 0 9(7) 0
138 56(10) 27(7) 51(10) 0 27(8) 0
58 97(13) 11(5) 10(5) 0 -2(7) 0
168 31(3) 25(3) 26(3) 0 10(2) 0
178 85(14) 37(7) 10(5) 0 6(6) 0
188 67(10) 18(5) 33(7) 0 27(7) 0
198 86(14) 43(8) 39(8) 0 42(9) 0
1108 73(16) 26(8) 7(6) 0 -19(7) 0

1B 70(15) 19(7) 5(7) 0 -13(7) 0



Table S3: Bond Lengths in A for WTe,l (supercell).

Atom Atom Length / A Atom Atom Length /A
Wi W1 3.0734(14) W5 Te5 2.6953(15)
W1 wa! 2.8219(10) W5 Ter? 2.8304(15)
W1 Te1 2.6803(13) W5 Te8° 2.8419(15)
w1 Tet" 2.7458(15) W5 Te9 2.8035(14)
w1 Teb6 2.6604(15) W6 w62 2.8355(14)
W1 Te7 2.7622(14) W6 Te3 2.6978(16)
W1 Teg? 2.8591(13) W6 Ted 2.7049(14)
W1 Te12 2.7676(14) W6 Ted? 2.7085(13)
w2 w33 2.7874(10) W6 Te9? 2.8771(14)
w2 Te1! 2.7594(16) W6 Te10 2.8554(14)
w2 Te2 2.6596(15) W6 Tel12 2.7383(12)
W2 Te! 2.7211(16) Te12 1 2.7663(15)
W2 Te10 2.8528(16) 12A 13A 3.111(8)
W2 Tel1 2.7641(15) 12A I6A 3.136(8)
w2 Te12 2.7478(15) I3A 14A 2.846(7)
w3 W4 2.8361(11) I5A I7A 2.906(9)
w3 Te23 2.7492(16) I6A I18A 2.875(7)
w3 Teb5 2.6997(16) I7A 111A 3.148(10)
W3 Te6* 2.7259(15) 19A 110A 2.863(8)
w3 Te7* 2.8329(15) 110A 111A 3.068(8)
w3 Te8s 2.7905(15) 12B 14B 3.10(2)
W3 Te8 2.8190(15) 12B 13B 2.73(3)
W4 W5 2.8479(10) 14B 168 3.01(2)
W4 Te2’ 2.7213(16) 138 158 2.93(3)
W4 Te3 2.6904(15) 158 178 3.09(2)
W4 Te5 2.7388(16) 168 188 2.97(2)
W4 Te10 2.8055(15) 17B 19B 3.09(2)
W4 Tel1 2.8387(16) 18B 19B 2.82(3)
w4 Te113 2.8393(15) _—

W5 w6 2.8572(11) 12-X,2-y,2-Z; 23-X,2-y,3-Z; 33-X,2-y,2-Z; 41+X,+y,+Z; %4-x,2-y,3-z
W5 Te3 2.7292(16)
W5 Ted? 2.7022(16)
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Table S4: Atomic Occupancies for all atoms that are not fully occupied in WTe.l (supercell).

Atom Occupancy Atom Occupancy
12A 0.803(4) 12B 0.197(4)
I3A 0.803(4) 14B 0.197(4)
14A 0.803(4) 13B 0.197(4)
I15A 0.803(4) 15B 0.197(4)
16A 0.803(4) 16B 0.197(4)
I7A 0.803(4) 17B 0.197(4)
I8A 0.803(4) 18B 0.197(4)
19A 0.803(4) 19B 0.197(4)
110A 0.803(4) 110B 0.197(4)
111A 0.803(4) 111B 0.197(4)
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Crystallographic details for incommensurate WTesl

Table S5: Occupational waves for incommensurate WTe,l.

Atom
Te2

Te3

Wave/Parameter
delta
x40
delta
x40
delta
x40
delta
x40
delta
x40

Occ
0.8318(8
0.2710(4
0.1682(8
0.7754(5
0.8318(8
0.3929(4
0.8318(8
0.1633(4
0.1682(8

)
)
)
)
)
)
)
)
)
0.7865(4)

Table S6: Positional parameters for incommensurate WTe,l.

Atom

W1

Te1

Te2

Te3

Occ
1

0.8318(8)

0.1682(8)

0.8318(8)

0.8318(8)

0.1682(8)

Wave

s,1
c,1
s,2
c,2
s,3
c,3
s,4
c4

s,1
c,1
s,2
c,2

0,1
0,2
0,3
0,4

0,1
0,2

0,1
0,2
0,3
0,4
0,5
0,6

0,1
0,2
0,3
0,4
0,5
0,6

0,1

X
0.32142(3)
-0.00194(5)
0.00190(5)
-0.00203(5)
0.00211(5)
-0.0010(3)
0.0032(2)
0
0.3826(5)
0.57919(5)
-0.00264(8)
-0.01089(8)
0.00422(8)
0.00324(8)
0.07022(7)
-0.00111(10)
0.00011(6)
-0.00154(8)
0.00000(13)
0.0817(4)
-0.0013(5)
-0.001(3)
0.34767(14)
0.02889(15)
-0.01800(15)
0.0001(2)
0.00596(17)
0.0008(3)
-0.0026(2)
-0.17524(15)
-0.03392(15)
-0.00962(16)
-0.00434(19)
-0.0032(2)
-0.0020(2)
-0.0011(3)
0.1052(2)
-0.0031(8)
S12

y
0.495374(9)
0.001783(16)

-0.001740(16)

-0.000332(16)

-0.000476(16)
0.00067(8)

-0.00036(7)

0

1
0.595074(13)
0.00038(3)

-0.00028(3)

-0.00187(3)

-0.00144(3)
0.56927(2)
0.00106(3)

-0.00041(2)
0.00046(3)

-0.00028(4)
0.54812(10)

-0.00001(17)
0.0001(8)

0.75

o

0.67498(7)
-0.0001(2)

z
0.25174(13)

-0.0072(12)

-0.0085(10)
0.0046(2)
0.0091(8)

-0.0068(9)
0.0057(11)

-0.067(2)

0
0.24836(18)
0.02596(15)

-0.01238(15)
0.00920(15)

-0.00400(16)
0.7492(2)
0.0018(2)

-0.00017(12)

-0.01128(14)
0.0047(3)
0.7526(8)

-0.0011(13)
0.006(6)
0.7591(4)
0.0932(3)

-0.0089(4)

-0.0335(4)

-0.0221(4)
0.0010(5)

-0.0113(5)
0.7370(4)

-0.0879(3)
0.0148(4)

-0.0074(5)
0.0410(5)

-0.0104(6)

-0.0055(5)
0.7481(5)
0.0282(15)

Ueq/Uiso
0.00479(7)

0.00651(7)

0.00552(9)

0.0056(4)

0.0218(3)

0.0254(3)

0.0151(3)



0,2

-0.004(4)

Table S7: ADP harmonic parameters for incommensurate WTe,l.

Atom
WA1

Te1

Te2

Te3

Wave

s,1

c,1

s,1

c,1

0,1

0,2

0,1

0,2

0,1

0,2

u11
0.00241(9)
-0.00019(12)
0.00005(12)
0.00502(12)
0.0010(2)
0.0012(2)
0.00326(14)
-0.00010(18)
-0.00001(16)
0.0031(4)
0.0176(4)
0.0024(4)
0.0025(5)
0.0183(4)
0.0024(4)
-0.0010(5)
0.0174(6)

u22
0.00714(9)
0.00021(13)
-0.00017(14)
0.00856(13)
0.0013(2)
0.0029(2)
0.00726(16)
-0.0005(2)
0.00011(18)

S13

0.0007(12)

U33
0.00482(17)
-0.0004(2)
0.00099(17)
0.00596(13)
0.0005(2)
0.0015(2)
0.00603(15)
0.0018(2)
-0.00068(18)
0.0050(9)
0.0323(6)
0.0101(6)
-0.0115(7)
0.0419(7)
0.0123(7)
0.0149(6)
0.0191(7)

-0.004(7)

u12
-0.00014(6)
0.00008(11)
-0.00011(11)
-0.00101(10)
-0.00105(18)
-0.00243(17)
0.00004(13)
0.00021(17)
0.00009(14)
-0.0011(5)

o O O o o o

-0.0002(4)

u13
-0.00143(14)
0.00026(12)
-0.00007(13)
-0.0012(2)
-0.00049(16)
0.00108(17)
-0.0015(3)
0.00013(15)
-0.00018(13)

u23
0.00020(12)
-0.00021(13)
-0.00023(13)
-0.0002(2)
0.00068(17)
-0.00133(17)
-0.0002(3)
0.00003(19)
-0.00017(14)
0.0001(6)

o O O o o o

0.0005(5)



Table S8: List of used orthogonalized functions for incommensurate WTe,l.

Te2

Te3

0,1
0,2
0,3
0,4
0,1
0,2
0,1
0,2
0,3
0,4
0,5
0,6
0,1
0,2
0,3
0,4
0,5
0,6

-0.309
0.051

-0.095
-0.448

-0.169
0.263
-0.439
0.128
-0.583
-0.361
-0.25

-0.188
0.381

-0.253
-0.034
0.685

1.518
0.291
-0.603
0.448
-0.005
-1.13

-0.518
-2.531
1.408
-0.297
0.542
-0.095
0.652
0.51

1.401

-0.415
0.197
0.133
-0.678

1.627
-0.323
-0.15

1.033

1.449
-0.163
-0.552

1.439
-0.046

1.848

1.509
-0.646
0.237
-0.916
-0.481

S14

1.616
-0.091
0.171
0.853
3.414
3.806

1.705
-0.179
0.947
0.642

1.383
-0.332
0.04

1.745
0.348

1.523

3.49

1.315
-0.098
-0.097

1.38
0.168

1.708



Table S9: List of distances for incommensurate WTe,l.

W1-WHTi
W1-Wi1i
W1-Te1
W1-Tefi
Wi1-Tefi
W1-Te2ii
W1-Te2
W1-Te2v
W1-Tegi
W1-Te3
W1-Te3V
Te3-13
[1-1ii
11-11v
11-12
11-12vi
[1-12vi
[1-12vi
11-13i
11-13v
11-13%
11-13*
12-12i
12-12v
12-12%
12-12vi
12-12*
12-13v
12-13*
13-13i
13-13Y
13-13vi

(®

(it)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

(x)

(xi)

-X+1,-y+1,-z
-X+1,-y+1,-z+1
X,Y,z-1
-X,-y+1,-z+1
X,y,z+1
x+1,y,z
X,-y+3/2,z
x+1,-y+3/2,z
X,-y+3/2,z-1
X,-y+3/2,z+1
x-1y,z

average / A
2.870(11)
2.846(11)
2.720(3)
2.706(8)
2.702(8)
2.820(7)
2.819(7)
2.845(3)
2.76(4)
2.73(4)
2.74(3)
2.77(3)
3.415(6)
3.405(6)
3.341(6)
3.189(6)
3.341(6)
3.189(6)
4.084(9)
4.297(9)
4.084(9)
4.297(9)
3.419(7)
3.416(7)
3.419(7)
0
3.416(7)
4.123(8)
4.123(8)
3.659(15)
3.658(15)
3.272(11)

min / A
2.781(16)
2.830(14)
2.684(3)
2.555(12)
2.543(12)
2.749(9)
2.739(9)
2.813(3)
2.73(7)
2.45(7)
2.73(6)
2.76(6)
2.769(8)
2.769(8)
2.688(8)
2.887(8)
2.688(8)
2.887(8)
4.011(15
4.140(13
4.011(15
4.140(13
2.765(9)
2.765(9)
2.765(9)
0
2.765(9)
4.064(14
4.064(14
3.659(15
3.658(15
3.24(2)

)
)
)
)

)
)
)
)

max / A
3.097(16)
2.862(14)
2.755(3)
2.856(12)
2.851(12)
2.905(9)
2.889(9)
2.877(3)
2.78(7)
2.78(7)
2.74(6)
2.79(6)
4.018(8)
4.018(8)
3.933(8)
3.702(8)
3.933(8)
3.702(8)
4.255(15
4.407(13
4.255(15
4.407(13
4.028(9)
4.029(9)
4.028(9)
0
4.029(9)
4.250(14
4.250(14
3.659(15
3.658(15
3.29(2)

)
)
)
)

)
)
)
)
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Table S10: List of angles for incommensurate WTe,l.

W1-W1-W1i
W1-W1-Te1
W1-W1-Te1!
W1-W1-Te1i
W1i-W1-Te2ii
W1-W1-Te2
W1i-W1-Te2lv
W1i-W1-Tegii
W1-W1-Te3
W1i-W1-Te3V
W1i-W1-Te1
W1i-W1-Tei
W1i-W1-Te1i
W1i-W1-Te2ii
W1i-W1-Te2
W1i-W1-Te2lv
W1i-W1-Te3ii
W1i-W1-Te3
W1i-W1-Te3V
Tel-W1-Tetl
Te1-W1-Te1i
Te1-W1-Te2ii
Te1-W1-Te2
Te1-W1-Te2lv
Te1-W1-Tedii
Te1-W1-Te3
Te1-W1-Te3V
Te1-W1-Tefti
Te1-W1-Te2ii
Te1-W1-Te2
Te1-W1-Te2V
Te1-W1-Te3ii
Te1-W1-Te3
Te1-W1-Te3V
Te1i-W1-Te2ii
Te1i-W1-Te2
Te1i-W1-Te2lv
Te1i-W1-Te3ii
Te1i-W1-Te3
Te1i-W1-Te3V
Te2ii-W1-Te2
Te2ii-W1-Te2Vv
Te2ii-W1-Te3
Te2ii-W1-Te3v
Te2-W1-Te2Vv
Te2-W1-TedJii
Te2-W1-Te3V
Te2v-W1-Te3ii
Te2v-W1-Te3
Te3ii-W1-Te3
W1-Te1-W1i
W1-Te1-W1i
W1i-Te1-W1i
W1-Te2-W1v
W1-Te2-W1V
W1v-Te2-W1v
W1-Te3-W1v

average / °
74.7(3)
57.78(14)
58.3(2)
104.93(15)
93.3(3)
140.27(13)
136.1(4)
82.2(14)
145.6(13)
139.1(15)
58.04(14)
104.74(15)
58.6(2)
140.51(12)
92.9(3)
137.0(4)
145.8(12)
87.4(14)
138.3(15)
116.1(3)
116.6(3)
83.74(15)
83.82(14)
155.34(14)
85.2(12)
87.0(13)
151.2(13)
79.86(7)
99.9(3)
158.24(13)
81.23(16)
85.8(14)
153.9(13)
85.3(14)
158.39(13)
100.1(3)
81.39(16)
154.5(12)
86.4(14)
85.2(14)
75.02(8)
78.53(13)
80.7(14)
71.7(14)
78.43(13)
79.0(14)
71.8(14)
71.1(12)
71.9(13)
82.8(16)
63.9(2)
63.3(2)
79.8(3)
73.8(3)
102.09(16)
102.19(16)
89.9(10)

min / °
70.4(3)
55.55(17)
53.7(2)
102.07(12)
90.1(4)
137.64(16)
127.6(5)
81.4(14)
145.2(14)
138.6(15)
54.70(18)
100.93(13)
56.8(3)
137.11(13)
90.2(4)
133.2(6)
145.2(12)
86.4(14)
138.0(15)
109.3(4)
111.1(4)
81.31(14)
81.73(17)
152.2(3)
83.5(12)
85.8(13)
149.5(13)
T77.14(7)
95.4(4)
156.7(3)
79.4(2)
84.0(14)
153.6(14)
84.7(14)
156.05(10)
96.8(4)
78.55(14)
154.2(12)
84.5(14)
84.6(14)
72.66(7)
76.69(13)
79.8(14)
71.4(14)
76.87(16)
78.4(14)
71.1(14)
70.7(12)
70.7(12)
82.8(16)
61.8(3)
61.3(3
75.3(3
71.3(3
99.7(2
99.1(2
(

)
)
)
)
)
81.8(5)

max / °
83.2(3)
59.50(17)
60.5(3)
110.76(16)
96.5(4)
143.27(12)
142.3(5)
89.2(14)
146.3(13)
140.2(15)
61.91(19)
110.0(2)
59.9(3)
144.01(11)
94.1(3)
141.6(5)
146.6(13)
93.9(16)
138.7(15)
119.9(3)
121.3(3)
86.70(13)
86.06(14)
159.93(11)
87.7(13)
91.8(14)
152.0(13)
84.58(9)
104.4(5)
160.69(10)
84.66(17)
88.1(14)
154.3(12)
86.3(14)
159.76(11)
103.8(5)
85.19(17)
154.9(12)
98.7(16)
86.1(14)
77.19(8)
80.30(15)
81.2(13)
72.2(14)
79.87(15)
80.0(14)
72.2(14)
72.2(12)
74.8(14)
82.8(16)
69.3(3)
65.4(3)
89.7(3)
75.8(2)
105.4(2)
105.36(19)
90.6(17)
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W1-Te3-W1v
W1-Te3-I13
W1v-Te3-W1wv
W1v-Te3-13
W1v-Te3-13
[1ii-]1-]1v
[1ii-]1-12
[1ii-[1-]2v
I1iii_|1_|2vii
|4iii_] 1 -] 2vii
[1ii-11-13
1ii-]1-13x
11v-11-12
[1v-11-12v
[1v-11-12Vi
[1v-11-12vii
[1v-11-13i
[1v-11-13¥
12-11-12v
12-11-12vi
12-11-12vii
12-11-13i
12-11-13v
12-11-13
12-11-13~
12vi-11-12vi
|2Vi_|1_|2viii
12vi-]1-|3ii
12v-11-13
12V-11-13%
12v-]1-13x
|2vii_|] - | 2vii
|2Vii_|1_|3iii
12vii-[1-13v
[2vii-[1-13i
12vii-]1-13%
|2vii_| 1 -| 3
[2viii-|1-13v
|2Viii_|1_|3ix
12viii-]1-13%
I3iii-]1-13ix
13v-11-13*
11%-12-11
[1%-12-] 2ii
[1%-12-12
[1%-]2-12%
[1%-]2-12v
[1%-]2-12x
[1%-12-13
[1%-12-13x
11-12-12ii
11-12-12v
11-12-12%
11-12-12vi
11-12-12%
11-12-13"
11-12-13%
12ii-]2-12v

| 2ii-|2-]2i
I2iii_|2_|2vii

110.9(11)
113.4(11)
111.2(11)
114.2(11)
114.7(10)
176.1(2)
89.3(2)
89.7(2)
89.3(2)
89.7(2)
154.94(10)
154.94(10)
91.0(2)
94.6(2)
91.02)
94.6(2)
149.64(11)
149.64(11)
167.5(2)
0
167.5(2)
75.05(15
66.88(13
75.05(15
66.88(13
167.5(2)
0
102.09(16)
95.29(14)
102.09(16)
95.29(14)
167.5(2)
75.05(15)
66.88(13)
75.05(15)
66.88(13)
102.09(16)
95.29(14)
102.09(16)
95.29(14)
47.28(14)
44.80(13)
168.9(2)
94.48(18)
89.74(19)
94.48(18)
0
89.74(19)
105.61(14)
105.61(14)
90.67(18)
88.91(19)
90.67(18)
0
88.91(19)
73.38(13)
73.38(13)
175.9(2)

0

0

)
)
)
)

110.1(17)
112(2)
110.1(7)
112.3(5)
113.6(4)
171.3(2)
76.22(19)
82.1(2)
76.22(19)
82.1(2)
152.26(10)
152.26(10)
81.1(2)
77.28(18)
81.1(2)
77.28(18)
148.82(13)
148.82(13)
155.8(2)

0

155.8(2)
72.67(16)
65.76(11)
72.67(16)
65.76(11)
155.8(2)

0
101.80(18)
91.83(14)
101.80(18)
91.83(14)
155.8(2)
72.67(16)
65.76(11)
72.67(16)
65.76(11)
101.80(18)
91.83(14)
101.80(18)
91.83(14)
44.9(2)
43.19(11)
157.3(3)
77.86(17)
82.2(2)
77.86(17)
0

82.2(2)
104.61(18)
104.61(18)
82.37(19)
76.01(17)
82.37(19)
0
76.01(17)
71.73(14)
71.73(14)
171.3(3)

0

0

107.0(2)
97.28(17)
107.0(2)
97.28(17)
156.47(8)
156.47(8)
100.33(17)
99.9(2)
100.33(17)
99.9(2)
151.36(8)
151.36(8)
180

0

180
76.11(14)
69.54(16)
76.11(14)
69.54(16)
180

0
102.33(15)
102.89(12)
102.33(15)
102.89(12)
180
76.11(14)
69.54(16)
76.11(14)
69.54(16)
102.33(15)
102.89(12)
102.33(15)
102.89(12)
48.29(11)
46.3(2)
180
99.7(2)
97.1(2)
99.7(2)

0

97.1(2)
106.13(11)
106.13(11)
99.6(2)
105.7(2)
99.6(2)

0

105.7(2)
74.28(12)
74.28(12)
179.53(17)
0

0
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|2ii-]2-12x
2ii-]2-13v
|2ii-]2-13x
[2v-12-12%
[2v-12-12vi
12V-12-12%
[2ix-]2-12vi
121x-12-12x
12ix-12-13
12x-]2-|3x
[2vi-]2-12%
[2vii-]2-13v
[2vii-]2-13%
13v-12-13%
Te3-I3-[1i
Te3-I3-11Y
Te3-13-12i
Te3-13-12
Te3-13-13i
Te3-13-13Y
Te3-13-13vi
[1ii-13-11v
[1iii-|3-1 2
[1iii-| 312
[1i-13-13"
|1 iii_|3_|3vil
[1v-13-12ii
[1v-13-12
[1v-13-13i
[1v-13-13vi
|2ii-|3-12ix
2i-13-13"
|2iii_|3_|3vil
12i%-13-13
12%-13-13vii
|3iii_|3_|3vil
[3v-13-13vi

(0

(ii)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

(ix)

)

(xi)

175.9(2)
148.13(10)
148.13(10)
175.9(2)
0
0
0
175.9(2)
148.13(10)
148.13(10)
0
0
0
46.79(13)
113.7(8)
114.6(8)
112.4(8)
112.4(8)
87.8(5)
88.2(5)
176.6(8)
119.6(2)
39.78(14)
39.78(14)
152.4(2)
67.62(17)
132.7(2)
132.7(2)
146.8(4)
66.38(17)
0
144.9(2)
66.62(16)
144.9(2)
66.62(16)
89.9(4)
90.0(3)
-X+1,-y+1,-z
-X+1,-y+1,-z+1
X,Y,2-1
-X,-y+1,-z+1
X,y,z+1
x+1,y,z
X,-y+3/2,z
x+1,-y+3/2,z
X,-y+3/2,z-1
X,-y+3/2,z+1
x-1y,z

171.3(3)
147.38(11)
147.38(11)
171.3(3)

0

0

0

171.3(3)
147.38(11)
147.38(11)
0

0

0
44.87(12)
112.1(4)
113.1(7)
110.8(4)
110.8(4)
87.8(5)
88.2(5)
176.4(12)
118.4(3)
38.23(17)
38.23(17)
152.4(2)
66.9(2)
132.17(16)
132.17(16)
146.8(4)
65.86(13)
0

144.9(2)
66.20(18)
144.9(2)
66.20(18)
89.9(4)
90.0(3)

179.53(17)
149.85(12)
149.85(12)
179.53(16)
0

0

0
179.53(17)
149.85(12)
149.85(12)
0

0

0
47.60(14)
114.3(14)
115.4(4)
113.0(13)
113.0(13)
87.8(5)
88.2(5)
176.9(5)
120.96(17)
42.02(13)
42.02(13)
152.4(2)
68.42(15)
133.8(3)
133.8(3)
146.8(4)
67.6(3)

0

144.9(2)
67.60(15)
144.9(2)
67.60(15)
89.9(4)
90.0(3)
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Crystallographic details for commensurate WTe,l

Table S 11: Occupational waves for commensurate WTe;l.

Atom
Te2

Te3

Wave/Parameter

delta
x40
delta
x40
delta
x40
delta
x40
delta
x40

Occ
0.8318
0.3211(4)
0.1682
0.8231(4)
0.8318
0.4567(5)
0.8318
0.1933
0.1682
0.8366(5)

Table S12: Positional parameters for commensurate WTesl.

Atom
WA

Te1

Te2

Te3

Occ
1

0.8318

0.1682
0.8318

0.8318

0.1682

Wave X
0.32164(6)
s,1 -0.00066(16)
c,1 0.00256(13)
s,2 -0.00350(11)
c,2 -0.00019(14)
s,3 0
c3 0.4355
0.57916(10)
s,1 -0.0039(3)
c,1 -0.00876(16)
s,2 -0.0009(2)
c,2 0.00613(17)
0.07018(16)
0,1 -0.0008(2)
0,2 0.0002(3)
0,3 0.0011(4)
0,4 -0.0007(3)
0.0811(4)
0.3527(6)
0,1 0.0010(9)
0,2 -0.0266(7)
0,3 -0.0065(7)
0,4 0.0058(11)
-0.1823(6)
0,1 -0.0280(8)
0,2 -0.0161(8)
0,3 -0.0021(8)
0,4 0.0110(11)
0.1055(4)
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y
0.495299(18)

0.00147(4)
-0.00162(3)
0.00013(3)
0.00012(4)
0

1

0.59501(3)
0.00054(8)
-0.00040(5)
-0.00033(5)
-0.00235(5)
0.56910(4)
0.00093(6)
0.00012(7)

-0.00061(11)
0.00003(8)
0.54884(10)

0.75

0

0

0

0

0.75

0

0
0
0

0.67488(9)

z

0.2518(2)

-0.0298(10)

-0.0094(4)
-0.0044(6)
0.0026(4)
-0.0949(15)
0
0.2561(3)
0.0279(3)
-0.0007(5)
0.0108(3)
-0.0041(3)
0.7592(4)
-0.0008(6)
0.0029(4)
-0.0175(8)
-0.0030(7)
0.7465(8)
0.7423(14)
0.0720(8)
0.0347(12)
-0.0358(10)
-0.0214(14)
0.7503(15)
0.0009(12)
0.0755(9)
0.0387(11)
0.0226(18)
0.7537(9)

Ueg/Uiso
0.00718(10)

0.00847(15)

0.00718(18)

0.0077(4)
0.0627(11)

0.0660(12)

0.0168(5)



Table S13: ADP harmonic parameters for commensurate WTe,l.

Atom
WA1

Te1
Te2

Te3

Wave

s,1

c,1

0,1

0,2

0,1

0,2

0,1

0,2

U11
0.00523(16)
0.0003(4)
0.0002(3)
0.0080(3)
0.0053(3)
0.0004(3)
0.0007(5)
0.0058(8)
0.102(2)
0.005(3)

-0.018(3)
0.106(3)
0.031(3)
0.008(2)
0.0182(9)

u22
0.01106(18)
0.0005(4)
0.0000(3)
0.0118(3)
0.0125(3)
-0.0016(4)
-0.0007(5)
0.0144(9)
0.0259(9)
-0.0021(13)
0.0008(11)
0.0257(9)
-0.0012(12)
0.0039(12)
0.0128(8)
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U33
0.00526(17)
-0.0008(3)
0.0004(3)
0.0056(3)
0.0037(4)
-0.0009(4)
0.0002(5)
0.0028(7)
0.060(2)
0.0039(18)
-0.0075(17)
0.067(2)
0.018(2)
0.0100(18)
0.0194(9)

u12
-0.00038(13)
0.0009(3)
0.0002(3)
-0.0009(2)
-0.0006(2)
0.0005(3)
0.0006(4)

(8)

0.0000(8
0
0
0
0
0
0

-0.0005(7)

u13
0.0000(4
-0.0001(3
-0.0004(3
-0.0037(5
0.0026(5
0.0006(4
0.0001(2
0.0027(9
0.018(2)
-0.0057(15)
0.001(2)

0.009(2)

-0.002(2)

0.0008(16)
-0.0014(11)

)
)
)
)
)
)
)
)

o O O o o o

-0.0004(10)



Table S14: List of used orthogonalized functions for commensurate WTe,l.

Te2

0,1
0,2
0,3
0,4
0,1
0,2
0,3
0,4
0,1
0,2
0,3
0,4

-0.269
0.16
-0.32
-0.327
-0.069
0.305
-0.197
0.413
-0.284
-0.131
0.257
-0.379

1.573
0.223
-0.44
0.695

1.326
-0.149
0.168
-0.181

1.351
-0.231
0.213

1.488
-0.356

1.584

1.603
-0.345
0.772
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1.548
-0.261
0.53

0.589

1.437
-0.308

1.64

1.553
0.367

1.518



Table S15: List of distances for commensurate WTe,l.

average / A min / A

W1-w1i 2.843(6) 2.825(7)
W1-Wii 2.859(6) 2.775(9)
Wi1-Tel 2.722(3) 2.689(3)
Wi1-Tefi 2.715(5) 2.649(6)
W1-Teti 2.696(5) 2.623(7)
W1-Te2ii 2.802(6) 2.744(8)
Wi1-Te2 2.837(5) 2.787(7)
W1-Te2v 2.839(4) 2.814(6)
W1-Tegi 2.755(5) 2.755(5)
W1-Te3 2.766(7) 2.766(7)
W1-Te3V 2.739(3) 2.739(3)
Te3-13 2.762(3) 2.762(3)
[1-11ii 3.416(11) 2.900(12
11-11v 3.416(11) 2.900(12
11-12 3.374(14) 2.966(18
11-12vi 3.143(14) 3.051(17
11-13 4.164(8) 4.164(8)
[1-13vi 4.164(8) 4.164(8)
12-12ii 3.443(13) 2.967(16
12-12v 3.443(13) 2.967(16
12-13ii 4.148(11) 4.148(11
12-3vi 4.148(11) 4.148(11
13-13% 3.287(3) 3.287(3)

(i) -X+1,-y+1,-z

(i) -X+1,-y+1,-z+1

(iii) X,y,z-1

(iv) -X,-y+1,-z+1

(v) X,y,z+1

(vi) x+1,y,z

(vii) X,-y+3/2,z+1

(viii) X,-y+3/2,z-1

(ix) X,-y+3/2,z

(x) x-1,y,z

)
)
)
)

)
)
)
)

max / A
2.862(7)
3.080(9)
2.746(3)
2.794(6)
2.761(7)
2.863(8)
2.905(7)
2.860(6)
2.755(5)
2.766(7)
2.739(3)
2.762(3)

4.164(8)
4.164(8)

4.148(11
4.148(11
3.287(3)

Table S16: List of angles for commensurate WTexl.

WALW1-W1i
WALW1-Te1
WALW1-Tet
WALW1-Te
WALW1-Te2
WALW1-Te2
WALW1-Te2v
WALW1-Te3i
WA1LW1-Te3
WALW1-Te3v
WALW1-Te1
WALW1-Tet!
WALW1-TeTi
WALW1-Te2i
WALW1-Te2
WAW1-Te2v
WALW1-Te3i
WALW1-Te3

average / °
74.97(16)
58.38(10)
58.59(12)
104.87(11)
93.0(2)
140.47(16)
136.3(3)
87.1(2)
145.68(10)
138.87(18)
57.67(10)
105.25(11)
58.63(12)
140.04(16)
92.9(2)
136.6(3)
145.00(12)
82.1(2)

min/°
71.72(19)
57.09(11)
57.18(14)
102.29(11)
91.9(2)
137.74(16)
133.8(3)
87.1(2)
145.68(10)
138.87(18)
56.70(12)
102.55(10)
54.50(15)
138.02(16)
91.6(2)
129.4(3)
145.00(12)
82.1(2)

3.915(12)
3.915(12)
4.015(18)
3.223(17)
4.002(16

)
4.002(16)
)
)

max / °
82.50(17)
60.83(11)
59.34(15)
109.22(11)
93.50(19)
142.44(15)
139.1(3)
87.1(2)
145.68(10)
138.87(18)
58.57(10)
109.73(11)
61.06(13)
142.81(15)
94.6(2)
141.9(3)
145.00(12)
82.1(2)
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W1i-W1-Te3V
Te1-W1-Tel
Te1-W1-Tefi
Te1-W1-Te2ii
Te1-W1-Te2
Te1-W1-Te2V
Te1-W1-Te3ii
Te1-W1-Te3
Te1-W1-Te3V
Te1-W1-Tei
Te1-W1-Te2ii
Te1-W1-Te2
Te1-W1-Te2Vv
Te1-W1-Tegii
Te1-W1-Te3
Te1-W1-Te3V
Te1i-W1-Te2ii
Te1i-W1-Te2
Te1i-W1-Te2v
Te1i-W1-Tegii
Te1i-W1-Te3
Te1i-W1-Te3V
Te2ii-W1-Te2
Te2ii-W1-Te2v
Te2ii-W1-Te3
Te2ii-W1-Te3V
Te2-W1-Te2V
Te2-W1-Te3ii
Te2-W1-Te3V
Te2v-W1-Te3Jii
Te2v-W1-Te3
W1-Te1-W1i
W1-Te1-W1i
W1i-Te1-W1ii
W1-Te2-W1v
W1-Te2-W1v
W1v-Te2-W1v
W1-Te3-W1v
W1-Te3-W1v
W1-Te3-I13
W1v-Te3-W1v
W1v-Te3-I13
W1v-Te3-I13
|1ii-[1-11v
11ii-[1-12
|qii-]1-|2v
|1ii-|1-13v

| 1 iii_| 1 _|3vii
11v-11-12
11v-11-12v
12-11-12vi
12-11-13v
12-11-13vi
12vi-11-13v
12vi-[1-|3vi
13V-11-13vi
11%-12-11
11*-12-12ii
11*-12-12v
|1%-12-13iii
11*-12-13vii
11-12-12ii
11-12-12v

138.71(19)
116.87(16)
116.29(17)
83.75(17)
83.27(17)
155.39(17)
86.47(12)
85.13(15)
150.85(9)
79.83(9)
100.4(2)
158.47(17)
80.83(18)
85.48(18)
154.93(12)
85.84(11)
158.18(18)
99.9(2)
81.40(18)
153.84(12)
85.9(2)
84.74(10)
75.03(19)
78.28(18)
78.46(15)
71.84(13)
78.91(18)
80.69(8)
71.95(13)
71.85(15)
72.28(16)
63.04(13)
63.70(13)
79.82(17)
73.77(18)
101.63(16)
102.28(16)
89.8(2)

~ aa
o

176.2(4
90.7(4)
92.1(4)
149.9(2)
149.9(2)
89.7(4)
91.9(4)
169.3(4)
72.03(19)
72.03(19)
100.5(2)
100.5(2)
46.49(9)
170.3(4)
91.0(4)
91.7(4)
105.3(3)
105.3(3)
89.3(4)
90.2(4)

138.71(19)
114.04(17)
111.2(2)
81.88(17)
81.75(17)
153.53(17)
86.47(12)
85.13(15)
150.85(9)
77.81(9)
97.8(2)
157.59(17)
78.93(18)
85.48(18)
154.93(12)
85.84(11)
156.56(16)
96.6(2)
80.4(2)
153.84(12)
85.9(2)
84.74(10)
73.37(17)
77.24(17)
78.46(15)
71.84(13)
77.6(2)
80.69(8)
71.95(13)
71.85(15)
72.28(16)
62.00(16)
61.85(13)
76.3(2)
71.83(16)
99.85(10)
100.6(2)

~ a A

170.9(4
87.0(4)
83.7(4)
149.9(2)
149.9(2)
81.3(3)
83.5(4)
165.3(5)
72.03(19)
72.03(19)
100.5(2)
100.5(2)
46.49(9)
166.8(3)
82.6(3)
84.3(4)
105.3(3)
105.3(3)
80.4(4)
86.9(4)

138.71(19)
119.9(2)
119.63(17)
85.62(16)
85.50(16)
157.29(16)
86.47(12)
85.13(15)
150.85(9)
83.73(9)
103.4(3)
159.61(17)
83.49(19)
85.48(18)
154.93(12)
85.84(11)
160.50(18)
103.3(3)
83.30(18)
153.84(12)
85.9(2)
84.74(10)
77.4(2)
79.01(17)
78.46(15)
71.84(13)
80.1(2)
80.69(8)
71.95(13)
71.85(15)
72.28(16)
64.18(11)
68.81(17)
89.14(18)
75.17(19)
103.8(2)
104.6(2)
89.8(2)

- o

179.9(5
96.3(4)
98.3(4)
149.9(2)
149.9(2)
98.6(4)
96.2(4)
171.8(4)
72.03(19)
72.03(19)
100.5(2)
100.5(2)
46.49(9)
175.2(5)
95.9(3)
95.7(4)
105.3(3)
105.3(3)
97.3(3)
96.9(4)
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11-12-13ii
11-12-13vii
12ii-12-12v
12v-12-13ii
12V-12-| 3vii
|3iii_|2_|3viii
Te3-13-I1ii
Te3-13-12v
Te3-13-13
19ii-|3-12v
|1iii-]3-]3ix
12V-13-I3i

(i)

(i)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

(ix)

(x)

-X+1,-y+1,-z
-X+1,-y+1,-z+1
X,Y,2-1
-X,-y+1,-z+1
X,y,z+1
x+1,y,z
X,-y+3/2,z+1
X,-y+3/2,z-1
X,-y+3/2,z
x-1,y,z

70.3(3)
70.3(3)
174.9(5)
148.1(2)
148.1(2)
46.69(14)
113.92(12)
112.40(13)
176.75(11)
133.28(11)
66.75(8)
66.65(10)

70.3(3)
70.3(3)
168.3(6)
148.1(2)
148.1(2)
46.69(14)
113.92(12)
112.40(13)
176.75(11)
133.28(11)
66.75(8)
66.65(10)

70.3(3)
70.3(3)
178.7(6)
148.1(2)
148.1(2)
46.69(14)
113.92(12)
112.40(13)
176.75(11)
133.28(11)
66.75(8)
66.65(10)
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Crystallographic details for WTe,Brg 5

Table S17: Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A2) for WTe,Bro3s.

X y z Uiso*/Ueq
W1 -0.00516 (15) 0.25 -0.1785 (3) 0.0527 (15)
Te1 -0.07421 (12) 0.25 -0.5896 (5) 0.042 (2)
Te2 0.12012 (14)  0.25 0.0912 (5) 0.039 (2)
Br1 -0.2500 0.25 -0.6083 (13)  0.115(7)

Table S18: for WTe,Brg 5.

U U2 Us ur U U
W1 0.0192 (14)  0.0821(16)  0.0568 (14) 0 -0.0072 (17) 0
Tet 0.020 (3) 0.048 (3) 0.0574 (18) 0 0.013 (2) 0
Te2 0.047 (3) 0.044 (3) 0.0274 (17) 0 -0.010 (3) 0
Br1 0.145 (9) 0.036 (5) 0.163 (7) 0 0 0

Table S19: Atomic displacement parameters (A2) for WTe,Bros.

W1—W1i 3.6773 (1) Tel—Te2v 3.735 (4)
W1—W1i 3.6773 (1) Tel—Te2ii 3.718 (4)
WA—W1ii 2.909 (2) Tel—Te2  3.735(4)
W1—W1wv 2.909 (2) Tel—Te2v  3.718 (4)
W1—Te1 2.835 (4) Te1—Br1 2.946 (2)
W1—Te1v 3.884 (4) Te2—W1 2.699 (4)
W1—Te1v 2.698 (3) Te2—W1ii 2.718 (3)
W1—Te1vi 2.698 (3) Te2—W1v 2.718 (3)
W1—Te2 2.699 (4) Te2—Te1 3.825 (4)
W1—Te2ii 2.718 (3) Te2—Tetv 3.735 (4)
W1—Te2V 2.718 (3) Te2—Tefii 3.718 (4)
Tel—W1vi  3.884 (4) Te2—Telvi  3.735(4)
Tel—W1 2.835 (4) Te2—Te1v 3.718 (4)
Tel—W1vi 2.698 (3) Te2—Te2 3.6773 (1)
Tel—W1vi 2.698 (3) Te2—Te2i 3.6773 (1)
Tel—Tel! 3.6773 (1) Br1—Te1 2.946 (2)
Tel—Teti 3.6773 (1) Bri—Te1 2.946 (2)
Tel—Tetv 3.291 (3) Br1—Br1i 3.6773 (1)
Tel—Telvi  3.291(3) Br1—Br1i 3.6773 (1)

Tel—Te2vi  3.825 (4)

Symmetry codes: (i) x, y-1, z; (i) x, y+1, z; (iii) —x, y=1/2, =z; (iv) =x, y+1/2, =z; (v) X, y, z+1; (vi) =X, y=1/2, —=z-1; (vii) =X, y+1/2,
=-z-1; (viii) x, y, z=1; (ix) =x=1/2, —=y+1/2, z.Table S20: for WTe,Brgs.

W1—W1—W1i 180 W1i—Te1l—Br1  118.07 (13)
W1—W1—W1ii  50.80 (6) Tel—Tel—Teli 180

W1—W1—W1¥  129.20 (6) Tel—Tel—Tel¥ 56.03 (7)
W1—W1—Te1  90.00 (10) Tel—Tel—Telv 123.97 (7)
W1—W1—Te1"  90.00 (8) Tel—Tel— 90.00 (8)
W1—W1—TetV  47.04 (7) TelTel—Te2 60.51(9)
W1—W1—Tetvi  132.96 (7) Tel—Te1—Te2ii  60.36 (9)
W1—W1—Te2  90.00 (10) Tel—Tel—Te2 119.49 (9)
W1—W1—Te2ii  47.43 (7) Tel—Tel—Te2v 119.64 (9)
W1—W1—Te2v  132.57 (7) Tel—Te1—Br1  90.00 (5)
WA—W1—W1ii  129.20 (6) Teli—Tel—Tel 123.97 (7)
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WA—W1—W1¥
WAI—W1—Te1
WAT—W1—Te1v
WA—W1—Te1
WAI—W1—Te1vi
WAT—W1—Te2
WA—W1—Te2i
WAI—W1—Te2v
WAT—W1—W1¥
WAI—W1—Te1
WAI—W1—Te1v
WAI—W1—Te1vi

WAi—W1—Te2
WAiI—W1—Te2i
WAi—W1—Te2v
W1—W1—Tef

WAN—W1—Te1v
W1v—W1—Te1vi
W1v—W1—Te2
W1v—W1—Te2i
WAN—W1—Te2V
Tel—W1—Te1v
Tel—W1—Te1v
Tel—W1—Te1vi
Tel—W1—Te2
Tel—W1—Te2ii
Tel—W1—Te2V
Tel'—W1—Te1v
Tel'—W1—Te1vi
Tel'—W1—Te2
Te1'—W1—Te2i
Tel'—W1—Te2V
TelVi—W1—
Telvi—W1—Te2
Teli—W1—Te2ii
TelVi—W1—Te2V
Te1vi—W1—Te2
Te1Vi—W1—Te2ii
Tetvi—W1—
Te2—W1—Te2ii
Te2—W1—Te2V
Te2i—W1—Te2V
W1vi—Te1—W1
W1Vi—Te1—W1v
W1vi—_Tel—

Wivi—Te1—Te1i
W1vi—Te1—Te1i
W1Vi—Tel1—
W1vi—Te1—
W1vi—Te1—
W1ivi—Te1—
W1vi—Te1—Br1
W1—Te1—W1v
WA1—Te1—W1vi
W1—Te1—Teti
W1—Tel1—Tefi
W1—Te1—Te1v
W1—Te1—Te1vi
W1—Te1—Te2vii
W1—Te1—Te2v
W1—Te1—Te2ii
W1—Tel1—Te2vi
W1—Te1—Te2V

50.80 (6)
90.00 (10)
90.00 (8)
132.96 (7)
47.04 (7)
90.00 (10)
132.57 (7)
47.43 (7)
78.40 (6)
136.86 (16)
87.61 (13)
145.05 (13)
57.84 (10)
57.20 (10)
108.26 (10)
136.86 (16)
145.05 (13)
87.61 (13)
57.84 (10)
108.26 (10)
57.20 (10)
138.61 (18)
72.95 (12)
72.95 (12)
153.1 (2)
84.02 (14)
84.02 (14)
131.55 (16)
131.55 (16)
68.33 (12)
66.18 (11)
66.18 (11)
85.92 (8)
87.57 (15)
89.85 (13)
156.82 (13)
87.57 (15)
156.82 (13)
89.85 (13)
115.04 (15)
115.04 (15)
85.13 (8)
138.61 (13)
48.45 (9)
48.45 (9)
90.00 (8)
90.00 (8)
95.88 (11)
95.88 (11)
150.16 (13)
150.16 (13)
105.03 (18)
107.05 (13)
107.05 (13)
90.00 (10)
90.00 (10)
51.61 (10)
51.61 (10)
97.63 (14)
148.89 (16)
46.65 (10)
148.89 (16)
46.65 (10)

Teli—Tel—
Teli—Tel—
Teli—Te1—Te2v
Teli—Tel1—Te2i
Teli—Tel—
Teli—Te1—Te2v
Te1i—Te1—Br1
Teli—Tel—
Teli—Te1—
TelVi—Te1—
Teli—Tel—
Tel—Tel—
TelVi—Te1—
Teli—Te1—Br1
TelVi—Tel—
Teli—Tel—
Telvi—Tel—
TelVi—Te1—
Telvi—Tel—
Teli—Te1—Br1
Te2'i—Tel—
Te2Vi—Tel—
Te2vi—Tel—
Te2vi-Te1—
Te2vi-Te1—Br1
Te2V—Tel—
Te2—Tel1—
Te2V—Tel1—
Te2—Te1—Br1
Te2i—Tel1—
Te2i—Tel—
Te2i—Te1—Br1
Te2Vi—Tel—
Te2Vi-Te1—Br1
Te2v—Te1—Br1
W1—Te2—WHii
W1—Te2—W1V
W1—Te2—Te1¥
W1—Te2—Te1Vi
W1—Te2—Tefii
W1—Te2—Te1vi
W1—Te2—Te1V
W1—Te2—Te2
W1—Te2—Te2i
W1i—Te2—W1v
W1ii—Te2—Te1Vi
W1i—Te2—Te il
W1ii—Te2—Te1vi
W1i—Te2—Te1Vv
W1ii—Te2—Te2
W1ii—Te2—Te2i
W1v—Te2—Te1v
W1v—Te2—TeTiii
W1v—Te2—

W1 _Te2—Te1v
W1v—Te2—Te2!
W1v—Te2—Te2i
Te1l'—Te2—Te1v
Te1l'—Te2—Telii
Tel'—Te2—
Teiv—Te2—Te1v
Te1lV—Te2—Te2!
Telv—Te2—Te2i

56.03 (7)
90.00 (8)
119.49 (9)
119.64 (9)
60.51 (9)
60.36 (9)
90.00 (5)
67.93 (7)
62.46 (10)
99.81 (13)
65.82 (10)
136.09 (13)
98.22 (10)
140.20 (11)
62.46 (10)
136.09 (13)
98.22 (10)
99.81 (13)
65.82 (10)
140.20 (11)
74.38 (10)
128.28 (14)
74.38 (10)
128.28 (14)
146.01 (13)
115.33 (15)
58.99 (9)
156.19 (15)
76.14 (16)
156.19 (15)
59.28 (9)
80.04 (17)
115.33 (15)
76.14 (16)
80.04 (17)
64.96 (11)
64.96 (11)
70.69 (12)
46.20 (11)
111.74 (15)
46.20 (11)
111.74 (15)
90.00 (10)
90.00 (10)
85.13 (8)
72.07 (12)
49.33 (10)
110.99 (12)
91.00 (10)
47.43 (7)
132.57 (7)
110.99 (12)
91.00 (10)
72.07 (12)
49.33 (10)
132.57 (7)
47.43 (7)
105.62 (13)
51.72 (9)
105.62 (13)
51.72 (9)
90.00 (8)
90.00 (8)
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W1—Te1—Br1
W1Vi—Tel—W1vi
W1vi—Tel—Tel'
W1—Te1—Tefi
W1vi—Tel—Tet¥
W1vi—Tel—
W1—Te1—
Wiv—Te1—Te2"
W1Vi—Tel—Te2i
W1vi—Tel—
W1—Te1—Te2v
W1vi—Te1—Br1
W1vi—Tel—Tel'
W1¥i—Tel—Teti
W1i—Tel1—
W1vi—Tel—
W1i—Te1—
Wii—Te1—
W1vi—Te1—Te2ii
W1vi—Tel—
Wii—Te1—

Symmetry codes: (i) x, y-1, z; (i) x, y+1, z; (iii) =x, y-1/2, =z; (iv) =x, y+1/2, =z; (v) x, y, z+1; (Vi) =x, y—=1/2, —=z—=1; (vii) =x, y+1/2,

116.36 (19)
85.92 (8)
47.04 (7)
132.96 (7)
55.45 (10)
101.20 (10)
45.29 (9)
46.22 (10)
102.81 (14)
88.81 (10)
153.61 (14)
118.07 (13)
132.96 (7)
47.04 (7)
101.20 (10)
55.45 (10)
45.29 (9)
88.81 (10)
153.61 (14)
46.22 (10)
102.81 (14)

Te1lVi—Te2—
Teli—Te2—
Teli—Te2—
Teii—Te2—Te2i
Te1—Te2—Te2i
Teli—Te2—
Teii—Te2—
Teli—Te2—Te2i
Teli—Te2—Te2i
Te1Vi—Te2—
TeiVi—Te2—Te2
TelVi—Te2—
Telv—Te2—Te2i
Telv—Te2—Te2i
Te2—Te2—Te2i
Te1—Br1—Te1
Te1—Br1—Br1i
Te1—Br1—Br1i
Te1*—Br1—Br1i
Te1*—Br1—Br1i
Br1i—Br1—Br1i

—-z-1; (viii) x, y, z-1; (ix) —x=1/2, —y+1/2, z.

115.33 (15)
58.99 (9)
156.19 (15)
60.51 (9)
119.49 (9)
156.19 (15)
59.28 (9)
60.36 (9)
119.64 (9)
115.33 (15)
119.49 (9)
60.51 (9)
119.64 (9)
60.36 (9)
180

175.42 (13)
90.00 (5)
90.00 (5)
90.00 (5)
90.00 (5)
180
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Crystallographic details for WTe,Bry 25

Table S 21: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x103) for WTe;Bry 25. Ue, is defined as 1/3 of
the trace of the orthogonalised Uj.

Atom X y z U

w4 5000 3794(2) 723(8) 55(2)
w8 5000 3803(2) 5768(8) 57(2)
W6 1607(5) 3809.8(15) 5719(5) 56(2)
w3 3417(5) 3849.9(16) 2475(5) 58(2)
w2 1886(4) 3782.2(15) 703(5) 57(2)
w5 0 3832(2) 7490(7) 55(2)
w7 3155(5) 3850.8(15) 7480(5) 58(2)
WA1 0 3858(2) 2403(8) 64(3)
Te1 0 3357(3) 1159(9) 53(3)
Te3 3411(6) 3323(2) 1265(6) 52(2)
Te13 0 4055(3) 9515(10) 55(3)
Te12 5000 3538(3) 3811(9) 57(3)
Te15 3329(6) 4157(2) -525(7) 55(2)
Tel14 1712(6) 3461(2) 8708(7) 61(3)
Te10 1651(6) 3557(2) 3727(7) 60(3)
Te8 5000 4294(3) 7073(10) 55(3)
Teb6 1594(7) 4313.7(17) 7032(7) 52(2)
Te16 5000 3555(3) 8679(10) 60(3)
Te9 0 4186(3) 4440(11) 57(3)
Tel1 3342(6) 4177.7(19) 4490(7) 55(2)
Teb5 0 3347(3) 6167(10) 59(3)
Te7 3283(7) 3357(2) 6187(7) 58(2)
Te4d 5000 4313(3) 1945(12) 63(3)
Te2 1726(7) 4291(3) 1916(8) 71(3)
Br5 5000 2961(5) 3756(16) 63(5)
Bré 5000 2969(5) 8534(18) 64(5)
Br3 1794(15) 2597(4) 6973(16) 78(4)
Br4 1674(12) 2984(4) 3571(14) 71(4)
Br7 0 4636(6) 9607(19) 71(6)
Br8 3170(20) 5000 10520(20) 74(6)
Br1 5000 2249(6) 3950(20) 74(6)
Br9 3160(20) 5000 8530(20) 75(6)
Br10 0 5000 5910(60) 190(40)
Br2 3175(12) 2438(5) 5615(18) 86(5)
Br12 2920(40) 5000 6020(80) 290(50)
Br13 3020(60) 5000 2760(100) 350(80)
Br11 0 5000 3080(70) 240(60)
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Table S22: Anisotropic Displacement Parameters (x10%) for WTe,Br 2s. The anisotropic displacement factor exponent takes the form: -2m?[h?a*? x
Uyq+ ... +2hka* x b* x Uy,]

Atom Uy U, Uss (7% Uy U
w4 31(3) 80(5) 55(5) 7(4) 0 0
w8 37(4) 79(5) 53(5) -3(4) 0 0
W6 34(3) 77(4) 55(4) -5(3) 1(3) -1(2)
w3 32(3) 91(4) 51(3) 0(3) -1(3) 0(2)
w2 31(3) 81(4) 60(4) 5(3) -1(3) 0(2)
W5 35(4) 76(5) 55(5) 0(4) 0 0
w7 42(3) 80(4) 52(4) 1(3) -2(3) 0(2)
WA1 69(6) 70(5) 55(6) 1(4) 0 0
Te1 26(4) 76(7) 55(7) -5(5) 0 0
Te3 31(3) 81(5) 45(4) -2(3) 1(3) -1(3)
Te13 23(4) 95(8) 49(6) 4(6) 0 0
Te12 24(4) 109(9) 37(6) -5(6) 0 0
Te15 33(3) 85(5) 46(4) 0(4) 1(3) 2(3)
Te14 28(3) 104(6) 49(5) -4(5) 2(3) -1(3)
Te10 25(3) 100(6) 55(5) -7(4) 1(3) -2(3)
Te8 35(5) 73(7) 57(7) -3(5) 0 0
Teb6 43(4) 55(4) 59(5) -5(3) -2(4) -1(3)
Te16 33(5) 93(8) 56(7) -1(6) 0 0
Te9 36(5) 77(7) 58(7) 0(6) 0 0
Tel1 32(3) 76(5) 57(4) -2(4) 0(3) 0(3)
Teb5 29(5) 95(9) 52(7) -1(6) 0 0
Te7 31(3) 84(5) 58(5) 4(4) 1(3) 0(3)
Ted 24(4) 91(8) 74(8) 5(7) 0 0
Te2 20(3) 126(8) 66(6) -2(5) -4(3) 3(4)
Br5 20(6) 118(15) 51(11) 3(10) 0 0
Bré 60(10) 65(11) 67(13) -8(9) 0 0
Br3 57(8) 84(9) 92(11) -2(8) 21(8) 4(7)
Br4 41(6) 87(9) 86(11) 8(8) 1(7) 1(6)
Br7 29(7) 124(18) 58(12) -3(11) 0 0
Br8 64(11) 65(11) 94(16) 0 10(12) 0
Br1 41(9) 102(15) 78(14) 0(12) 0 0
Br9 54(10) 92(14) 79(15) 0 13(10) 0
Br10 370(130) 60(20) 150(60) 0 0 0
Br2 36(6) 118(13) 104(13) 27(11) 9(8) 2(6)
Br12 60(20) 450(130) 370(110) 0 110(40) 0
Br13 190(50) 64(18) 800(200) 0 -300(90) 0
Br11 500(200) 50(20) 170(70) 0 0 0
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Table S23: Bond Lengths in A for WTe,Br 2s.

Atom Atom Length/A
W4 W3 2.789(9)

w4 W3' 2.789(9)

W4 Te3 2.725(11)
W4 Ted! 2.725(11)
w4 Tel5 2.843(11)
w4 Te15? 2.843(11)
W4 Te162 2.778(16)
w4 Ted 2.716(17)
ws w7 2.925(9)

ws w7 2.925(9)

w8 Te12 2.723(15)
w8 Te8 2.680(15)
w8 Tel1 2.883(11)
w8 Te11? 2.883(11)
ws Te? 2.701(11)
ws Te?! 2.701(11)
W6 W5 2.815(9)

W6 w7 2.772(9)

W6 Te10 2.741(11)
W6 Teb6 2.730(10)
W6 Te9 2.852(12)
W6 Tel1 2.883(11)
W6 Te5 2.682(13)
W6 Te7 2.706(10)
w3 w2 2.781(8)

w3 Te3 2.736(11)
W3 Tel2 2.735(12)
W3 Te10 2.758(10)
w3 Tel1 2.910(11)
w3 Te4d 2.692(13)
W3 Te2 2.706(12)
w2 W1 2.955(9)

w2 Tet 2.775(11)

Table S 24: Bond Angles in * for WTe,Br; 2s.

Atom Atom Atom Angle/
W3' W4 W3 74.2(3)
W3' W4 Te15 140.2(4)
w3 W4 Te15! 140.2(4)
W3 W4 Te15' 90.9(2)
w3 W4 Te15 90.9(2)
Te3! W4 W3! 59.5(2)
Te3 W4 w3 59.5(2)
Te3 W4 wa3? 103.8(4)
Ted! W4 W3 103.8(4)
Te3! W4 Te3 76.6(4)
Te3! W4 Tel5 159.3(5)
Te3 W4 Te15 99.3(2)
Te3 W4 Te15! 159.3(5)
Te3! W4 Te15' 99.3(2)
Te3 W4 Te16? 87.6(4)
Te3! w4 Te162  87.6(4)
Tel5' W4 Te15 77.3(4)
Te162 W4 wa3? 140.3(2)
Te16? W4 W3 140.3(2)
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Atom Atom Length/A
W2 Te3 2.653(10)
W2 Te132 2.763(11)
W2 Te15 2.713(10)
W2 Te142 2.879(12)
W2 Te2 2.676(13)
W5 Te13 2.731(16)
W5 Te143 2.866(11)
W5 Tel4 2.866(11)
W5 Te6 2.738(10)
W5 Te6® 2.738(10)
W5 Te5 2.672(16)
W7 Te154 2.849(11)
w7 Te14 2.750(11)
w7 Te8 2.782(11)
W7 Te6 2.653(10)
W7 Te16 2.783(11)
w7 Te7 2.685(12)
W1 Te1 2.668(15)
W1 Te10 2.748(12)
W1 Te103 2.748(12)
W1 Te9 2.933(17)
W1 Te2? 2.685(12)
W1 Te2 2.685(12)
Te13 Br7 2.50(3)
Te12 Br5 2.48(3)
Te10 Br4 2.473(19)
Te16 Br6 2.53(2)
Br3 Br2 2.36(2)
Br8 Br9 2.51(3)
M-X,+y,+2Z; 24X, +Y,-142Z; 3-X,+y,+Z; 44X, +y,1+2
Atom Atom Atom Angle/
Te162 W4 Te15 71.8(4)
Te16? W4 Te15! 71.8(4)
Ted W4 W3 58.5(3)
Ted W4 W3* 58.5(3)
Ted W4 Te3! 118.0(4)
Te4 W4 Te3 118.0(4)
Ted W4 Te15 82.1(4)
Ted W4 Te15' 82.1(4)
Te4 W4 Te16? 146.3(6)
W7 W8 W71 84.1(3)
Te12 W8 W71 134.5(2)
Te12 w8 W7 134.5(2)
Te12 w8 Tel1 74.1(4)
Te12 W8 Te11' 74.1(4)
Te8 w8 W71 59.3(3)
Te8 W8 W7 59.3(3)
Te8 W8 Te12 152.7(6)
Te8 w8 Tel1! 84.4(4)
Te8 w8 Tel1 84.4(4)



Atom Atom Atom Angle/’
Te8 w8 Te7 116.1(4)
Te8 w8 Te?' 116.1(4)
Te11? w8 w71 88.0(2)
Tel1 W8 w7 88.0(2)
Te11? w8 W7 141.6(4)
Tel1 w8 w71 141.6(4)
Tel1 W8 Te11? 75.3(4)
Te7 w8 W71 111.0(4)
Te7 w8 W7 56.8(3)
Te7' w8 W7 111.0(4)
Te7! w8 W71 56.8(3)
Te7! w8 Tel12 83.1(4)
Te7 w8 Tel12 83.1(4)
Te7 W8 Tel1 95.4(3)
Te7 w8 Te11? 156.9(4)
Te7! w8 Te11? 95.5(3)
Te7! W8 Tel1 156.9(4)
Te7 w8 Te?' 84.9(5)
W5 W6 Te9 93.9(3)
W5 W6 Tel1 142.8(3)
W7 W6 W5 73.7(2)
W7 W6 Te9 140.7(4)
W7 W6 Tel1 91.0(3)
Te10 W6 W5 138.9(3)
Te10 W6 W7 138.7(3)
Te10 W6 Te9 73.5(4)
Te10 W6 Tel1 73.3(3)
Teb W6 W5 59.2(3)
Teb W6 W7 57.7(2)
Te6 W6 Te10 150.8(4)
Teb W6 Te9 83.7(3)
Teb W6 Tel1 83.9(3)
Te9 W6 Tel1 76.5(3)
Teb W6 W5 58.1(3)
Te5 w6 w7 104.8(3)
Te5 W6 Te10 84.8(4)
Te5 W6 Teb 117.3(4)
Te5 W6 Te9 99.2(3)
Te5 W6 Tel1 158.1(4)
Te5 W6 Te7 80.7(3)
Te7 W6 W5 104.5(3)
Te7 W6 W7 58.7(3)
Te7 W6 Te10 84.4(3)
Te7 W6 Teb 116.3(3)
Te7 w6 Te9 157.8(4)
Te7 W6 Tel1 95.3(3)
W4 W3 Tel1 138.8(3)
W2 W3 W4 72.8(2)
W2 W3 Tel1 137.6(3)
Te3 W3 W4 59.1(3)
Te3 W3 W2 57.5(2)
Te3 W3 Te10 86.5(3)
Te3 W3 Tel1 152.9(4)
Tel12 W3 W4 94.4(3)
Te12 W3 W2 143.5(4)
Tel12 W3 Te3 86.5(4)
Tel12 W3 Te10 80.8(3)
Te12 W3 Tel1 73.5(3)
Te10 W3 W4 145.6(4)
Te10 W3 W2 90.9(3)
Te10 W3 Tel1 72.6(3)
Te4 w3 W4 59.4(4)
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Atom Atom Atom Angle/’
Ted W3 W2 104.0(4)
Ted W3 Te3 118.5(4)
Ted W3 Te12 97.6(4)
Te4 W3 Te10 154.9(5)
Ted W3 Tel1 82.9(4)
Ted W3 Te2 80.3(3)
Te2 W3 W4 104.7(3)
Te2 W3 W2 58.4(3)
Te2 W3 Te3 115.7(4)
Te2 W3 Tel12 156.0(4)
Te2 W3 Te10 91.1(3)
Te2 W3 Tel1 82.5(3)
W3 W2 W1 78.5(2)
W3 W2 Te142 142.4(3)
Te1 W2 W3 108.9(3)
Te1 W2 W1 55.4(3)
Te1 W2 Te142 79.6(3)
Te3 W2 W3 60.4(3)
Te3 W2 W1 107.5(3)
Te3 W2 Te1 83.9(3)
Te3 W2 Te132 154.7(4)
Te3 W2 Te15 104.6(3)
Te3 W2 Te142 85.2(3)
Te3 W2 Te2 119.7(4)
Te13? W2 W3 144.7(4)
Te13? W2 W1 81.7(3)
Te132 W2 Te1 82.5(3)
Te132 W2 Te142 71.5(4)
Te15 W2 W3 93.9(3)
Te15 W2 W1 137.1(4)
Te15 W2 Te1 156.8(4)
Te15 W2 Te13? 81.2(3)
Te15 W2 Te142 79.7(3)
Te142 W2 W1 130.2(3)
Te2 W2 W3 59.4(3)
Te2 W2 W1 56.7(3)
Te2 W2 Te1 112.0(4)
Te2 W2 Te13? 85.3(4)
Te2 W2 Te15 82.9(3)
Te2 W2 Te142 152.7(4)
wes W5 W6 74.6(3)
W6 W5 Te143 142.4(4)
wes W5 Te143 91.3(2)
W6 W5 Te14 91.3(2)
wes W5 Te14 142.4(4)
Te13 W5 wes 139.1(2)
Te13 W5 W6 139.1(2)
Te13 W5 Te14 72.1(4)
Te13 W5 Te143 72.1(4)
Te13 W5 Teb 86.1(4)
Te13 W5 Te6® 86.1(4)
Te143 W5 Te14 78.8(4)
Te6® W5 W6 103.4(4)
Teb W5 W6 58.9(3)
Te6? W5 wes 58.9(3)
Teb W5 wes 103.4(4)
Te6 W5 Te143 98.2(3)
Teb W5 Te143 158.0(5)
Te6? W5 Te14 158.0(5)
Teb W5 Te14 98.2(3)
Teb W5 Te6? 76.4(4)
Te5 W5 W6 58.4(3)



Atom Atom Atom Angle/ Atom Atom Atom Angle/

Te5 W5 W63 58.4(3) W2 Tel W23 92.4(4)
Te5 W5 Te13 149.2(6) W1 Te1 w2 65.7(3)
Te5 W5 Te143  84.3(4) W1 Te1 W23 65.7(3)
Te5 W5 Tel4 84.3(4) w4 Te3 w3 61.4(3)
Te5 W5 Te6? 117.3(4) w2 Te3 w4 75.9(3)
Te5 W5 Te6 117.3(4) w2 Te3 w3 62.1(3)
W6 w7 w8 78.5(2) W2+ Te13 W25 92.9(4)
W6 w7 Te15*  141.0(3) W5 Te13 W25 111.1(4)
W6 w7 Te8 108.2(3) W5 Te13 w2+ 111.1(4)
W6 w7 Te16 145.6(4) Br7 Te13 W25 113.5(5)
Te15* W7 w8 130.0(3) Br7 Te13 Ww2s 113.5(5)
Tel4 w7 wsa 138.3(4) Br7 Te13 W5 113.2(7)
Tel4 w7 W6 94.7(3) w8 Te12 w3 110.7(5)
Tel4 w7 Te15*  79.6(3) w8 Te12 w3 110.7(5)
Tel4 w7 Te8 156.2(4) w3 Te12 w3 75.9(4)
Tel4 w7 Te16 78.9(3) Br5 Te12 W 116.4(7)
Te8 w7 w8 55.9(3) Br5 Te12 w3 118.3(5)
Te8 w7 Te15*  78.5(3) Br5 Te12 w3 118.3(5)
Te8 w7 Te16 85.3(3) w4 Tel5 W72 106.0(4)
Te6 w7 w8 108.3(3) w2 Tel5 w4 73.0(3)
Te6 w7 W6 60.4(2) w2 Tel5 W72 101.1(3)
Te6 w7 Te15*  83.2(3) W5 Tel4 w2+ 104.1(4)
Te6 w7 Tel4 103.3(3) w7 Tel4 w2+ 99.5(3)
Te6 w7 Tes 83.5(3) w7 Tel4 W5 73.3(3)
Te6 w7 Te16 154.0(4) W6 Te10 w3 110.9(3)
Te6 w7 Te7 119.8(3) W6 Te10 W1 111.1(4)
Te16 w7 w8 84.2(3) W1 Te10 w3 82.5(3)
Te16 w7 Te15*  71.6(3) Br4 Te10 w6 118.0(6)
Te7 w7 wa 57.4(3) Br4 Te10 w3 113.8(5)
Te7 w7 W6 59.4(2) Br4 Te10 W1 115.3(5)
Te7 w7 Te15*  154.3(4) w8 Te8 w7 64.7(3)
Te7 w7 Tel4 83.6(3) w8 Te8 w7 64.7(3)
Te7 w7 Te8 113.3(4) W7 Te8 w7 89.5(4)
Te7 w7 Te16 86.2(4) W6 Te6 W5 62.0(3)
W23 W1 w2 85.4(3) w7 Te6 w6 62.0(2)
Te1 W1 W23 58.9(3) w7 Te6 W5 76.9(3)
Te1 W1 w2 58.9(3) W4s Te16 w7 109.7(4)
Te1 W1 Te10 88.7(4) W4s Te16 w7 109.7(4)
Te1 W1 Te103  88.7(4) w7 Te16 w7 89.5(5)
Te1 W1 Te9 154.8(6) Bré Te16 W44 115.8(7)
Te1 W1 Te2s 115.2(4) Bré Te16 w7 114.6(5)
Te1 W1 Te2 115.2(4) Bré Te16 w7 114.6(5)
Te10 W1 W23 145.4(4) W6 Te9 W63 73.5(4)
Te10 W1 w2 87.6(2) W6 Te9 W1 102.9(4)
Te10° W1 w2 145.4(4) W63 Te9 W1 102.9(4)
Te103 W1 W23 87.6(2) ws Tel1 w3 101.6(3)
Te103 W1 Te10 79.3(4) W6 Tel1 ws 77.4(3)
Te10° W1 Te9 72.1(3) W6 Tel1 w3 102.8(3)
Te10 W1 Te9 72.1(3) We? Te5 W6 79.0(5)
Te9 W1 w2 133.6(2) W5 Te5 WGE 63.4(4)
Te9 W1 W23 133.6(2) W5 Te5 w6 63.4(4)
Te2s W1 W23 56.4(3) w8 Te7 W6 83.6(3)
Te2 W1 W23 111.9(4) w7 Te7 wa 65.8(3)
Te2 W1 w2 56.4(3) w7 Te7 W6 61.9(3)
Te2s W1 w2 111.9(4) w3 Ted w4 62.1(3)
Te2s W1 Te103  91.8(3) W3' Ted w4 62.1(3)
Te2 W1 Te103  154.5(5) W3' Ted w3 77.3(5)
Te2 W1 Te10 91.8(3) w2 Te2 w3 62.2(3)
Te2? W1 Te10 154.5(5) w2 Te2 W1 66.9(3)
Te2 W1 Te9 82.4(4) W1 Te2 w3 84.7(4)
Te2s W1 Te9 82.4(4) S

Te2 w1 Te2s 86.1(5)

=Xy, +Z; 24X, 4y, 1425 3%, 4y, +Z; Xy, 142, 5x 4y 142
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ABSTRACT: A modification of Tel, ({-Tel,) was discovered in an attempt to reproduce a reported
synthesis of WI,, beginning from WTe, and iodine. The crystal structure of {-Tel, was solved from
single-crystal data in the triclinic space group P1, isotypic with the structure of the previously
reported WI,. The crystal structure of {-Tel, contains isolated tetrameric Te ;4 molecules, in which
tellurium atoms are coordinated by six iodine atoms. Electron microprobe and ICP-OES
measurements confirm the identity of the new phase and make the formation of WI, via this
synthesis route implausible. A comparison of {-Tel, with all other Tel, polymorphs is drawn by DFT
calculations and structural relationships. Special conditions regarding the formation of {-Tel, as well

as the phase transition from 0-Tel, into {-Tel, are reported.

B INTRODUCTION

Metal dichalcogenides have been traditionally used for the
preparation of chalcogenide—halide compounds. Syntheses of
this type are exemplified by rhenium, where Re(Ch), (Ch =S,
Se) reacts with halides to yield ReCL,S, ReCl,Se, or Re;Br;Se,.'
A similar type of reaction was reported for the preparation of
WI, by exposure of WTe, to iodine.”

Studies on binary tungsten iodides were reported more than
100 years ago, including the preparation of WI, from a reaction
of WClg with HI at 110 °C.>* A convenient synthesis of
tungsten iodides Wilg-nl, (n = 0, 1, 2) was developed more
recently from a reaction of WClg and Sil, at 120 °C.° After the
discovery of trigonal cluster compounds W;Ig'nl,, their
successive transformation reactions into tetrahedral, square-
pyramidal, and octahedral clusters were explored by thermal
scanning to investigate the binary tungsten iodine system in
more detail, resulting in the discovery of more than 15 binary
tungsten iodides that have been structurally characterized.®
The unusually high preparation temperature reported for W1,
(520 °C)* was also commented upon in this work.’ This
feature and the close structural relationship between the
reported crystal structure of WI, and that of 6-Tel, gave cause
to screen the given reaction between WTe, and I, in detail.

Although the formation of Tel, in this reaction is clear, we
are unable to confirm the formation of WI,, as it seems the
formation of a new modification of Tel, ({-Tel,), adopting the
crystal structure reported for WI,, is favored. The identity of
the product as Tel, is examined by chemical analyses. Lattice
energies of the new {-Tel, phase are reported in comparison
with those of previously reported Tel, phases, and the
formation, relationship, and transformation conditions are
analyzed.

© 2020 American Chemical Society

7 ACS Publications

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. Tel, ({-Tel,) was
synthesized according to the method described in the
literature” for WI,: by heating WTe, with elemental I, at
520 °C for 48 h in a fused silica tube. The resulting black
crystalline powder was selected and indexed in a triclinic unit
cell, isotypic with WI,, and the lattice parameters were refined
using the LeBail method in the Fullprof Suite with the lattice
parameters of WI, as starting values.”® The refined lattice
parameters in comparison with the literature values are given in
Table 1.

A stoichiometric reaction of appropriate proportions of
elemental tellurium and iodine yielded crystals of 6-Tel,
(orthorhombic, Pnma) after cooling from 520—620 °C to
room temperature.

Table 1. Comparison of the Lattice Parameters of so-Called
WI, and ¢-Tel, Refined from Powder X-ray Diffraction Data

lattice param W1, {-Tel,
a/A 7.9291(3) 7.9345(2)
b/A 10.7695(4) 10.7734(5)
/A 10.8117(4) 10.7991(4)
a/deg 85.688(1) 85.623(2)
B/deg 71.772(1) 71.746(2)
y/deg 71.559(1) 71.520(3)
V/A3 831.60(5) 831.19(5)
Received: January 13, 2020 S i
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Published: April 27, 2020
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Both §-Tel, and {-Tel, crystallize from the gas phase so that
single crystals can be obtained quite easily; a specimen of {-
Tel, is displayed in Figure 1.

2213
SE MAG: 500 x HV: 30,0 kV WD: 15,8 mm Px: 0,27 pm

Figure 1. Electron micrograph of a {-Tel, crystal.

A single-crystal diffraction measurement was performed
using suitable single crystals from the reaction WTe, + I, by X-
ray diffraction on a STOE IPDS 2-T system as described in the
Experimental Section.

A structure refinement with the metal sites occupied by
tungsten resulted in R1 = 0.0822 and wR2 = 0.2342 for all
2868 independent reflections. Exchanging tungsten for
tellurium improved the results of the refinement, yielding R1
0.0274 and wR2 0.0491. Details of the structure
refinement, including a comparison with the literature data,
are given in Tables SI and S2 in the Supporting Information.

The crystal structure of {-Tel, is characterized by Te,l 4
molecules, in which tellurium atoms are surrounded by six
iodido ligands in a distorted-octahedral fashion (Figure 2).
This structural pattern has been already reported for 6-Tel, in
the literature.”

Qs

Figure 2. Te,l ;s units in 6-Tel, (left) and in {-Tel, (right) structures.

No less than five modifications have been reported for Tel,,
prepared by evaporation from a HI solution. Their stabilities
have been reported to follow the sequence € < a < f < y < J; 6-
Tel, was considered to be the thermodynamically stable
modification with a melting point of 280 °C."°
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A basic difference among the structures of the a-, §-, y-, 6-,
and {-Tel, modifications is the distortion of the Te
environment by iodide atoms of the Te,J;s body. A
comparison of Te—I distances in the crystal structures of -
Tel, (left) and in {-Tel,, ranging between 272 and 331 pm,
yields average values of 299.8(1) and 299.15(5) pm (Table 2).

Table 2. Comparison of Te—I Distances in §-Tel, and ¢-
Tel,

6-Tel, distance/pm {-Tel, distance/pm

Te(1)-1(1) 277.3(2) Te(2)-1(7) 276.33(6)
Te(1)-1(2) 275.3(1) Te(2)-1(6) 276.81(5)

Te(2)-1(8) 272.30(5)
Te(1)-1(7) 327.9(1) Te(2)-1(4) 330.64(5)

Te(2)-1(3) 322.97(5)
Te(1)-1(9) 320.0(2) Te(2)-1(5) 319.16(5)
Te(2)-1(7) 293.3(3) Te(1)-1(4) 294.80(5)
Te(2)-1(3) 276.6(1) Te(1)-1(2) 273.99(5)
Te(2)-1(4) 277.0(1) Te(1)-1(1) 274.71(5)
Te(2)-1(10) 324.7(1) Te(1)-1(5) 323.11(4)
Te(2)-1(9) 324.1(1) Te(1)-1(5) 329.24(5)
Te(2)-1(8) 298.9(1) Te(1)-1(3) 295.74(5)
Te(3)-1(10) 321.4(2) Te(2)-1(5) 319.16(5)
Te(3)-1(5) 278.9(1) Te(2)-1(8) 272.30(5)

Te(2)-1(6) 276.81(5)
Te(3)-1(8) 323.1(1) Te(2)-1(3) 322.97(5)

Te(2)-1(4) 330.64(5)
Te(3)-1(6) 276.1(2) Te(2)-1(7) 276.33(6)

In spite of similar distances within Te,l, tetramers, their
symmetries and structural arrangements are different. The
Te,l tetramer of 6-Tel, contains a vertical mirror plane,
visible in Figure 2 (left). The arrangements of Te,l;; molecules
in the structures of 6-Tel, (Pnma) and ¢-Tel, (P1) are shown
in Figure 3.

Figure 3. Crystal structures of 5-Tel, (top) and ¢-Tel, (bottom) with
unit cell edges shown.

https://dx.doi.org/10.1021/acs.cgd.0c00053
Cryst. Growth Des. 2020, 20, 3780—3784
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The arrangement of iodine atoms in the structures can be
derived from stacking of hexagonal layers in a nearly close
packing. Tellurium cations occupy one-fourth of the octahedral
sites in every (5-Tel,) interlayer, and half of the octahedral
sites in every other ({-Tel,) interlayer. Hence, the arrange-
ment of Te,;4 molecules in the structure of {-Tel, can be
related to a defect Cdl, structure with empty ([]) octahedral
voids (Te,[1,],¢; see Figure S1) within metal layers.

The crystal structure of a-Tel, has been reported to adopt a
trigonal space group (P3m1) wherein tellurium atoms occupy
half of the metal positions of a 2H-CdI, type structure with
disordered Te,,4 units in the structure.’’ A relationship
between a-Tel, and {-Tel, cannot be clarified due to the lack
of diffraction data for a-Tel, in the literature.

The structure of e-Tel, is also constituted from tetrameric
Te,l,; however, it has a cubane-type structure corresponding
to the crystal structures of TeCl, and TeBr,.

In light of different distortion patterns evident in Tel,
modifications with tetrameric Te,l;s units, calculations of
lattice energies were undertaken.

Lattice Energies of Tel, Modifications. In order to
rationalize the large number of observed polymorphs of Tel,,
density functional theory (DFT) calculations were performed
to obtain the lattice energy (i.e., the total energy at 0 K minus
the zero-point vibrational energy) of the f, 7, §, g0 and ¢
polymorphs both in the structures determined crystallo-
graphically at 300 K (Table 3) and following structural
relaxation (Table 4).

Table 3. Comparison of the Calculated Lattice Energies (E)
of Several Polymorphs of Tel,, with the Increase in Energy
Compared to That of the Most Stable Form Shown as AE

polymorph E/MJ mol™ AE/kJ mol™
B-Tel, —144.3837 62
y-Tel, —144.3899 2.2
6-Tel, —144.3856 0
e-Tel, —144.3877 4.3
{-Tel, —144.3838 6.1

Table 4. Comparison of the Calculated Lattice Energies (E)
of Several Polymorphs of Tel, Following Structural
Relaxation, with the Increase in Energy Compared to That
of the Most Stable Form Shown as AE

polymorph E/MJ mol™* AE/KJ mol™
f-Tel, —144.5699 2.4
y-Tel, —144.5722 1.2
5-Tel, —144.5656 0
&-Tel, —144.5709 6.6
{-Tel, —144.5697 2.5

The 6 polymorph is predicted to be the most stable. The
differences between polymorphs are relatively small—on the
order of a few k] mol™'. The difference between f-Tel, and ¢-
Tel, is particularly small (0.1 kJ mol™); at this energy scale
differences in vibrational entropy (not included in these
calculations) could be sufficient to stabilize one polymorph
over another. Structural relaxation decreased the energies of all
polymorphs by approximately 0.2 MJ mol™'; the ordering of
the stabilities was mostly unaffected, with e-Tel, being the
least stable polymorph following relaxation. Crystal structures
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following structural relaxation are available as part of the
Supporting Information.

Calculations of Madelung energies had previously been used
to estimate the relative stability of the various polymorphs as €
<y <8 < B the ordering here, which also includes
contributions from the energies of the electrons, shows /3 as the
least stable polymorph rather than the most stable but
otherwise is in agreement. A comparison to the reported
ordering of thermal stabilities (¢ < a@ < 8 < y < §)'? indicates
that 6-Tel, is likely the thermodynamic ground state at all
temperatures; it is not stabilized by vibrational entropy.'” This
result indicates that all other polymorphs of Tel, are truly
metastable and require kinetic control for synthesis and that no
phase transition from the §-Tel, form is expected on cooling.

Chemical Analyses. Crystals from the reaction of WTe,
with I, were selected and analyzed for their elemental
compositions to find out about compositional differences
that may exist for -Tel,.

ICP-OES measurement results yielded averaged ratios of the
elements in the sample as follows: Te:I = 1:3.98, with
0.005(2)% W.

Finally, the tellurium to tungsten ratio was inspected by
electron microprobe measurements on different crystals.
Averaged element ratios of the samples were determined as
Te:I = 1:4.0(1). Only in one spot could a tungsten amount of
0.0065 atom % be detected. The results of this measurements
are shown in Table S3.

Transformation of §-Tel, into &-Tel,. 6-Tel, is prepared
from the elements Te and I,, and the synthesis of {-Tel, was
performed, departing from WTe, and I,. This raises the
question whether a catalytic effect could influence the
formation of {-Tel,. From a structural point of view, tungsten
could be easily incorporated into Tel,, as the corresponding
Te—I and W—I distances are practically indistinguishable and
the structure of {-Tel, contains empty voids (Figure S1)
between tetramers (as in 5-Tel, as well). However, chemical
analyses did not show a significant amount of tungsten to be
present in the samples of {-Tel,.

Sublimation experiments of individual phases did not show a
transformation from §-Tel, into {-Tel, or vice versa, so that
both phases remain the same. Finally, the sublimation of -
Tel, yielded a transformation into {-Tel, in the presence of
small portions (single grains) of WTe,, W(CO)g, Mo, or Sn in
vacuum-sealed silica tubes at approximately 200 °C. These
experiments reveal that the presence of impurities plays a
critical role in the formation of {-Tel,.

B CONCLUSION

The reaction between WTe, and iodine has produced hitherto
unknown crystals with the composition Tel, that we call {-
Tel,. A previously obtained product from the given reaction
was obviously assigned by mistake as WI,,” with the same
crystal structure we describe herein for {-Tel,. Analytical
studies confirm the composition as Tel,. We conclude that the
appearance of a WI, with the {-Tel, structure is not confirmed
and the existence of tungsten tetraiodide remains unknown
(WI; and WI, are also unknown). Tungsten tetraiodide, if
existent under ambient conditions, is considered to be a
thermally labile phase, because tungsten iodides are known to
undergo self-reduction at temperatures as low as 100 °C.»>"”

Five modifications (&, f, 7, 6, and €) have been reported for
Tel,, with all of them, except &-Tel,, containing the same
tetrameric Te,l;; molecule with small dimensional derivations.

https://dx.doi.org/10.1021/acs.cgd.0c00053
Cryst. Growth Des. 2020, 20, 3780—3784
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The results of DFT calculations reveal the structure of §-Tel,
to represent the thermodynamic ground state, and all other
polymorphs of Tel, are truly metastable and require kinetic
control for synthesis.

The formation of {-Tel, is enabled by the presence of an
impurity derived from W, Mo, or Sn phases which did not turn
out to be a significant constituent in the structure. 6-Tel, can
be transformed into {-Tel, in the presence of small amounts of
one of the aforementioned external phases via gas-phase
reactions at approximately 200 °C. The temperature depend-
ence of partial pressures of relevant gas-phase species such as
Tel,, Tel,, and I,”° and the influence of a secondary phase do
not provide a uniform picture of the crystallization of Tel, to
understand the formation of {-Tel,.

B EXPERIMENTAL SECTION

Synthesis. Manipulations of starting materials, such as charging
the fused silica ampules with starting materials, were performed in an
argon-filled glovebox (MBraun, Labmaster 130, O, <1 ppm, H,0 <1
ppm).

WTe,. WTe, was prepared from the elements W (ABCR GmbH,
99.95%) and Te (Evochem, 99.999%) and iodine (sublimed, 99.99
%), vacuum-sealed into a silica tube in stoichiometric proportions and
heated at 800 °C for 24 h.

{-Tel, (bulk). A mixture of 100 mg WTe, (0.23 mmol) and 300 mg
of I, (2.4 mmol), fused into an evacuated silica tube, was heated in a
Simon-Miiller furnace at a rate of 2.0 K/min to 520 °C and kept at
this temperature for 48 h (we note that the amount of iodine was
erroneously given as 0.683 mmol instead of 6.83 mmol in ref 2).
Afterward, the ampule was cooled to room temperature at a rate of 0.5
K/min. {-Tel, was obtained at the cooler part of the ampule as a
black crystalline powder, in addition to crystals of (Tels),[Wil,,]."°

o6-Tel,. This form was synthesized from stoichiometric proportions
of Te powder and I, under conditions identical with those described
for {-Tel,.

{-Tely (Single Crystals). Single crystals of {-Tel, were synthesized
by heating 100 mg of WTe, (0.23 mmol) and 300 mg of I, (2.4
mmol) at a rate of 2.0 K/min up to 360 °C in an evacuated silica tube.
The ampule was kept at this temperature for 8 h and then cooled to
room temperature at a rate of 2.0 K/min. The single crystals
(approximate size 0.2 mm) were found in the middle part of the
ampule.

Alternative Synthesis Routes for ¢-Tel,. With W(CO)s. (-Tel,
was obtained by reacting 50.00 mg of tellurium (0.4 mmol) and
198.91 mg of iodine (1.6 mmol) with an addition of 6.89 mg of
W(CO)s (0.02 mmol) fused into an evacuated silica tube. The
ampule with the mixture was heated at a rate of 2.0 K/min to 620 °C,
kept at this temperature for 48 h, and then cooled to room
temperature at a rate of 0.5 K/min. {-Tel, was obtained as a black
powder at the cooler part of the ampule. Similar results were obtained
in the presence of Sn or Mo.

With WTe,. {-Tel, was obtained by reacting 50.00 mg of tellurium
(0.39 mmol) and 198.91 mg of I, (0.78 mmol) with an addition of
8.60 mg WTe, (0.02 mmol) fused into an evacuated silica tube. The
ampule with the mixture was heated at a rate of 2.0 K/min to 620 °C,
kept at this temperature for 48 h, and then cooled to room
temperature at a rate of 0.5 K/min. Tel, was obtained as a black
powder at the cooler part of the ampule.

Powder X-ray Diffraction Studies. All reaction products were
investigated by powder X-ray diffraction (PXRD) using a StadiP
diffractometer (Stoe, Darmstadt) with Ge-monochromated Cu Ka,
radiation and a Mythenl Detector. A black crystalline powder of ¢-
Tel, was selected and indexed as triclinic, isotypic with WI,, and the
lattice parameters were refined using the LeBail fit of the Fullprof
Suite” with the lattice parameters of WI, as starting values. The
refined lattice parameters in comparison with the literature values are
given in Table 1.
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Single-Crystal X-ray Diffraction. Black single crystals of {-Tel,
were selected and mounted on the tip of a glass fiber for an intensity
measurement using a single-crystal X-ray diffractometer (STOE IPDS
2-T, Darmstadt, Germany), equipped with (graphite) monochromatic
Mo Ka radiation (4 = 0.71073 A) at room temperature. Raw data
intensities were corrected for Lorentz factors and polarization by the
IPDS software. Absorption effects were corrected by the X-Red/X-
Shape program of the STOE software. Crystal structure solutions
were obtained by direct methods (SHELXS), followed by full-matrix
least-squares structure refinements with SHELXL-2017."* Details of
the structure refinements are presented in Tables SI and S2.

Electron Microscopy. Scanning electron microscopy (SEM) was
performed on a Hitachi SU8030 scanning electron microscope at a
maximum acceleration voltage of 30 kV and a free working distance of
15.0 mm. EDX investigations were performed with an acceleration
voltage of 30 kV.

ICP-OES. After dissolution of Tel, in 2 wt % of NaOH/H,O, the
W:Te:I ratio was determined by ICP-OES (iCAP 7400 Thermo
Scientific).

Electron Microprobe Analysis. Electron microprobe analysis
was performed on a JEOL 8900 Superprobe spectrometer using an
acceleration voltage of 20 kV, a probe current of 107° A, and a beam
diameter of 107° m. The samples were coated with carbon prior to the
measurements.

Density Functional Theory. DFT calculations were carried out
using the Abinit software package with the projector-augmented wave
(PAW) method."”"® Convergence studies (to 1% in pressure) were
used to choose a 3 X 2 X 2 Monkhorst—Pack grid'® of k points, an 18
Ha coarse grid, and 108 fine-grid plane-wave basis set energy cutoffs.
PAW data sets were used as received from the Abinit library."'""®
Example input files are available as part of the Supporting
Information.
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Table S1. Comparison of the results of single crystal refinements for W1, and ¢-Tel,.

Parameter

WL

(-Tely

Unit cell dimensions

a=7.92913) A

b=10.7695(4) A
c=10.8117(4) A
o= 85.6680(10) °
B =171.7720(10) °
= 71.5590(10) °

a=7.8850(3) A
b=10.7024(5) A
c=10.7485(4) A
o= 85.657(3) °
B=171.789(3) °
y=71.563(3) °

Volume /A3 831.60(5) 817.12(6)

Z 4 4

Measurement temperature 296(2) 293(2)

Crystal size 0.08 x 0.08 x 0.05 mm’? 0.27 x 0.27 x 0.15 mm’?
Independent reflections 3123 2868

Largest diff. peak and hole

7.316 and -9.786 e.A-3

0.739 and -0.538 e.A3

R indices (all data)

R, =0.0646, wR, = 0.1796

R, =0.0274, wR, = 0.0491

Goodness-of-fit on F2

1.142

1.067

3Yarovoi, S. S,; Smolentsev, A. I; Ermolaev, A. V.; Mironov, Y. V., Crystal structure of WL, J. Struct. Chem. 2016, 57 (1), 199-201.

Table S2. Comparison of the atomic coordinates of Wlg* (left) with {-Tel, (right).

Atom Name X y 4 Ugq X y z Ugq
Wil|Tel 0.28223(11) 0.34978(8) 0.36123(8) 0.0293(3) 0.28192(4) 0.35015(3) 0.36120(3) 0.02171(9)
W2|Te2 0.00148(11) 0.24341(8) 0.78446(8) 0.0301(3) 0.00166(4) 0.24328(3) 0.78412(3) 0.0223(1)

11 0.36264(17) 0.24867(13) 0.11585(11) 0.0208(3) 0.36446(5) 0.25222(4) 0.11300(3) 0.0309(1)
12 0.62254(16) 0.22089(14) 0.39562(13) 0.0273(3) 0.62384(5) 0.22237(4) 0.39633(4) 0.0328(1)
13 0.39351(15) 0.58427(12) 0.26151(12) 0.0191(3) 0.39122(4) 0.58806(4) 0.26349(4) 0.02865(9)
14 0.12488(18) 0.13609(13) 0.47873(11) 0.0251(3) 0.12432(5) 0.13732(4) 0.47797(3) 0.0311(1)
15 0.13334(14) 0.49040(12) 0.65564(10) 0.0145(3) 0.13293(4) 0.48899(3) 0.65487(3) 0.02411(9)
16 0.35977(15) 0.12213(14) 0.79693(13) 0.0241(3) 0.36329(5) 0.11902(4) 0.79311(4) 0.0328(1)
17 -0.13321(18) 0.03290(13) 0.84930(12) 0.0277(4) -0.13173(5) 0.02981(4) 0.84984(4) 0.0330(1)
18 -0.13490(18) 0.35369(14) 1.03029(11) 0.0301(4) -0.13241(5) 0.35404(4) 1.02946(3) 0.0341(1)

S2



Table S3. Results of the electron microprobe measurements.

Crystal 1

Element El. Wt% Norm El1% At prop
Te 21.16 20.71 20.615
I 81.04 79.29 79.385
W 0.00 0.00 0.000
Total: 102.21 100.00 100.000
Te:1=1:3.85

Crystal 2

Element El. Wt% Norm At prop
Te 20.93 20.45 20.356

I 81.42 79.55 79.644

W 0.00 0.00 0.000

Total: 102.35 100.00 100.000

Te:1=1:3.91

Crystal 3

Element El. Wt% Norm El1% At prop
Te 19.65 19.93 19.840
I 78.96 80.06 80.153
W 0.0093 0.0095 0.0065
Total: 98.62 100.00 100.000
Te:1=1:4.04

El- Wt%: Element-weight-%
Norm El1%: Normalized Element-%
At prop: Atom proportion

S3



Figure S1. One layer of the crystal structure of Z-Tely highlighting the octahedral voids (some
are highlighted as polyhedras) in the structure (TesUal;5 with Te = blue, I = purple and [ =
green).
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Abstract: The new compound (Tels),[Wel;4] appeared as an
unforeseen product from a reaction of WTe, with iodine at
250 °C, representing an exceptionally low temperature for the
formation of an octahedral tungsten iodide cluster. The crystal
structure, as refined by single-crystal X-ray diffraction, reveals
(Tels)* ions and the well-known [Wgli4]?~ cluster. A chemical

analysis confirms the identity of the product. The electronic
structure of (Tels),[Welq4] is analyzed in view of the relative po-
sition of tellurium states by density functional theory (DFT) cal-
culations. This cluster compound exhibits an indirect band gap
as confirmed by the band structure calculation based on the
HSE06 hybrid functional theory.

Introduction

Our interest in the iodination of WTe, was stimulated by a re-
cent report on the observation of binary WI, from this reac-
tion. Nearly twenty phases have been reported to exist in the
binary W-I system and a little less being confirmed.”! Tungsten
iodides are thermally labile on heating because they are known
to undergo self-reduction by release of |,. For example, the ther-
mal treatment of W;l;, involves the formation of several binary
phases under successive release of I, until the most stable clus-
ter compound Wgl,5 is formed in excess of 300 °C.3 The succes-
sive reduction of WX (X = Cl, Br) with reducing agents also
leads to WeX;5.14

Surprisingly enough, the preparation of WI, was reported
from a reaction at 520 °C!"! where octahedral tungsten iodide
clusters are already formed. The preparation of the herein re-
ported (Tels),[Wel,4] from WTe, and I, at 250 °C represents an
unexpected low formation temperature for an octahedral tung-
sten iodide cluster.

Metal halide clusters with the octahedral [MgXg] cluster core
are evidenced by the binary compounds MogX;, and WeX;, (X =
Cl, Br, 1).”" Many compounds with the [Wgl,,]*~ cluster have
been developed with alkalil® as A,[Wgl14], and alkaline earth!”!
ions as (AE)[Weli4]. Their counterparts with organic cations like
(nBuyN)*®! can serve as soluble starting materials for the prepa-
ration of ligand substituted cluster compounds with the
[WelsLel?™ ion (L is an inorganic or organic ligand).™ These clus-
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ter compounds have shown exceptional photophysical proper-
ties in solid state and in solution, related to their band gaps.'®

Theoretical investigations of the electronic structure of tung-
sten halide clusters were reported, mostly based on molecular
orbital (MO) calculations. Studies of the electronic properties of
isolated hexanuclear tungsten halide clusters [WgX;41>~ (X = |,
Br, Cl) revealed band gaps in the order of 2-3 eV.['!]

In the present work we report the synthesis, crystal structure,
electronic band structure and density of states of (Tels),[Wgli4l.

Results and Discussion

The reaction between WTe, and iodine revealed the new com-
pound (Tels),[Welq4]. The synthesis of the starting material WTe,
was performed straight forward from appropriate amounts of
the elements tungsten and tellurium in a vacuum-sealed silica
tubing at 800 °C.l"?! The phase-purity of WTe, was verified by
X-ray powder diffraction (estimated > 95 %).

The reaction between WTe, and iodine was also performed
in a sealed silica tube. At 250 °C black, air-stable single-crystals
of the new phase (Tels),[Wgl;4] were obtained with &-Tel,!'3! as
a side phase. This emphasizes that the reaction of gaseous iod-
ine leads to the complete consumption of WTe, with the forma-
tion of the cluster compound and Tel,, that tends to sublime
into the colder region of the container. The mechanism of the
formation of an octahedral tungsten cluster from the layered
tungsten ditelluride structure at this low temperature is not
clear.

Interestingly this type of reaction has been used for the origi-
nal synthesis of rhenium chalcohalide cluster compounds
Re;Q,Xs (Q = Se, X = Cl, Br; Q = Te, X = Br), following the reaction
of ReSe, and Cl, (at 450 °C) by Opalovskii and Fedorov.'

The crystal structure of (Tels),[Weli4], as refined by single-
crystal X-ray diffraction (Table 1) is represented by an octahe-
dral [Wgl;4]? cluster and two (Tels)* ions per triclinic unit cell
(Figure 1) resulting from three crystallographic independent W
and one Te atom. (Tels)* ions are known for their trigonal-py-

716 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ramidal structure.l’! A typical feature of the essentially discrete
chalcogen-trihalide cation is the increase of the coordination
number of the chalcogen atom by halogen atoms of surround-
ing halometallate anions.!'®! This feature is also present for the
(Tels)* ion in the crystal structure of (Tels),[Welq4]. Each tellu-
rium atom is comprised in a distorted octahedral environment
of three iodides of the (Tels)* ion itself and three additional
iodide ligands arising from outer iodides (17) of [{Wgl'gH3]%",
shown in Figure 1.

Table 1. Crystal data from the structure refinement for (Tels),[Wel;4].

Identification code CSD-1898645

Formula weight 3896.30 g/mol

Crystal system Triclinic

Space group P1

Unit cell dimensions a=10.2593(4) A
b =10.2987(4) A
c=10.7267(4) A

a=116621(1)°
B =95.123(1)°
y = 95.362(1)°

Volume 997.76(7) A3
z 1
Goodness-of-fit on F? 1.068

Final R indices [/ > 20(/)]
R indices (all data)
Largest diff. peak and hole

Ry = 0.035, wR, = 0.088
R, = 0.044, wR, = 0.094
2.77 and -3.02 e A3

Figure 1. Section of the structure of (Tels),[Wel14], emphasizing the [Wl'gl21>
cluster and its connectivity to tellurium atoms (green) via outer iodide li-
gands.

Corresponding Te-I distances within the (Tels)* ion are at
2.745(1) A, 2.764(1) A and 2.810(1) A and three additional Te-I?
contacts with the iodides of the cluster are at 3.187(2) A,
3.325(1) A and 3.531(2) A.

Another relevant interatomic contact in the structure is due
to the van der Waals interactions between one iodido ligand of
(Tel3)* and an apical iodido ligand of the cluster with an I-I
distance of 3.196(1) A, emphasized in Figure 1 and Figure 2 by
dashed red lines. The overall arrangement in the structure can
be described by an alternating layer arrangement of (Tels)* and
H{Wel'g}l?6] .

The band gap of compounds containing the [Wgl 41>~ clus-
ters usually amounts to 2-3 eV,!" allowing for the unique pho-
tophysical properties of such cluster compounds with respect
to photoluminescence and/or energy transfer reactions includ-
ing the generation of singlet oxygen.!'"'”]
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Figure 2. Projection of the crystal structure of (Tels),[Wgl;4] forming a layered
arrangement. Tungsten atoms are shown blue, iodine violet, and tellurium
atoms green.

Crystals of (Tels),[Wely4] appear with a black body color and
may therefore be expected to have a considerably smaller band
gap than other compounds containing the [Wgli4]%~ cluster.
Several reasons may account for the black body color; such as
defects in the crystal structure or simply a smaller band gap
compared to other compounds containing [Wel,,]1%~ clusters.

A partial substitution of the iodido ligand environment of
the cluster by telluride could introduce a significant change to
the electronic situation, including the appearance of a
[Wgli3Te]l™ cluster, having 23 instead of 24 electrons in W-W
bonding states of the cluster. Tungsten and tellurium atoms
appear quite indistinguishable in the crystal structure refine-
ment, meaning that a substitution of | vs. Te can be neither
detected from the refinement of individual atoms in the crystal
structure nor by differences of respective (W-I and W-Te) bond
lengths.

In attempt to clarify these points, a chemical analysis and an
electronic structure calculation were performed.

Chemical Analysis

ICP-OES measurements on single crystals of (Tels),[Welq4]
yielded averaged ratios of elements in the sample as follows:
W/Te/l = 6:2.24:20.64. Due to the relatively high tellurium con-
tent found in the analysis, an electron microprobe measure-
ment on different crystals of the same batch was done (Table
S1). Some crystal surfaces or surface sections were covered by
an amorphous area containing tellurium (Figure S2). Averaged
element ratios of (non-coated areas) of the samples were deter-
mined as W/Te/l = 6:2.17(3):21.0(1).

Electronic Structure Calculations

For the sake of an investigation of the electronic properties of
(Tels),[Welq4] and for prediction of the contributions of different
atomic states to the valence and conduction bands, the DFT
calculations of the band structure and the total and partial den-
sity of states (DOS) were carried out by using Heyd, Scuseria,
and Ernzerhof screened hybrid density functional theory
(HSE06).1'8 Considering that pure DFT functionals like general-
ized gradient approximation (GGA)!"®! and local density approxi-
mation (LDA)2% underestimate the band gap value by an error

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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that can reach 1.3 eV, the HSE06 hybrid density functional the-
ory was found to decrease this error to 0.2 eV.2" In this work,
the electronic calculation was carried out after structural opti-
mization, which reveals an agreement between experimental
and theoretical cell parameters. As shown in Figure 3, the band
structure shows flat bands over the k-space, suggesting strong
localized electron distribution in the lattice. The partial density
of states calculations reveals that the maximum of the valence
band under the Fermi level (set to 0 eV) is dominated by | (5p)
and W (5d) orbitals. At the bottom of the conduction band,
it is seen that | (5p) and Te (5p) orbitals represent the major
contribution, while the W (5d) states were found to dominate
at relatively higher energy level (3 eV). The band structure cal-
culation indicates an indirect band gap (see Figure S4), which
is estimated to 1.8 eV by the HES06 Hybrid functional theory
and was found to be in accord with experimental results ob-
tained based on Tauc plot?? (see supporting information, Fig-
ure S3). The orbital positions at the bottom of the conduction
band of Te and |, indicate the effect of tellurium in narrowing
the band gap energy compared to what it has been previously
estimated for the [Wgl;4]?~ clusters."™ Indeed, the involvement
of tellurium states in the bottom of the conduction band can
explain the black color of (Tels),[Weli,4] crystals.

Energy (eV)

5

4

3 ——TDOS —— W (s)
< —W(p) —WwW(d)
T 2 —1( —1()
— 1 ——Te (s, Te
>
g 0
o -1

-2

-3

-4

0 ’ 10 1"0 I 3'0 ' 40
Density of states

Figure 3. Calculated electronic band structure (top) and partial and total
(TDOS) density of states (bottom) of (Tels),[Wel,4] based on HSE06 hybrid
functional. Special points in the band structure of the Brillouin zone are T
(0,0,0), F: (0, 0.5, 0), Q: (0, 0.5, 0.5) and Z: (0, O, 0.5).

Conclusion

Although they have been performed many decades ago, halo-
genation reactions of transition metal dichalcogenides are not
fully explored and can provide new findings. The iodination
reaction of WTe, involves the new compound (Tels),[Welq4] with
the well-known [Wgl,4]2~ cluster with the formation of Tel, as a
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second phase. The crystal structure of (Tels),[Wgli4] contains
(Tels)* ions and [Wel,4]%~ clusters, arranged in a layered fashion.

The formation of the new (Tels),[Wgl;4] with an octahedral
tungsten iodide cluster at a temperature as low as 250 °C is
unexpected. The calculated electronic structure of (Tels),[Wgl;4]
reveals the presence of tellurium (p) energy levels at the bot-
tom of the conduction band. Our calculations reveal a consider-
ably smaller band-gap of (Tels),[Wgli4] compared to all other
com-pounds containing [Wgl;41?~ clusters.' The calculated
band structure of (Tels),[Wgli4] shows significant contributions
tellurium and iodine p-states at the bottom of the conduction
band, thereby lowering the band gap.

Experimental Section

Synthesis of WTe, and (Tels),[W¢l;4]: Manipulations of starting
materials were performed in an argon-filled glove box (MBraun, lab-
master 130, O, < 1 ppm, H,O < 1 ppm). WTe, was prepared in a
dry, vacuum sealed silica ampoule (7 mm inner diameter, 9 cm
length) with a 1:2.05 molar ratio of tungsten powder (ABCR GmbH,
99.95 %, 0.6-0.9 micron) and tellurium pieces (Evochem, 99.999 %)
heated in a first step with 2 K/min up to 420 °C, followed by a ramp
of 1 K/min to 700 °C and kept at this temperature for one day (total
mass 2 g). For removing unreacted tellurium, the compound was
then displaced to one end of the ampoule and kept at a tempera-
ture of 650 °C for 24 h, while the other end of the ampoule main-
tained at room temperature.

(Tel3),[Welq4] was prepared by heating a 1:3 molar mixture of WTe,
and iodine in a dry, vacuum sealed silica ampoule (7 mm inner
diameter, 5 cm length) at 250 °C for two days. Single crystals ap-
peared as black crystal plates besides crystals of Tel,, as identified
by powder X-ray diffraction. Tel, was removed by sublimation at
200 °C. Yields were up to 95 %.

Single-crystal X-ray diffraction: A single-crystal of (Tels),[Wgli4]
was selected for a single-crystal X-ray diffraction measurement
(Stoe, IPDS, Darmstadt, Germany) with (graphite) monochromated
Mo-Ka, radiation (4 = 0.71073 A) at room temperature. The crystal
structure refinement and solution was performed with direct meth-
ods (SHELXS) and least square refinements on F? (SHELXL14123]),

Further details of the crystal structure investigation(s) may be ob-
tained from Fachinformationszentrum Karlsruhe. CCDC 1898645
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

ICP-OES: After dissolution of (Telz),[Wgli4] in 2-w% KOH/H,0, the
W/Te/| ratio was determined by ICP-OES (iCAP 7400 Thermo Scien-
tific).

Electron microprobe analysis: Electron microprobe analysis were
performed on a JEOL 8900 Superprobe spectrometer using an ac-
celeration voltage of 15 kV, Probe current 20 nA, beam diameter
5 um.

The samples were coated with carbon prior to the measurements.

UV/Visible near infrared spectroscopy (UV/Vis-NIR). The trans-
mittance of (Tels),[Welq4] sample prepared in KBr matrix was meas-
ured by UV/Vis-NIR spectroscopy. The measurement was performed
using a fiber optic spectrometer purchased from ocean optics
(Maya 2000 pro) with a spectral resolution of 3 nm.

DFT calculations. DFT calculations were performed using CASTEP
simulation package.”?* The electronic band structure and density
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of states were calculated by HES06 Hybrid functional theory starting
form optimized geometry of cell parameters and atomic positions.
The first Brillouin zone integration using I'-center scheme is sam-
pled with a k-point separation on the reciprocal space path of
0.015 A", The plane wave cut-off energy was set to 500 eV. Norm-
conserving pseudo-potential was used to describe the interaction
between electrons and ions. The convergences tolerance of the to-
tal energy for the wave function self-consistent is set to 5 x 1077 eV.
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Table S1. Results of the electron microprobe measurements. Crystal 3 shows partial tellurium-rich coating (3a without and 3b with

coating, see also Figure S2).

Crystal W at% Te at% I at% Sum W:Te:l
1 27.26 6.94 66.03 100.23 6:2.20:21.05
2 27.21 6.91 66.40 100.52 6:2.20:21.21
3a 27.52 6.83 66.27 100.62 6:2.15:20.93
3b 24.85 13.69 61.09 99.63 6:4.76:21.37
4 26.34 6.61 63.23 96.18 6:2.17:20.87
5 27.77 6.85 67.08 101.70 6:2.13:21.00
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Figure S1. SEM image of a (Tels)2[Wsl14] crystal.
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ABSTRACT: The compound Ta,SBr;; was prepared by a ¢ ¢
comproportionation reaction of tantalum bromide with tantalum
and elemental sulfur. The crystal structure, as refined by single-
crystal X-ray diffraction, is composed of clusters with Ta,S cores,
arranged in corrugated van der Waals layers. Individual layers
appear to be displaced relative to each other along one direction.
Successful crystal growth in a melt of CsBr yielded black platelets
of Ta,SBr);, which were used to investigate the electrical properties
of the compound. The electronic structure was studied by diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy and
by density functional theory (DFT) band structure calculations,
revealing this material to be a small-gap semiconductor. DFT results, in combination with magnetic susceptibility measurements,
suggest that metallicity originating from the one unpaired Ta d electron per cluster is most likely suppressed by electronic
correlations, forming a cluster Mott insulator.

Ll Metrics & More | @ Supporting Information

B INTRODUCTION

The chemistry of reduced niobium and tantalum halides is
dominated by cluster compounds prepared by solid-state
synthesis at elevated temperatures. Their structures are
characterized by octahedral metal (M = Nb, Ta) cluster
cores MgX;,'X,* with halide ligands (X = F, Cl, Br, and I) in
edge-bridged (') and terminal (*) positions.” Average oxidation
states in binary tantalum compounds TagX), and TazX,5 range
from +2.33 to +2.5. The electronic structures of such
compounds have been studied, revealing that the MX,,
cluster with M = Nb or Ta is considered electron precise
with 14 electrons per cluster. These skeletal electrons reside in
metal-to-metal bonds of the clusters. As a result of the
separation of adjacent clusters via outer (*) ligands, semi-

Ta; Ch = S, Se, Te; X = Cl, Br, I).”™'* The latter compounds
can be derived from the binary NbyX; (X = Cl, Br, I) structure
by substituting the pj-capping X atom of the cluster with a
chalcogenide (Ch) atom. The structure of Nb,Clg contains
seven skeletal electrons.'” Recently, an interlayer charge
disproportionation has been proposed for Nb;Clg when
lowering the temperature, resulting in a magnetic-to-non-
magnetic phase transition and a structural phase transi-
tion."*”"” Monolayer Nb,Clg has been identified as a cluster
Mott insulator, and has been the subject of significant recent
interest due to its correlated flat metallic bands and the
formation of a quantum spin liquid state due to magnetic
frustration.'®

Trigonal clusters in ANb;SBr, (A = Rb, Cs) also contain
seven skeletal electrons, of which six electrons may be assigned

conducting behavior with poor electrical conductivity is
observed for these crystalline compounds.”™*

Another binary species, MX, with M = Nb, Ta form infinite
chain structures with alternating M-M distances, including
bonding between pairs of metal atoms, which can be described
by a Peierls distortion. The electrical conductivity of NbCl, has
been reported to increase sharply (by a factor of 10°—10°) with
increasing temperature (at 533 K), the Nb—Nb distances also
tend to equalize, but the temperature dependence remains
typical for a semiconductor.’

Known tantalum chalcogenide (Ch) halides include one-
dimensional compounds of the type (TaCh,),X (Ch = Se, Te;
n=1,24; X=Br, 1)6_8 and trinuclear niobium and tantalum
cluster compounds with the stoichiometry M;ChX, (M = Nb,

© 2024 American Chemical Society

\ 4 ACS Publications

for Nb—Nb bonding with one electron per cluster remaining
unpaired.'”*° In their quasi-one-dimensional structure, these
circumstances are expected to lead to a Luttinger liquid-like
behavior.”” These observations illustrate the appeal and
complexity of heterohalide clusters, with their properties
depending on the localized or delocalized distributions of
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their cluster electrons. In this context, the field of reduced
tantalum halides notably lacks compounds having intermediate
oxidation states between +2.5 and +4, which is of interest for
the development of novel heterohalide cluster compounds.

Recently we reported niobium pnictide-halides Nb,PnX,,
(Pn = N, P; X = Cl, Br, I) containing the butterfly shaped
[Nb,] niobium cluster, y,-capped by a pnictogen (N or P)
atom.”’ In our current work, we describe the related
compound Ta,SBr;, containing a butterfly shaped [Ta,]
tantalum cluster compound with a p,-capped sulfide atom.
Specifically, we report the solid-state synthesis, crystal
structure, electrical conductivity, magnetic susceptibility and
the calculated band structure of Ta,SBry;. These results
suggest that Ta,SBr); is a cluster Mott insulator with a van der
Waals layered structure. Other Mott insulators containing Ta
include the cluster compound GaTa,Se;”” and the van der
Waals material TaS,;** Ta,SBr;, demonstrates an interesting
combination of these two structural features.

B RESULTS AND DISCUSSION

Synthesis. Ta,SBr,, was prepared from tantalum, tantalum-
(V) bromide and sulfur at 400 °C. It is obtained as black, rod-
shaped platelets showing metallic luster. The compound was
obtained from a high yield reaction, according to the powder
XRD pattern (Figure S1). The addition of CsBr to the reaction
mixture was found to improve crystal growth. In this process,
CsBr and TaBr; form a eutectic melt allowing the reaction to
proceed and promoting the formation of sizable crystals of
Ta,SBr),. Figure 1 shows electron micrographs of Ta,SBry;
crystals from the direct synthesis (a) and significantly larger
crystals grown from a CsBr flux (b and c).

The crystal growth process involves the compounds
CsTaBrg™* and Cs,TaBrg as intermediate products or side-
phases, whose structures were characterized by means of
single-crystal X-ray diffraction techniques. The as-yet unre-
ported compound Cs,TaBrg crglstallizes in the space group
Fm3m with a = 10.6831(2) A,” isostructural to K,TaCl,*°
The structure can be described as a face-centered cubic
packing of [TaBr4]*~ octahedra with Cs* in cuboctahedral
voids formed by bromides (Figure S3).

TXRF, EDX, and SEM. Elemental analysis of crystalline
samples of Ta,SBr;; was performed with two techniques. Total
reflection X-ray fluorescence (TXRF) measurements revealed a
Ta: S : Br ratio of 4.00 : 1.05(4) : 11.08(7). Energy-dispersive
X-ray spectroscopy (EDX) measurements on various spots of
single crystals resulted in a emission spectrum corresponding
to an average Ta : S : Br ratio of 4.00 : 1.2(+0.23) :
11.77(+0.76), verifying the composition determined by single-
crystal XRD.

Crystal Structure. The crystal structure of Ta,SBr;;, as
refined on the basis of single-crystal XRD data (Table S1) at
150 K, was found to be intrinsically disordered (Table S2 and
Figure 2). The average structure was solved and refined in the
space group Pmmn and contains two distinct tantalum
positions: one tantalum atom in a split position on both
sides of a mirror plane and the second position with 50%
occupancy. Out of four independent bromides in the structure,
one (Br4) shares its position with the sulfur (50% each) in a
bridging position.

Using these split positions, refinements resulted in wR,
values below 4%, yielding a kinked van der Waals type layer
structure with stacking orthogonal to the c-axis direction
(Figure 2). However, all reasonable structure models require a

Figure 1. Scanning electron microscope (SEM) micrographs of
Ta,SBry, crystals obtained from the direct synthesis (a) and grown
from a flux of CsBr (b and c).

doubling of the a lattice parameter and thus a superstructure.
Close inspection of the diffraction patterns yielded diffuse
scattering along a* rather than sharp superstructure reflections
(Figure S2). Assuming a translation period of 24, the disorder
can be resolved and ordered structure models developed in a
straightforward manner. A similar average structure was
previously reported and decomposed for Nb,PnX;; (Pn = N,
P; X = Cl, Br, I).”!

The characteristic motif in the structure of Ta,SBr;; is the
butterfly shaped Ta,(u,-S) cluster core with a capping sulfur
atom (Figure 3). For each cluster, there are four bridging
bromido ligands, Br3 and Br4, connecting the cluster into
linear chains along [100], that will be compared below with the
arrangement of atoms in structure of TaBr,. Furthermore, the
bromides Br2 connect the butterfly clusters along [010]. These
bridging functionalities together create layers within the a,b
plane of the structure.

However, the connection of Ta,S clusters within one layer of
the structure (via Br2) can be accomplished in two different
ways, as can be understood from the average structure
displayed in Figure S4. This leads to two possible cluster
arrangements within layers of the structure, one kinked and
one linear, as shown in Figure 4.

The connectivity of clusters via Br2 ligands creates an
inversion center between butterfly clusters that can be

https://doi.org/10.1021/acs.inorgchem.4c02896
Inorg. Chem. 2024, 63, 19717-19727
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Figure 2. Refined average structure of Ta,SBr;, in two projections.
Tantalum atoms are depicted in blue, bromine in brown and sulfur in
yellow.

envisioned in Figure S, thereby creating a sinusoidal pattern
within each layer. This arrangement is further expanded in
Figure 6, emphasizing the arrangement of corrugated layers in
the structure. It is evident that the structure demonstrates van
der Waals bonding between layers. In planar van der Waals
layer structures, such as graphite or in transition metal
dichalcogenides, shearing of layers may occur along different
directions.”’ > Due to the corrugated layer structure of

Figure 3. Characteristic [Ta,(1,S)] butterfly cluster in the structure
of Ta,SBr;;, with its connectivity pattern implied by broken bonds.
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Figure 4. Two possible cluster arrangements, kinked (left) and linear
(right) in a single layer of Ta,SBr,;, shown with respective unit cells
(black lines) given in Table 1.
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Figure S. Section of the Ta,SBry, structure, visualizing the corrugated
connectivity of two clusters along the b-axis.

Ta,SBr,;, shearing can occur only along one direction, which is
along [100] as indicated by the red arrow in Figure 6.

Shearing of layers parallel to [100] results in essentially two
different possible arrangements of layers. Figure 7 shows two
possible sequences of cluster layers, held together by the van
der Waals interactions, in which the stacking of clusters is
eclipsed (left) or staggered (right).

In summary, the average structure of Ta,SBry; (Figure 2 and
Figure S4) can be explained as a superposition of in-plane and
interplane disorder. Each of these types of disorder can be
decomposed into two main arrangements, resulting in four
ordered structures with reduced symmetries, which are
presented in Table 1. The kinked arrangement of layers can
be described with the monoclinic space group P2,/m, with a

https://doi.org/10.1021/acs.inorgchem.4c02896
Inorg. Chem. 2024, 63, 19717-19727
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Figure 6. Corrugated layer structure of Ta,SBr);. The red arrow highlights the shearing direction of the layers.

Figure 7. Possible arrangements of two parallel chains hold together
by a van der Waals gap (dashed lines). Clusters can be either stacked
in an eclipsed (left) or staggered (right) fashion. Relevant
crystallographic information for both structures are given in Table 1.

monoclinic angle (f) that is dependent on the stacking of
layers (90° in eclipsed and 115.38° in staggered cluster
stacking). For the linear arrangement of clusters (Figure 4,
right) within layers, the resulting space groups are P2/c
(eclipsed) and C2/c (staggered), where the monoclinic angle
defines the arrangements of the clusters within the layers. The
lattice constant a and the unit cell volume V are doubled, or
even quadrupled for the linear arrangement within layers and a
staggered arrangement between layers, when compared to the
average structure.

Ta—Ta distances along the four edges of the butterfly cluster
are equal, with dp,;_1,, = 309.14(3) pm, while the connecting
edge between the cluster triangles is shorter with dp, 1, =
291.50(4) pm. The distance between adjacent clusters is
drai—Ta1 = 418.46(4) pm, and the distances Ta—S are dp,;_g =

231.0(1) pm and dr,,_g = 248.5(4) pm. The connectivity of
the 1D butterfly cluster chains along [100] is comparable to
that of the structure of metal tetrahalides. The Ta—Ta
distances within and between the butterfly clusters in
Ta,SBr;; are compared with the alternating short and long
M~—M distances in TaBr, and WBr, in Figure 8.°”*" The given
sections of structures are easily comparable, with the
appearance of alternating short and long distances between
metal atoms. In TaBr,, the ratio of the short distance to the
long distance is 0.764, and for WBr, it is 0.691. In Ta,SBr;,
this ratio is 0.696. Given that two tantalum atoms in TaBr,
form a two-center-two-electron bond, and tungsten atoms
form a two-center-four-electron bond in WBr,, the ratio in
Ta,SBr, appears to be closer to the double bond character in
WBr,.

With seven skeletal electrons, Ta,SBr;; contains the same
number of cluster electrons as Nb;Brg and CsNb;Br,S, but it is
obvious that the electronic structures of these compounds are
different. An odd number of electrons can give rise to different
kinds of electronic behavior, which are very much dependent
on the crystal structure, as outlined through the examples of
Nb;Brg and CsNb;Br,S in the Introduction. In attempt to
analyze the electronic properties of Ta,SBr;;, we performed
DRIFT spectroscopy as well as conductivity, magnetic
measurements and electronic band structure calculations
using density functional theory (DFT).

DRIFT Optical Band Gap Determination. The absorp-
tion coeflicient F was obtained using Kubelka—Munk analysis

2
following F(R,) = % = %, where R = ;m—m”k is the

standard

Table 1. Crystallographic Data of the Average Structure of Ta,SBr;; Compared to Those of Ordered Structures

intralayer arrangement: kinked intralayer arrangement: linear
interlayer arrangement: interlayer arrangement:

average structure eclipsed staggered eclipsed staggered
space group Pmmn P2,/m P2,/m P2/c C2/c
crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic
a/pm 355.07(1) 710.1 710.1 710.1 710.1
b/pm 1546.90(4) 1546.9 1546.9 748.42 1496.8
¢/pm 748.42(3) 748.4 828.38 1587.13 1587.13
ﬁ/A 90.000 90.000 115.381 102.928 102.928
V/A3 411.08(2) 822.15 822.15 822.15 1644.30

19720 https://doi.org/10.1021/acs.inorgchem.4c02896
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Figure 8. Comparison of 1D strands in the structures of Ta,SBry,,
TaBr,,** and WBr,”" with metal-to-metal distances given in pm.
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Figure 9. Optical absorption coeflicient spectra of Ta,SBr;; with the
Boltzmann function used to fit & (normalized) (R* = 0.997, y* = 3.01
X 107% signals around 0.29 eV can be assigned to atmospheric
absorption bands of CO,).

reflectance of an infinitely thick specimen, « is the absorption
and S is the scattering coeflicient. For particle sizes greater than
the light wavelengths measured, the scattering coefficient is
understood to be approximately independent of frequency
(F(Ry,) ~ a) and therefore F(R,,) could be understood as a
“pseudoabsorbance” coefficient.** "

The observed absorption edge in the spectrum is very broad,
which causes a high difference between the calculated direct
and indirect bandgap. An alternative band gap determination
according to Zanata et al. was performed to account for the
disordered structure (see Figure 9).” The energy is plotted
against the absorption coeflicient  and fitted with a sigmoid-
Boltzmann function:

a(E) = ap,, +

_ pBoliz
1+ exp(E ;0 )

where @, (@) stands for the minimum (maximum)
absorption coefficient; E5”* is the energy coordinate at
which the absorption coeflicient is halfway between «,,;, and
Qs and OF is associated with the slope of the sigmoid,
indicating the energy range over which most optical transitions
occur, and gives an idea of the magnitude of the disorder.*

The band gap can then be calculated by following equation
with nB2% = 0.3 and nl% = 4.3

indir —

Boltz __ - Boltz Boltz
Eg =E, - ndir/indir'éE

and results with SE = 0.0933(8) eV in a direct Eg"hz(direct) =
0.4181(3) eV and indirect Eg"hz(indirect) = 0.044(3) eV
bandgap. Since the center of the absorption edge is at about
~0.45 eV, a direct band gap can be assumed with a very broad
slope of 6E = 0.0933(8) eV, originating from the disordered
structure.

However, the Tauc plot (EJ% = 0.455 eV and EL%¢ = 0.183
eV with a &~ F(R,)) yielded a broad spectrum that made an
unambiguous bandgap determination challenging (see Figure
S6), which is why the Zanata method was preferred here.”’ We
note that these values are somewhat smaller than the DFT-
calculated band gap of 0.4 eV (see below). However, the DFT
bandgap is dependent on the value of the adjustable
phenomenological Hubbard U parameter. Therefore, the
difference between the experimental and calculated gap is, in
this case, an indicator of the reasonable but not perfect choice
of U. Additionally, the effects of disorder are not included in
the DFT calculation; disorder in general acts to transform
indirect gaps to direct gaps, as indirect band gaps are
necessarily reliant on the presence of translational symmetry.
Relatively mild structural disorder (e.g., introduction of
defects)* can be sufficient to cause such a transition.

Electrical Properties. Further information regarding the
band gap, as well as the electronic properties was obtained by
temperature-dependent conductivity measurements. We per-
formed two-point probe I—V scans (see Figure S7 for a typical
measurement) to determine the electrical conductivity in the
temperature range between 20 and 300 K (Figure S8 left). For
each temperature the current voltage characteristic shows
ohmic behavior, as exemplarily shown in Figure S7 left. In
addition, an ample and rapid photoresponse to optical
excitation at 779 nm was observed (Figure S8 right). Under
the assumption of Arrhenius-type temperature-activated
hopping transport, two distinct linear regions were obtained
in the Arrhenius plots, specifically from 300—100 K and from
100—20 K (Figure 10). Assuming a position of the Fermi level
in the middle of the bandgap, we derive the corresponding
activation energies for the two domains and relate their values
to Eg/2. The energy gap in electron volts can be extracted and
displayed according to the following approximation:**~*

E, = —slope-In(10)-2-k-6.25-10"%V

Following this approximation gives Eg, = 0.124 eV and Eg,
= 0.424 eV. These values are in reasonable agreement with the
indirect and direct band gaps, obtained by the Zanata analysis
of the DRIFT spectroscopy data. The sudden change in the
temperature-dependent transport data at 100 K may indicate a
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Figure 10. Arrhenius-plot of the temperature-dependent conductivity
shown in Figure S8. Two regimes can be identified and fitted linearly
to determine the electronic band gap.

phase transition or some other change in the electronic
structure.

Crystal Structure Refinement at 80 K. Following the
result of two distinct slopes in the temperature-dependent
conductivity measurement, we performed another crystal-
structure refinement based on a measurement at lower
temperature. The crystal structure refinement data at 80 K
did not show a phase-transition relative to the previously
refined structure at 150 K. A comparison of refined interatomic
distances in Ta,SBr;; at 150 and 80 K is given in Table 2.

Table 2. Comparison of Selected Interatomic Distances in
Ta,SBr,; at 150 and 80 K

Ta,SBr,, distance (pm) 150 K 80 K
Ta(1)—Ta(2) 309.14(3) 309.30(9)
Ta(2)—Ta(2) 291.50(4) 291.6(1)

418.64(4) 417.4(1)
Ta(1)-S 231.0(1) 231.1(2)
Ta(2)-S 248.5(4) 248.9(7)

Interatomic distances within the butterfly cluster are almost
identical. Only the Ta2—Ta2 distance connecting two short
edges of butterfly cluster is decreased by 1.2 pm at 80 K (see
Figure 3 for comparison). Although we must consider this
change as significant (because it is above the 3¢ limit), it is not
clear if this change indicates a weaker decay of the electric
conductivity (decrease of activation energy) below 100 K.
However, a convergence of short and long metal-to-metal
distances in the Peierls-distorted structure of NbCl, has been
reported to increase the electrical conductivity, as mentioned
in the introduction.’

Magnetic Properties. The temperature dependence of the
magnetic susceptibility was measured at 1 and 0.5 T and
proved the purity of the measured sample with paramagnetic
response down to 2 K. The data for measurements at 1 T are
depicted in Figure 11, showing a plot of the inverse magnetic
susceptibility with a modified Curie—Weiss fit (y(T) = C(T —
6,) + yo wherein C, 6, and y, are the Curie constant, the Weiss
temperature, and the temperature-independent susceptibility).
The magnetic susceptibility follows Curie—Weiss behavior
from 100 K, and a fit to the data gives an effective magnetic
moment gz = 1.23(1) ug per formula unit as well as a Weiss

T (K)

Figure 11. Temperature dependence of magnetic susceptibility (red
squares) and inverse magnetic susceptibility (blue squares) with
plotted modified Curie—Weiss fit.

temperature 6, = —49(1) K, pointing to antiferromagnetic
interactions and temperature-independent susceptibility y, =
1.2(5) 107® m*/mol. These findings are consistent with the
assignment of Ta,SBry; as a Mott insulator (see DFT results
below), specifically as a paramagnet with local antiferromag-
netic correlations.’® The observed value of g is slightly less
than the calculated value of one unpaired electron (p.¢ = 1.73
ug), which could be due to formation of electron pairs
(intercluster singlet formation) at defects or domain walls
within the disordered crystal.'®

DFT Calculations. The electronic band structure of
Ta,SBr); was separately calculated for each of the intra- and
interlayer arrangements of clusters shown in Table 1, initially
without inclusion of any magnetic ordering of the unpaired
spins. These calculations resulted, in all cases, in metallic band
structures, with two half-occupied Ta d bands at the Fermi
energy. As this finding is inconsistent with experimental results
showing the material to be a semiconductor, several potential
mechanisms of band gap opening were tested theoretically.
First, spin—orbit coupling (SOC) was introduced into the
calculations (Figure SS), since SOC can open band gaps, for
example in topological insulators.”” However, despite the
significant SOC in Ta,* its effect on the bands near the Fermi
energy was relatively small, and the material remained metallic.

Second, we consider the formation of a Mott insulator, i.e. a
state where the combination of strong electronic correlations
(specifically electron—electron repulsion) and antiferromag-
netic exchange interactions leads to electron localization and
the opening of a band gap.***’ In order to model such a state
using DFT, we combine an antiferromagnetic ordering of the
unpaired electron spins, with the Hubbard U correction® on
the Ta sites, which accounts for electronic correlations. A value
of Uy = 4.5 eV was chosen based on the literature.>’ As DFT
calculations combining the Hubbard U correction with SOC
are computationally intensive, only two combinations of
crystallographic and magnetic structure were trialed.

As Figure 12 shows, the combination of the linear intralayer,
eclipsed interlayer arrangement with an antiferromagnetic
ordering involving alternating cluster magnetic moments along
c opened a band gap. This gap has a magnitude of 0.4 eV and is

indirect, lying between the valence band maximum at Z (O%O)
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Figure 12. Calculated electronic band structure (top) of eclipsed
Ta,SBry, layers, with a linear intralayer arrangement of clusters and
antiferromagnetic ordering of the unpaired spins (bottom), showing
the opening of a gap due to strong electronic correlations and the
formation of a Mott insulator. Ta atoms with spins oriented in the + ¢
direction are colored in red; those with spins oriented in the — ¢
direction are colored in blue. Br atoms are not shown for clarity. The
magnetic supercell (64 atoms) used for the calculation is shown as a
black outline. The bands within 1.75 eV of the Fermi level show Ta d
character; the lower bands show significant hybridization with the Br
p bands at —2 eV. Special points in and paths through the Brillouin
zone were chosen following literature.*>

and the conduction band minimum at I" (0 0 0). The DFT-
calculated magnetic moments on the Ta atoms corresponded
to 0.9 electronic moments per cluster, indicating a high degree
of local magnetic polarization of the one unpaired electron per
cluster. This polarization, in combination with the emergence
of a band gap, corresponds to the formation of a Mott
insulating state. The Ta d bands are found to hybridize with
the Br p bands, indicating the presence of some covalent
character to the Ta—Br bonding.

The second structure tested, which had the same magnetic
ordering but a linear intralayer, staggered interlayer crystallo-
graphic structure, remained metallic (Figure 13). This can be
attributed to the smaller degree of magnetic polarization, with
only 0.6 electronic moments per cluster. Whereas in the case
shown in Figure 12, the spins were aligned along + ¢ (along
the corrugation direction), here the predominant component
of the magnetic moment vector lies along + 4, ie. in an
interlayer direction. Interestingly, this implies that the
interlayer stacking could have a significant impact on the
electronic and magnetic structure of the material. The
properties of monolayers or bilayers of Ta,SBr); are therefore

a\ooo '°°°o °
I_.c °e° °

Figure 13. Calculated electronic band structure (top) of staggered
Ta,SBr), layers, with a linear intralayer arrangement of clusters and
antiferromagnetic ordering of the unpaired spins (bottom), showing
the absence of a band gap. The two magnetic sublattices (with the
predominant component of the spin aligned along + a) are colored in
red and blue, respectively (bottom). Br atoms are not shown for
clarity. The unit cell used for the calculation is shown as a black
outline. Special points in and paths through the Brillouin zone were
chosen following literature.”

an interesting direction for further research, especially since we
note that the metallic bands shown in Figure 13 are nearly flat,
an interesting phenomenon (related to superconductivity and
other quantum properties) shared with monolayer Nb;Clg'”
and twisted bilayer graphene.”” It is important to note that this
result does not by itself demonstrate that the linear, staggered
configuration should be metallic, as there are other possible
magnetic orderings which were not tested due to the
demanding nature of these calculations..

Another mechanism of gap opening, the charge density wave
(CDW) instability (the 2-dimensional analogue of the 1-
dimensional Peierls instability),46’49'54 was not investigated in
depth, as magnetic susceptibility measurements (see above)
are consistent with the Mott insulator hypothesis. However, we
note that the calculated Fermi surfaces (Figure SS) show
pseudo-2D bands, indicating the possibility of CDW
instabilities. Such instabilities could cause structural disorder
without leading to the opening of an electronic band gap, as is
seen in the van der Waals material WTe,1.>

At first intuition, neither of the disordered arrangements
within and between layers seems to be energetically favored. In
order to estimate the potential energy landscape related to
shearing along the van der Waals layers (see Figure 7), we

https://doi.org/10.1021/acs.inorgchem.4c02896
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compared the lattice energy (without the inclusion of the
Hubbard U or magnetic ordering) of the four arrangements
shown in Table 1. The linear, staggered configuration was
found to have the lowest energy, with both eclipsed
configurations having energies 0.04 eV (4 kJ/mol) higher,
and the kinked, staggered configuration having the highest
energy at 0.1 eV (9 kJ/mol) above the minimum. These
differences are significant, and are large enough that thermal
effects at 80—150 K (the temperatures at which the crystal
structure was determined) would not be sufficiently large to
cause the observed disorder. However, the thermal energy
available at the synthesis temperature (673 K), might be
sufficiently large to cause disorder, which then could be frozen
into the structure upon cooling. In addition, the calculated
structures may not reflect the correct energy differences of the
full range of possible disordered layered structures, where
larger cells with more complex layer disorder would also have
to be considered, exponentially increasing the computational
time.

B CONCLUSIONS

The new material Ta,SBr;; is characterized by bridged
[Tay(us-S)] butterfly clusters, connected by bromides to
form a corrugated van der Waals type layer structure. This
compound parallels the structure of the previously reported
compounds Nb,PnX;; (Pn = N, P; X = Cl, Br, I), which
represents a six-electron cluster. Both compounds exhibit
complex disordering patterns, indicated by characteristic
streaks in their XRD patterns The structural disorder in
Ta,SBr;; can be understood as a combination of in-plane
disorder, due to two different cluster connectivities, and
interlayer shear along the [100] direction.

The connectivity of the clusters parallels the structure of
NbCl, along one direction, where the alternation of metal-to-
metal distances indicates metal—metal bonding with concom-
itant modification of the electronic structure. The small-gap
semiconductor Ta,SBr;, represents another example of a
seven-electron cluster, like Nb;Clg and CsNb;Br,S. In all of
these compounds, the presence of an unpaired electron in each
cluster, in combination with strong electronic correlations,
leads to unusual properties which cannot be explained by
simple band theory. Electronic structure calculations in
combination with experimental results lead us to conclude
that Ta,SBr;; is likely to be a cluster Mott insulator, like
monolayer Nb;Clg. If monolayers of Ta,SBr,; can be prepared,
they might also have interesting emergent properties such as
flat electronic bands.

B EXPERIMENTAL SECTION

Synthesis and Crystal Structure. Manipulations of starting
materials, such as charging the silica ampules (estimated volume $§
cm®) with starting materials were performed in an argon-filled
glovebox (MBraun, labmaster 130, O, < 1 ppm, H,0 < 1 ppm).

Ta,SBry; Bulk Synthesis. A mixture of TaBr; (234.3 mg, 0.40
mmol, Sigma-Aldrich, 99.9%), Ta (59.8 mg, 0.33 mmol, Merck, 98%)
and Sg (5.9 mg, 0.18 mmol, Carl Roth GmbH, 99.9%), fused into an
evacuated silica tube, was heated with 2.0 K/min in a Simon-Miiller-
farnace. After heating at 400 °C (200 h), Ta,SBr,; was obtained as
crystalline powder.

Ta,SBr;; Single Crystals. CsBr (39.1 mg, 0.18 mmol, Merck,
99.9%) was added to the reaction mixture as a flux. Hereby, CsBr and
TaBr; (234.3 mg, 0.40 mmol) react to CsTaBr,, and Cs,TaBr, as
intermediate reactants, which react with Ta (59.8 mg, 0.33 mmol)
and Sg (5.9 mg, 0.18 mmol). To obtain X-ray pure phases, the powder

was resealed in a second hourglass-ampule (length: 14 cm).
Unreacted TaBrs and TaOBr, were sublimed off in a temperature
gradient 400 °C/300 °C. Yield: 55—65%. A PXRD pattern of the
product is shown in Figure SI.

Powder X-ray Diffraction. All reaction products were inves-
tigated by powder X-ray diffraction (PXRD) using a StadiP
diffractometer (Stoe, Darmstadt) with Ge-monochromated Cu—Ky,
radiation, and a Mythenl Detector.

Single-Crystal X-ray Diffraction. Data collections were
performed on a Rigaku XtaLAB Synergy-S single-crystal X-ray
diffractometer equipped with HyPix-6000HE detector and mono-
chromated Mo—K,, radiation (4 = 0.7107 A) and Cu—K,, radiation (1
= 1.54184 A) at 150 and 80 K. X-ray intensities were corrected for
absorption with a numerical method (crystal faces) using CrysAlisPro
1.171.41.67a (Rigaku Oxford Diffraction, 2020). This software was
also used to calculate reconstructed reciprocal space sections. The
average structures were solved by direct methods (SHELXS) and
refined by full-matrix least-squares methods performed with SHELXL-
2014 as implemented in Olex2 1.3-ac4.44.

CCDC 2352652 contains the supplementary crystallographic data
for Ta,SBr;; at 80 K; CCDC 2181179 for Ta,SBr,; at 150 K; CCDC
2327955 for Cs,TaBrg. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/structures.

EDX and SEM. Energy dispersive X-ray spectroscopy (EDX) and
Scanning electron microscopy (SEM) were performed on a
HITACHI SU8030 scanning electron microscope with a Bruker
QUANTAX 6G EDX-detector. For this purpose, single crystals of
Ta,SBr;;, were fixed on carbon-tapes.

Electrical Conductivity. Conductivity measurements were
performed in a Lake ShoreCryotronics CRX-6.5K probe station
with a Keithley 2636B source meter unit. Rod-shaped crystals of
Ta,SBr;; were contacted with silver paste on a silicon substrate with
770 nm oxide layer and transferred into the chamber under protective
gas. The conductive silver pads at each end of the crystals were
connected to the circuit with tungsten tips (Figure S7 right). The
chamber was kept under vacuum (<3 X 107° mbar) and the
temperature was varied between 20 and 300 K. Before each
measurement, sufficient time was allowed for the sample to reach
the chosen temperature. Two-point conductivity measurements were
performed by varying the applied source-drain voltage from —1 to 1 V
while detecting the current. For time-resolved photocurrent measure-
ments, using a picosecond pulsed laser driver (Taiko PDL MI,
PicoQuant) together with a laser head 779 nm (pulse length <500 ps)
the crystals were illuminated at 40 mW laser output power using the
continuous wave mode under a constant bias of 1 V. The measured
crystals had the dimensions: 106 ym X 16 ym X 4 ym and 80 pm X
1S pm X S pm.

DRIFT (Diffuse Reflectance Infrared Fourier Transforma-
tion) Spectroscopy. Samples were measured at room temperature
under inert conditions in diffuse reflectance with a Harrick Praying
Mantis attachment using a Bruker Vertex 70 infrared spectropho-
tometer with a deuterated triglycine sulfate (DTGS) detector and KBr
beamsplitter. The background spectra were collected using pure dried
KBr in powder form.

TXRF (Total Internal Reflection X-ray Fluorescence) Spec-
troscopy. TXRF studies were performed using a S2 Picofox (Bruker
AXS Microanalysis, Berlin, Germany) equipped with a Mo X-ray tube,
which was operated at 50 kV and 600 yA. The measurement period
for each sample was 1000 s (live time). Fitting of the resulting spectra
was done using the Spectra software (Bruker Nano GmbH) in the
super byas mode (maximum stripping cycles of 2000).

Density Functional Theory. Density functional theory (DFT)
calculations were performed within the Abinit software package (v.
10).°° The Perdew—Burke—Ernzerhof exchange—correlation func-
tional®” was used with the vdw-DFT-D3(B]J) dispersion correction of
Grimme.® Monkhorst—Pack grids of k-points were chosen with
minimum real-space spacing between grid points of 30 A.*” Plane-
wave calculations were performed using the projector augmented
wave (PAW) method® with an energy cutoff of 24 Ha outside the
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PAW spheres and a 120 Ha cutoff within them. These computational
parameters were chosen following convergence studies, with
convergence of the internal pressure within 1% being the criterion.
The Hubbard U parameters*® were chosen as U= 5 eV and ] = 0.5 eV
on the Ta sites, yielding U,y = U — ] = 4.5 €V, in accordance with
previous literature results.’’ Calculations performed with the
Hubbard U also included spin—orbit coupling and noncollinear
antiferromagnetism.

Magnetic Measurements. The magnetization measurement was
performed using the magnetic property measurement system
(MPMS) by Quantum Design Inc. The sample in powder form
(53.9 mg) was fixed in capsule and placed to the MPMS. Diamagnetic
contributions from sample holder and capsule were subtracted from
observed data.

B ASSOCIATED CONTENT
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Figure S1: Powder X-Ray diffraction pattern (Cu-K;) of TasSBr;.

Figure S2: X-ray diffraction pattern of reciprocal lattice along the (010) direction of a TasSBr; single
crystal, showing diffuse streaks perpendicular to (100), thereby doubling the a axis locally, but not in a
long-range ordered way.



Figure S3: Unit cell of Cs,TaBrs. CCDC identification code: 2327955.
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Figure S4: Two connectivity patterns (bottom left and right) within layers of TasSBry;, to resemble the
average structure (top). Black lines emphasize the unit cell, with the original latter parameter a that is
to be changed to 2a. Tantalum atoms are depicted in blue, bromine in brown and sulfur in yellow.
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Figure S5: Electronic band structures (top) and single-band portions of the Fermi surfaces (bottom) of
the staggered (left) and eclipsed (right) inter-layer arrangements of TasSBry1, with the kinked intra-
layer arrangement. The displayed Fermi surfaces were calculated without spin-orbit coupling.
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Figure S6: Tauc plot using F(Rx) of TasSBri; for direct (black) and indirect (blue) gap fitting along

with the linear extrapolation (red) to obtain the optical band gap (signals around 0.29 eV can be
assigned to atmospheric absorption bands of CO;).
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Figure S7: (left) Dark currents of TasSBr; Crystals on silicon with 770 nm dioxide layer at 300 K
(right) Optical micrograph of one of the contacted crystals.
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Figure S8: (left) Electrical conductivity of TasSBri; versus set temperature in a range of 20 K to
300 K. (right) Photoresponse of a Ta4SBr; crystal toward a 779 nm laser at 200 K (crystal 1).
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(left) Electrical conductivity of TasSBry; versus set temperature in a range of 20 K to 300 K. (right)
Arrhenius-plot of the temperature dependent conductivity (crystal 2).




Table S1: Crystal data and structure refinement for TasSBry;.

Temperature 1499 (1) K 801 (HK
CCDC Identification code 2181179 2352652
Formula weight 1634.87 1634.87
Wavelength 71.073 pm 154.184 pm
Crystal system Orthorhombic Orthorhombic
Space group Pmmn Pmmn

Unit cell dimensions

a=3.5507(1) pm
b=15.4690(4) pm
c=17.4842(3) pm

a=3.5452(3) pm
b=15.452(1) pm
c=17.4796(4) pm

Volume 411.08(2) A3 409.74(5) A3
Z 1 1

Density (calculated) 6.604 g/cm’ 6.626
Absorption coefficient 53.356 mm’! 80.239 mm’!

Crystal size

0.09 x 0.01 x 0.01 mm®

0.10 x 0.01 x 0.01 mm®

Theta range for data collection

2.633 to 33.128°

5.727 to 77.902°

Reflections collected

21086

2824

Independent reflections

921 [Rine = 0.0329]

495 [Rin = 0.0286]

Completeness 100 % to theta = 33.128° 97.8 % to theta = 135.4°
Absorption correction Analytical Analytical

Refinement method Full-matrix least-squares on F*

Data / restraints / parameters 921/0/37 495/6/39
Goodness-of-fit on F2 1.139 1.068

Final R indices [I1 > 25(I)]

R;=0.0180, wR>=10.0343

R;=0.0324, wR> = 0.0874

R indices (all data)

R;=0.0202, wR> = 0.0349

R;=0.0343, wR> = 0.0887

Largest diff. peak and hole

2.043 and -2.165 e.A

1.603 and -1.796 e.A>




Table S2: Atomic coordinates and equivalent isotropic displacement parameters (pm2) for TasSBry;.
Free refinement of the site occupancy factors (SOF) of the disordered atoms was allowed. U(eq) is
defined as one third of the trace of the orthogonalized Uj; tensor.

SOF X y z U(eq)
Tal 0.5 Ya 0.60399(2) 0.38585(4) 8.72(7)
Ta2 0.5 0.33952(8) Ya 0.81816(4) 6.39(6)
Brl 1 Ya 0.08541(3) 0.85987(5) 9.15(8)
Br2 1 Ya 0.42105(3) 0.37504(6) 12.91(8)
Br3 1 Ya Ya 0.92245(11) 19.23(14)
Br4 0.5 Ya ¥a 0.4020(3) 7.7(4)
S1 0.5 Ya Ya 0.4508(7) 7.0(10)




5 Publications

Publication 7

The family of tetranuclear Nb,Ol,, , clusters (z = 0,1,2): from the molecular

Nb,OlI,5 cluster to extended chains and layers

Molecular Shrings Layers
e ol P O
i w1 ', . & w g
ool = o0 Ll d R e ;_;f.
...... o E}:l‘)}- i LA . LEal
LA s A A ¥ [ Y Q‘EEI- e

Wi e ‘ L T
e * A t’.}‘
W W LA L
NhaOl 2 NbaOTiy WOl

https://doi.org/10.1039/D5DT00174A
Reprinted with permission from
Dalton Trans. 2025, 54, 5486-5493.

Copyright (©) 2025 The Royal Society of Chemistry

202


https://doi.org/10.1039/D5DT00174A

¥ ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

The family of tetranuclear Nb4Ol,,_, clusters
(x=0, 1, 2): from the molecular Nb,Ol,> cluster to
extended chains and layersf

‘ '.) Check for updates
|

Cite this: Dalton Trans., 2025, 54,
5486

@ Mario Martin, 2 ® Marcus Scheele, (2 ° Patrick Schmidt, (22

@ and H.-Jurgen Meyer (2 *2

Jan Beitlberger,
Markus Strobele

Unconventional reduction reactions in the Nb—O-I system have produced a number of niobium oxyio-
dides containing the oxygen-centered [Nb4O] cluster. Crystalline NbsOl;, and two modifications of
Nb4Ol;; were structurally characterized by means of single-crystal X-ray diffraction studies. The new
compounds can be classified as members of the Nb4Oly,_, family, together with the already known
Nb4Ol10. NbsOly; is represented by a molecular stucture, in which the two modifications of Nb4Oly; are
forming structures with iodido-bridged strings, that can be assigned to represent one-dimensional struc-
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tures. Measurements of b-Nb4Ol;; single crystals reveal semiconducting behaviour, with an electrical
conductivity in the order of 1073 S m™ at 300 K and an electrical band gap estimated as 0.4 eV. The pres-
ence of varying numbers of cluster electrons in the given compounds is discussed in the light of second-
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rsc.li/dalton order Jahn-Teller distortion.

Introduction

Metal clusters display a broad variety in structural arrange-
ments and oxidation states. A large number of transition metal
(M) halide (X) clusters have been reported with the octahedral
[M¢] cluster core, being represented with [M¢X;,]- and [M¢Xs]-
type architectures." The [MgX;,]-type constitutes an octahedral
M, cluster with twelve X atoms capping all edges of the Mg
core and is typically obtained for combinations of larger M
and smaller X atoms. The [M¢Xg] cluster constitutes an octa-
hedral cluster with eight face-capping ligands of the M cluster
and is typically obtained for combinations of smaller M and
larger X atoms. The well-known niobium cluster compounds
NbeCly, and Nbgl;; are good examples of these two architec-
tures, of which the latter can be described as (NbeI'g)I* ™%, (i =
innen or inner; a = auflen or outer), emphasizing the presence
of an [MgXg] cluster and a connectivity pattern in which six
outer iodide ligands are shared between two clusters.*?

“Section for Solid State and Theoretical Inorganic Chemistry Institute of Inorganic
Chemistry Auf der Morgenstelle 18, 72076 Tiibingen, Germany.

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

bInstitute of Physical and Theoretical Chemistry Auf der Morgenstelle 18, 72076
Tiibingen, Germany

tElectronic supplementary information (ESI) available: IR spectra, X-ray diffrac-
tion pattern of b-Nb,OI,,, photographs of crystals. CCDC 2366237, 2391069 and
2408695. For crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d5dt00174a
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The connectivity between adjacent cluster cores and the
number of cluster electrons being present has an important
impact on the electronic properties of cluster compounds. A con-
nectivity, where inner ligands simultaneously act as outer ones
(i-a and a-i connectivity), is obtained in Chevrel phases like
PbMogSg, which is showing superconducting properties as a
result of metal-to-metal interactions between adjacent clusters.”

A successive dimensional reduction of cluster connectivities
is exemplified when going from Nbgl,; [(NbgI's)I*? ,] having
six shared outer ligands in three dimensions, along to Wel;,
[(Wels)I%,1%?,,] having four bridging apical ligands, creating
layers, and finally to BiWCl,5 [BiCl,(WCl'g)CI*,CI*~%,,,] with
two bridging apical ligands, creating a linear arrangement of
clusters.>” Isolated clusters like W¢Clg (WCl's)CI%) are held
together by van der Waals forces.®

Metal-rich niobium iodides involve the compounds Nbgl; 1,
Nb,lg, Nbl;, and Nbl,.>” A promising approach for the expan-
sion of this chemistry is the introduction of another anion to
create a heteroanionic metal cluster compound. An early
outcome of this approach was the insertion of an interstitial
atom (Z) into the octahedral [MgX;,]-type cluster core to yield
[MsZX,,], mostly evident with the electron-poorer d-metals (M
= Zr, Hf).® The formation of an interstitially stabilized cluster
is uncommon for [MgXg]-type clusters, obviously due to an
unfavorable short distance between the interstitial and the
face-capping anion, causing repulsion. An exception is Nbgl;;
which can incorporate a hydrogen atom to form the intersti-
tially stabilized compound NbgHI,.’

This journal is © The Royal Society of Chemistry 2025
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Generally, heteroanionic clusters can also be envisioned to
constitute anion replacements in given architectures to induce
a modified structure or connectivity pattern of clusters, as
exemplified for NbgleS (derived from Nbgl;;), NbsX,S (X = Cl,
Br, I) and ANb;Br,S with A = Rb, Cs (derived form Nb;Xg)."°

The employment of oxide as a heteroanion unavoidably
leads to the formation of oxyhalides NbOI,, NbOI; and
NbO,L.'" However, it has been demonstrated that new oxyio-
dide cluster compounds can be obtained under certain con-
ditions. A most recent example of a new oxyiodide cluster is
Nb,Ol;,, which has been characterized as a small band-gap
semiconductor showing photoresponse.’” Its crystal structure
can be easily derived from that of Nbgl;; by cutting-off two
(NbI*?,,)-groups of (Nbel's)I*%,. The resulting planar
[(Nb4OI'g)I*?, ,] cluster is allowing the presence of a surplus
oxygen atom in the cluster center. The relaxation of inner
iodide ligands in this structure is avoiding strong interanionic
O-T' repulsions that would likely inhibit an oxygen centering
in Nbgly;.

The preparation of niobium oxyiodide cluster compounds
requires subtle control of reaction conditions and can other-
wise lead to the crystallization of the thermodynamic more
stable known niobium oxyiodides. Such conditions involve a
highly dynamic system including elusive phases whose equili-
bria depend on the temperature and on local concentrations,
as has been previously demonstrated with the newly discovered
compound W,0;], in the W-O-I system." By varying the syn-
thetic conditions, we herein describe the crystal structures of
three tetranuclear niobium cluster compounds that we have
characterized in the Nb-O-I system. The previously reported
Nb,OI,, and the herein described compounds are represented
by a [Nb,O] cluster core that is interconnected in different
ways following a dimensional reduction from layers (Nb,OI,,)
over strings (Nb,Ol,,) to isolated molecules (Nb,OI,,).

Results and discussion
Synthesis and crystal structure

Recently, we have described the new cluster compound
Nb,OI,, whose structure is based on a rectangular [Nb,O] core
that is interconnected into layers by iodide ligands.'* The
crystal structure features a two-dimensional van der Waals
material representing a small band gap semiconductor.

Slight variations of the synthesis conditions relative to
those given for Nb,OI,, revealed the existence of a number of
related compounds to exist in the Nb-O-I system. These com-
pounds are generated by changing the concentrations of reac-
tion partners and by subtle variations of the temperature
program of reactions. For a general understanding of this type
of reaction we have to consider the chemical changes that
occur on heating solid reactants in a heterogeneous solid-state
reaction with the involvement of solid and gaseous phases.
This has been already exemplified by the formation of
niobium oxyiodides (NbOI,, NbOI; and NbO,I) that were
described previously.'* For the preparation of reduced com-

This journal is © The Royal Society of Chemistry 2025
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pounds in the Nb-O-I system, we are avoiding the classical
pathway of a metallothermic reduction. Instead, we are explor-
ing unconventional reduction agents with the employment of
the carbodiimide ion (N=C=N)>".

At elevated temperatures, carbodiimides have the tendency
to decompose and to act as reducing agents. In this process,
metal ions can be reduced, some even to form the metal
state.'® The decomposition product of carbodiimide in such a
reaction is not fully evidenced, as products appear X-ray amor-
phous. However, infrared spectra indicate the formation of
C;3N, (Fig. S1 and S21)."> A corresponding reduction mecha-
nism could follow reaction (1).

30N> A5 N, 4+ N, + 2e” (1)

All three compounds reported in this work crystalize as
black, block-like crystals (Fig. 1). They were investigated by
X-ray powder and single-crystal diffraction, providing X-ray
intensity data for subsequent crystal structure determinations.
The crystallographic data and refinement parameters of all tet-
ranuclear cluster compounds are summarized in Table 1.

Syntheses of the new compounds are performed in evacu-
ated/fused silica tubes at temperatures up to 500 °C. Nb,OI;,
and b-Nb,Ol;; were prepared from NbI, : Li;(CN,): Li,O mix-
tures with 4:1:1 and 4: 1.5 : 1 molar proportions, respectively.
a-Nb,Ol,; was synthesized by a reaction mixture of
Nbl, : K,CN, : Cu,O in 4:1.5:1 molar ratio (see Experimental
section for more details).

The Nb,OI,,_, system includes four structures with sum
formulae Nb,Ol;,, Nb,Ol;;, and Nb,Ol,;,. Nb,Ol;; appears
with two modifications, denoted as “a” and “b”.

The parent compound Nb,OI,, features a molecular struc-
ture based on the rectangular [Nb,O] cluster core with eight
(p2-) capping and four terminal iodide atoms, shown in Fig. 2.
The unit cell contains eight molecules that interact through

cold

hot

Fig. 1 A typical ampoule after the reaction is performed. The tempera-
ture gradient during the reaction is illustrated through the bar on the left
side (red: hot region, blue cold region). The inset shows the reaction
product b-Nb,4Oly; (see also Fig. S4+).
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Table 1 Crystal data and structure refinement parameters of Nb,Ol;,_, compounds
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Nb,OI,, a-Nb,OI, b-Nb,OI; Nb,OI, '*
CCDC no. 2366237 2391069 2408695 2225618
Space group Pmc2,4 C2/m P1 P24/n
Temperature (K) 270 220 150 150
Unit cell dimensions a=37.9189(8) A a=15.4442(3) A a=10.1217(2) A a=10.0435(1) A
b=17.8026(4) A b=13.0449(2) A b=13.9844(3) A b=10.6595(1) A
c=7.3403(2) A c=11.9078(2) A A €=10.0594(1) A

a=90°

a=90°

¢=16.3913(3)
a = 88.968(2)°

a =90°

/= 90° / =105.698(2)° S =89.093(2)° f=94.193(1)°
7 =90° 7 =90° ¥ = 85.329(2)° 7 =90°
Volume (A%) 4955.1(2) 2309.56(7) 2311.80(8) 1074.06(2)
VA 8 4 2 2
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
u (mm™) 16.744 16.624 16.607 16.433
26 range for data collection 4.576 to 50.700 4.154 to 57.396 7.186 to 76.742 5.532 to 72.638
Total number of reflections 53 804 44103 17704 80092
Independent reflections 9037 3115 17704 5209
Refined parameters 418 91 290 71
Rine 0.0351 0.0189 0.020 0.0354
Ry 0.0517 0.0150 0.0185 0.0117
WR, 0.1414 0.0314 0.0581 0.0282
Goodness-of-fit on F* 1.086 1.430 1.037 1.093

van der Waals bonding. The crystal structure measurement
was performed near room temperature because low-tempera-
ture measurements revealed incoherent scattering patterns,
which could be likely indicative for the appearance of a phase-
transition.

Three distinct Nb,OI;, molecules are present in the crystal
structure. Each of them exhibits a (nearly) rectangular cluster
core with six electrons being available for Nb-Nb bonding. The
bond lengths of the cluster cores hold a small variability
(Fig. 2). The short and the long interatomic distances of the
cluster are in the range of 2.793(3)-2.807(3) A and 3.029(7)-
3.051(3) A, suggesting more electron density in each shorter
Nb-Nb contact. Regarding the crystal structure, the Nb,OI;,
molecules are arranged in layers along the ac- and bc-planes
(Fig. 3). When looking along the b axis (Fig. 3, right), the stack-
ing of the molecules in the a direction could be explained as
an ABCB sequence, although there is no closest packing of the
molecules. The molecules are just arranging to each other in
three different bc-planes (denoted in Fig. 3 as A, B and C) to
reduce repulsion.

When departing from the molecular Nb,OI,, structure, the
crystal structure of Nb,OI;; contains one iodide atom less and
appears with two modifications. We denote these modifications
with “a” and “b” because no conversion from one into the
other structure could be discovered experimentally. The struc-
ture of a-Nb,Ol;; is represented by a string-like connectivity of
(Nb4OILg)L,1,/, cluster chains, in which each of the two distinct
clusters is iodine bridged in a trans connection to the next
cluster (Fig. 4). The [Nb,O] cluster cores in this structure are as
well in a rectangular shape, having two short (2.7368(6)-2.7584
(7) A) and two long (3.0375(6)-3.0423(6) A) Nb-Nb distances.

The presence of Nb2 atoms over all equivalent (8j) positions
would create a layered structure with [Nb,O]- and [NbeO]-
cluster cores, shown in Fig. 5. However, the Nb2 positions

5488 | Dalton Trans., 2025, 54, 5486-5493

(highlighted in light blue) are occupied by only 1 resulting in a
string connectivity. In fact, this picture (Fig. 5) represents a
superposition of the alternating layers in the structure. The
crystal structure of a-Nb,Ol,; is characterized by two alternat-
ing layers of (Nb,OIg)l,I,,, that are stacked on top of each
other along the [100] direction. The cluster strings within the
alternating layers in the structure, each of them shown in
Fig. 6, are running in two different directions ([011] and
[01-1]). This arrangement affords an alternating occupation of
Nb2 positions in each layer. The adhesion between adjacent
strings and layers in the structure can be described as van der
Waals type, forming a hexagonal packing of strings.

Another modification of Nb,OI,, is denoted as b-Nb,OI,;.
The crystal structure of b-Nb,OI,; again features a string-like
connectivity of two distinct [Nb,O] clusters. However, the con-
nectivity pattern via iodine atoms alternates with a cis and a
trans connectivity of [Nb,O] cores. Each trans connected
cluster includes two short and two long Nb-Nb distance
within the [Nb,O] core. The same is true for the cis connected
cluster. However, the cis connectivity induces a significant dis-
tortion to the cluster, specified in Table 2.

The unit cell of the crystal structure of b-Nb,OI;; is pro-
jected in Fig. 7. In contrast to the bidirectional arrangement of
cluster strings in the structure of a-Nb,OI,4, all cluster strings
in b-Nb,OI;; are running parallel into one direction ([001]). A
view on the projected ab-plane suggests that the separate
strings are hold together by van der Waals interactions. The
given arrangement of (Nb,OILg)I,I,/, chains be derived from a
hexagonal packing of strings, which is a typical structure
pattern observed for one-dimensional structures (Fig. 8).

Electrical conductivity of b-Nb,OI,,

Crystal structures like those of a- and b-Nb,OI;; with one-
dimensional connectivities may be expected to act as one-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Three distinct Nb4Ol;, molecules with atom labels and Nb—Nb
distances given.
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:

Fig. 3 Section of the crystal structure of Nb4Ol;,, looking along the c-
and b-axis. Niobium atoms are coloured in blue, iodine in pink, and
oxygen in red.
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Fig. 4 String-like connectivity in the structure of a-Nb4Ol;;.

Fig. 5 Cluster connectivity in the structure of a-Nb4Ol;; with the equi-
valent Nb2 positions coloured in cyan. Due to the half-occupation of
Nb2 sites, only one pair of Nb2 atoms is present.

dimensional conductors. Hence, the electrical conductivity
properties of single crystals of b-Nb,OI;; where investigated.

In Fig. 9, we display a two-point probe I-U sweep of a
typical rod-shaped b-Nb,OI;; crystal from which we calculate
the electrical conductivity as 6 = 4.5 x 107> $ m™* at 300 K."*"”

The temperature-dependent conductivity measurement in
Fig. 10 indicates an Arrhenius-type, temperature-activated
transport, which is typical for semiconducting materials.">'”"*®

From this plot, we obtain an activation energy of E, = 0.2
eV. Thus, in a first-order approximation the energy difference
of the Fermi level to the conduction band can be gauged as 0.2
eV. Under the assumption of an intrinsic position of the fermi

Dalton Trans., 2025, 54, 5486-5493 | 5489
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Fig. 6 Arrangement of individual cluster layers in the structure, based
on string-like connectivities in the structure of a-Nb4Ol,;.

level, this would suggest an electrical band gap on the order of
0.4 eV.

The photoresponse at 300 K of b-Nb,OI,; toward optical
excitation with a 779 nm laser in continuous wave mode is
shown in Fig. 11. An initial fast photocurrent of ~65 nA is
followed by a slower, second component under continuous
excitation. We attribute this slow component to thermal exci-
tation by heating the crystal with the laser. At lower tempera-
ture, the photocurrent decreases substantially, e.g. to 12.6 pA
at 160 K.

View Article Online
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Fig. 7 Section of the crystal structure of b-Nb4Oly;, looking along
[100].

Fig. 8 Section of the crystal structure of b-Nb4Ol;;, following the [001]
string direction.

Electronic properties of Nb,OI;,_, compounds

One member of the Nb,OI,,_, family was already described
before as Nb,OlI,,.'> Nb,Ol,, appears with black, plate-like
crystals with an electronic band gap near 0.4 eV, according to
an experimental bandgap determination and band structure
calculation. This compound contains (Nb,OIg)l,/, units that
are connected into layers, through four shared apical iodide
atoms (Fig. 12). The cluster core itself is rectangular with Nb-
Nb distances of 2.6232(2) A and 3.1042(2) A. This compound
was reported with an electrical conductivity of 6 & 1 S m™" at
300 K.

Table 2 The Nb4Olj,_, family with the respective number of cluster electrons of each compound, interatomic distances with average values (@)
and distance ranges along the short and long cluster edges, and angles within the [Nb4O] cluster core

Nb,OI,, a-Nb,OI,, b-Nb,OI; (trans) b-Nb,OI, (cis) Nb,OI,, *2
Distances and angles 6 cluster-e™ 7 cluster-e™ 7 cluster-e™ 7 cluster-e™ 8 cluster-e™
short Nb-Nb (A) @ 2.802 0 2.748 02.735 0 2.729

2.793(3)-2.807(3) 2.7368(6)-2.7584(7) 2.7329(8)-2.7369(8) 2.7288(8)-2.7299(8) 2.6232(2)
long Nb-Nb (A) ? 3.044 ? 3.040 0 3.054 0 3.056

3.029(7)-3.051(3) 3.0375(6)-3.0423(6) 3.0423(8)-3.0656(8) 2.9168(7)-3.1950(8) 3.1042(2)
small Nb-Nb-Nb (°) 89.81(9)-89.93(9) 87.47(2) 87.34(2)-87.88(2) 87.01(2)-87.14(2) 89.568(6)
large Nb-Nb-Nb (°) 90.11(8)-90.23(9) 92.53(1) 92.17(2)-92.60(2) 92.87(2)-92.97(2) 90.431(6)

5490 | Dalton Trans., 2025, 54, 5486-5493
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Fig. 9 [-U sweep in the dark of b-Nb,Ol;; at 300 K.
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Fig. 10 Arrhenius plot of the electrical conductivity of b-Nb4Ol;;, with
20 K temperature steps between 120-300 K. The blue line represents a
linear Arrhenius fit to the data.
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Fig. 11 Photoresponse of b-Nb,Ol;; at 300 K toward a 779 nm laser
illumination with 1V bias applied.

Beside their different connectivities, the cluster compounds
of the Nb,OI,,_, family differ not only in their Nb-Nb bond
lengths and Nb-Nb-Nb angles, but also by their numbers of
cluster electrons, as summarized in Table 2.2

From Nb,OI,, to Nb,OI,, there is a difference of two elec-
trons being available for niobium-to-niobium bonding. All
compounds are forming nearly rectangular [Nb,O] clusters in
which the longer edges possess almost the same Nb-Nb dis-
tances (see Table 2). For the example of Nb,OI,, we already
discussed the higher stability of a rectangular versus a square
cluster core. The resulting symmetry lowering goes along with

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Visualization of the connectivity of Nb,4Ol;0.*?

an increase in hybridization of molecular orbitals through a
second-order Jahn-Teller distortion. In other words, the series
of compounds are showing higher electron localization within
the two shorter edges of [Nb,O] cluster cores. The rectangular
niobium arrangement hosts six electrons for Nb,Ol;,, seven
electrons for Nb,Ol,,, and eight electrons for Nb,OI,,, thereby
undergoing a continuous shrinkage of the short Nb-Nb dis-
tance, with the values given in Table 2.

If there were less than six electrons for Nb-Nb bonding, the
bond lengths should elongate even more. Such a compound is
not yet known in the Nb-O-I system. However, the structure of
Nb,OTeol, contains an oxygen centered Nb, cluster core
having four cluster electrons for Nb-Nb bonding."® The cluster
is distorted into a flattened tetrahedral shape with nearly
equal Nb-Nb distances of 3.057(4) A and 3.050(3) A. These are
quite close to the long distances present in the [Nb,O] cluster
cores presented in this work.

Conclusion

Cluster compounds can show a broad flexibility in their oxidation
states. A well-established example is the binary tungsten-iodide
system, with more than 20 different structures being reported.>
The addition of oxygen leads into the W-O-I system, that is well-
known because WO,I, is a prominent compound in chemical
vapor transport (CVT) reactions.” The thermal treatment of WO,1,
leads to W,0;l, first, and then to WO,. All oxides and oxyiodides
in this system appear under discrete temperature conditions.

An even broader chemistry is now discovered in the Nb-O-I
system for Nb,Ol;,_, (x = 0, 1, 2) compounds, with their rec-
tangular [Nb,O] cluster cores appearing in layers, strings, and
in isolated molecules. The distinct connectivity patterns in the
crystal structures involve different semiconducting properties.

These compounds could not be prepared in conventional
reduction attempts through metallothermic reduction. In con-
trast, comparably soft reduction conditions were successful,
with the carbodiimide ion as reducing agent. Hence, the for-
mation of compounds in the Nb-O-I system involves uncon-
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ventional reduction reactions in heterogeneous solid-state
reactions. The product formation involves subtle equilibrium
conditions related to small changes in temperature and local
concentrations. These conditions appear fairly complex and
are further complicated by other new compounds that exist in
the given Nb-O-I system besides the herein described tetra-
nuclear cluster compounds. The discovery of compounds with
pentanuclear and heptanuclear niobium clusters in the Nb-O-
I system will be reported shortly.

Experimental section
Materials and methods

Manipulations of starting materials and products were per-
formed in a glovebox under dry argon with moisture and
oxygen levels below 1 ppm. Reaction partners were charged
into silica tubes (V = 1.5 cm®). Li,O (ABCR, 95%) and Cu,O
(Sigma-Aldrich, 99.99%) were used as purchased. NbI,,
Li,(CN,) and K,(CN,) were synthesized as described in the lit-
erature.>! Nb,OI,, was synthesized as described before."?

Syntheses

b-Nb,OI,; and Nb,OI;, were synthesized from Nbl,, Li,O and
Li,(CN,). For this purpose, Nbl, (160.8 mg, 0.268 mmol), Li,O
(2 mg, 0.067 mmol), and Li,(CN,) (5.4 mg, 0.101 mmol
(b-Nb,Ol44) or 3.6 mg, 0.067 mmol (Nb,OI,,)) were encapsu-
lated into fused silica ampoules. The ampoules were heated
from room temperature to 500 °C with a rate of 0.1 °C min™".
The holding time was 24 h before the reactions were allowed
to cool to room temperature with a rate of 5 °C min™" for
b-Nb,Ol;; and a rate of 10 °C min™" for Nb,OI,,. Block-like
crystals of b-Nb,OI;; and Nb,OI;, were found on the wall of
the ampoule, along with some NbOI, and NbIs at the top of
the ampoule. The products were collected mechanically. The
compounds are sensitive to moisture. A powder XRD pattern of
b-Nb,Ol,, is shown in Fig. S3.7 Examples of crystal specimens
of b-Nb,0I;, and Nb,OI;, can be seen in Fig. S4 and S5.t
a-Nb,OI,; was synthesized from Nbl,, Cu,O and K,(CN,). For
this purpose, Nbl, (100.7 mg, 0.168 mmol), Cu,0O (6 mg,
0.042 mmol), and K,(CN,) (7.4 mg, 0.063 mmol) were encapsu-
lated into a fused silica ampoule. The ampoule was heated from
room temperature to 500 °C with a rate of 0.1 °C min~*. The
holding time was 24 h before the reaction was allowed to cool to
room temperature with a rate of 5 °C min~". Block-like crystals of
a-Nb,OI,; were found on the wall of the ampoule, along with
some NbOI, and NbI; at the top of the ampoule. The product was
collected mechanically. The compound is sensitive to moisture.

Instrumentation
X-ray diffraction

Black block-shaped single-crystals of a-Nb,Ol,;, b-Nb,Ol,;, and
Nb,OI,, were mounted on a Rigaku XtaLab Synergy-S X-ray diffr-
actometer using MoK, (A = 0.71073 A) radiation. The single-crystal
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was kept under N, cooling at 270 K for Nb,OI,,, at 220 K for
a-Nb,Ol;; and at 150 K for b-Nb,OlI,; during the data collection.
Corrections for absorption effects were applied with CrysAlisPro
(Rigaku Oxford Diffraction, 2020). The crystal structure was solved
by the integrated space group and crystal structure determination
routine of ShelXT>* and refined by full-matrix least-squares refine-
ment with ShelXL-2019/3%> implemented in Olex2.*?

Reaction products were investigated by powder X-ray diffrac-
tion (PXRD) using a StadiP diffractometer (Stoe, Darmstadt)
with Ge[111]-monochromated Cu-K,; radiation and a mythen1
detector.

Electrical conductivity

Conductivity measurements were performed in a Lake Shore
Cryotronics CRX-6.5 K probe station with a Keithley 2636B
source meter unit. Block-shaped b-Nb,OI,; crystals were con-
tacted with silver paste on a silicon substrate with 770 nm oxide
layer and transferred into the chamber under protective gas. The
conductive silver pads at each end of the crystals were connected
to the circuit with tungsten tips. The chamber was kept under
vacuum (<5 x 10> mbar) with 20 K temperature steps between
120 K and 300 K during the measurements. Two-point conduc-
tivity measurements were performed by varying the applied
source-drain voltage from —1 V to 1 V while detecting the
current. For time-resolved photocurrent measurements, using a
picosecond pulsed laser driver (Taiko PDL M1, PicoQuant)
together with a 779 nm laser head (pulse length <500 ps) the
crystals were illuminated at 40 mW laser output power using the
continuous wave mode under a constant bias of 1 V.

Data availability

Crystallographic data have been deposited at the CCDC under
2366237 (Nb,OIy,), 2391069 (a-Nb,OlL;;), and 2408695
(b-Nb,OlL44).T

Data are available within the article.
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A series of niobium oxyiodide compounds has recently been identified using a non-conventional
reduction method. The continuation of these studies of heterogeneous solid-state reactions in a closed
system has led to the crystallization and structural analysis of two novel compounds LizNb;Osl;s and
NbgOsl17(Nbls). Both crystal structures are derived from the pentanuclear [NbsO4] cluster core and are
expanded through the incorporation of additional niobium atoms, forming new [Nb;Os] and [NbgOs]
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Introduction

Metal-rich halide cluster compounds of group 5 and 6 tran-
sition metals are well known from the research initiated by the
groups of Schiifer, von Schnering and Simon." Preparations of
these compounds are typically performed by metallothermic
reduction, in which a metal halide (MX,,) is reacted with metal
(M), which can be the same metal (M) or an electropositive
alkali metal or AL> Attempts to employ non-conventional
reduction agents have been demonstrated to provide insights
into the reduction pathway (namely through metal intercala-
tion followed by metal halide elimination) by using non-con-
ventional reduction agents, such as Cr, Fe, Co, or Ni, etc.,
assisted by thermal scanning.’ Recently, we have successfully
employed lithium carbodiimide as a reduction agent, as will
be explained subsequently.*

The vast majority of transition metal cluster compounds is
based on an octahedral cluster core of metal (M) atoms which
most commonly appear with [MgXg] with eight face-capping X
or [MgXy,] with twelve edge-capping X halide (X) environ-
ments.” In addition, interstitially (Z) stabilized octahedral clus-
ters of the type [M¢ZX;,] are reported for electron-poor group
4 metals.®

“Section for Solid State and Theoretical Inorganic Chemistry, Institute of Inorganic
Chemistry, Auf der Morgenstelle 18, 72076 Tiibingen, Germany.

E-mail: juergen.meyer@uni-tuebingen.de
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provide insight into the nature of niobium—niobium bonding within the [Nb;Os] core.

More than twenty binary tungsten iodide compounds have
been discovered and structurally characterized; most of them
are based on the [MgXg] type cluster.” In contrast, binary
niobium iodide compounds involve only Nbgl;;, Nb;lIg, Nbls,
and NbI,.* An interesting extension of the niobium halide
chemistry has been achieved by the employment of an extra
non-metal element, leading to heteroanionic cluster com-
pounds, which may provide similar or completely distinct
cluster architectures. Thus, heteroanionic clusters can be envi-
sioned to constitute anion replacements in given architectures
and to induce a modified structure or connectivity pattern of
clusters, as exemplified for NbgloS (derived from Nbgl;q),
Nb;X,S (X = Cl, Br, I), and ANb;Br,S with A = Rb, Cs (both
derived form Nb;Xg).” Different cluster architectures are
obtained in compounds with chalcogenides, such as Nb;Tel,,
Nb,Se,14, Nb;S;1;9, and with pnictide anions in Nb,PnX,; with
Pn = N, P, X = Cl, Br, L°>'° Beside the difference in the
number of Nb atoms forming the cluster core, the cluster
design and connectivity are showing a great variety and so do
the properties.

Niobium oxyiodide compounds are reported for NbOI;,
NbO,I, and the metal-rich example NbOI,."' Condensed
metal-oxide-halides volatilize easily and can be crystallized
only within a specific equilibrium window. This observation
highlights the sensitivity of these systems to changes in con-
ditions, such as temperature and composition, which can sig-
nificantly impact the formation of different niobium oxyiodide
phases.

The Nb-O-I system was recently a subject of investigations
with a focus on metal-rich compounds by employing Li,(CN,)

This journal is © The Royal Society of Chemistry 2025
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as a reducing agent. The reaction, i.e. the reduction, involves
the decomposition of the (NCN)*~ ion into C;N,, as evidenced
by IR spectroscopy.*’ Previous reactions have shown, that the
interplay between Nbl,, Li,(CN,) and Li,O can form a hetero-
geneous system in which local temperatures have an important
impact on the phase formation. As a result, we have already
reported the compounds Nb,Ol;,, Nb,Ol;;, and Nb,Ol,, with
their crystal structures, all based on the rectangular [Nb,O]
core.*” With decreasing iodide content, the series of Nb,OI;,_,
compounds is showing structures with increasing connectivity
between clusters, increasing electrical conductivities, and an
increasing number of electrons from six (x = 2) to eight elec-
trons (x = 0) per cluster. Furthermore, we have conducted a
detailed analysis of the properties of oxyiodides of the type
M;50,1,,, where M = Nb or Ta.'?

In continuation of this research, we now present two
additional niobium oxyiodides, Li;Nb,05I;5 and NbgOsl;,(NbIs),
featuring [Nb,Os] and [NbgOs] cluster cores, each accommodat-
ing 13 electrons available for niobium-niobium bonding.

Results and discussion

Synthesis and crystal structure

In our synthesis, Nbl, was reacted with Li,(CN,) and Li,O. The
specific combination of these reactants (see Experimental
section) constitutes a heterogeneous reaction system governed
by temperature-dependent equilibria, leading to the formation
of various solid and gaseous phases. Within this system,
Li,(CN,) is proposed to function as an unconventional redu-
cing agent for Nbl,, thereby undergoing decomposition of the
(CN,)*~ anion to form C;N,.

To gain insight into the reaction mechanism, we performed
a series of reactions at different temperatures and durations.
Heating the mixture to 300 °C yielded an unknown crystalline
phase, along with Lil, NbOI,, and an amorphous powder, as
determined by powder X-ray diffraction (PXRD) (see Fig. S1,
SI). Upon heating at 400 °C for 1 hour, the unidentified phase
disappeared, and the compound Li3;Nb,Osl;5 was formed,
accompanied by NbOI, and NbI;s. Prolonged heating at 400 °C
for 24 hours resulted in the crystallization of the known
Nb;O,1,1, which contains the [Nb;0,] cluster core."?

Further heating at 500 °C for 1 hour produced crystals
characterized as NbgOsl;5(Nbls 35), which were found on the
walls of the ampoule. Extending the heating time at 500 °C to
24 hours led to the formation of Nb,OlI,,, a previously reported
compound featuring a [Nb,O] cluster core.**

These results, while focused on solid-state products, do not
account for the role of gaseous species that significantly influ-
ence the formation pathways of the observed materials. A
quenching experiment of the gas phase from 400 °C to room
temperature revealed the presence of a black fluid that
appeared as small droplets on the ampoule walls (Fig. S2a).
After 48 hours at ambient temperature, these droplets trans-
formed into dark red, filamentous crystallites (Fig. S2b), which
subsequently decomposed over time (Fig. S2c¢).

This journal is © The Royal Society of Chemistry 2025
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The two new compounds presented in this study,
Li3Nb,Os1;5 and NbgOs1,,(NbI; 3;), were structurally character-
ized by single-crystal X-ray diffraction (see Table 1).
LizNb,Osl;5 crystallizes as rod-like crystals, whereas
NbgOsl;,(NbI; 3,) forms plate-like crystals. Several single crys-
tals of the latter were refined, and in each case, the iodide
content of the enclosed NbI; molecules were found to have
slightly more than five iodide atoms, associated with the pres-
ence of some polyiodide. For clarity and simplicity, this com-
pound will hereafter be referred to as NbgOsI;,(NbI;).

The crystal structure of LizNb,Osl;5 features an oxygen-
stabilized Nb, cluster arrangement, in which a central
niobium atom (Nb2) is surrounded by six additional niobium
atoms (Nb1 and Nb3), forming a trigonal prismatic coordi-
nation environment around Nb2 (Fig. 1).

Cluster cores composed of seven metal atoms are relatively
rare and often adopt significantly different geometries com-
pared to the [Nb,Os] cluster core observed in LizNb,Osl;5. For
instance, in [N(PPh;),][OssAu(CO),0H,], the [OssAu] cluster is
described as two butterfly-shaped units sharing a wing tip."
Another example is the asymmetric [MoFeq] cluster core in

Table 1 Crystallographic and refinement data of LizNb;Oslis and
NbgOsly7(Nbls)

Li;Nb;Os];5 NbgO51;(NbI; 37)
CCDC 2311571 2428720
Space group Cmcm Pnma
Temperature/K 230 200

Unit cell dimensions/A

a=14.5783(3)
b = 17.6445(3)

a=11.4282(4)
b =13.4336(6)

c=13.5823(2) ¢=31.479(1)
Volume/A® 3493.7(1) 4848.1(3)
zZ 4 4
Wavelength/f& 1.54184 1.54184
u/mm™* 122.292 128.729
26 range for data collection 7.866 to 136.454 5.598 to 133.306
Total number of reflections 17730 47074
Independent reflections 1742 4437
Refined parameters 85 240
Rint 0.0316 0.0589
Ry 0.0197 0.0274
WR,, 0.0534 0.0516
Goodness-of-fit on F* 1.060 1.036

Fig. 1 Structure of the [Nb;Os] cluster core inside LizNb;Oslys.
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[Ph,As],[MOFesSs(CO)16]."* Octahedral Mg clusters containing
a central transition-metal atom are also known, particularly
among rare-earth and zirconium-based compounds."

In contrast, the [Nb,Os] cluster core can be regarded as an
extension to the [M50,] cluster core found in the M5O,1;; com-
pounds (M = Nb, Ta) through addition of three more atoms,
namely two Nb3 atoms and the O3 ion depicted in Fig. 1. The
[Nb,Os] cluster core represents six short Nb-Nb distances
between the central Nb2 with the surrounding six niobium
atoms measuring 2.7883(7) A (Nb2-Nb3) and 2.8050(4) A
(Nb1-Nb2). These distances are significantly shorter than the
Nb1 and Nb3 separation, which measure 3.0667(6) A. The
cluster is surrounded by iodide ligands, including four edge-
capping ligands, four terminal ligands, and twelve iodide
ligands that bridge between adjacent cluster cores in a 12/2
fashion, as illustrated in Fig. 2. Using the notation originally
developed for octahedral cluster compounds, distinguishing
between inner (i), outer (a), and outer-bridging (a-a) ligand
functionalities, the connectivity pattern of the cluster can be
described as (Nb70514i)143112/2“"“.

This cluster fragment is further stabilized by three lithium
ions and one additional iodide ion, completing the overall
formula LizNb,Osl;5. Four outer iodide ligands from the
cluster, along with the additional iodide ion (I5), surround
each lithium ion (Lil and Li2) in a square-pyramidal fashion
(see Fig. 3). The less flexible cluster-bound iodide ligands (I2
and 13) form the base of the square pyramid, with Li-I dis-
tances ranging from 2.904(6) to 3.17(1) A, while the more flex-
ible additional iodide ion (I5) occupies the apical position,
showing Li-I distances of 2.64(2) A and 2.76(1) A.

The complete structure of LizNb,Osl;s is constructed by
linking each [Nb,Os] cluster to six neighbouring clusters,
forming a three-dimensional framework. As illustrated in Fig. 4,
a view along the c-axis of the structure reveals an alternating
orientation of the adjacent clusters, highlighting the spatial
arrangement and connectivity within the extended structure.

The second cluster compound obtained from the same
basic reaction is NbgOsI;,(NbI;s). The [NbgOs] cluster core con-

Fig. 2 lodide coordination of the [Nb;Os] cluster core, with twelve
iodide atoms having bridging functionality (indicated by dashed lines).
Niobium atoms are coloured in blue, oxygen in red and iodine in pink.

14378 | Dalton Trans., 2025, 54, 14376-14383
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Fig. 3 Square-pyramidal lithium (grey) coordination in the structure
with the additional iodide atom (I5).

ok
Ty
TR

b i
L a
Fig. 4 Projection of the crystal structure of LizNb;Oslss, looking along

the c-axis. Niobium atoms are shown in blue, oxygen in red, iodine in
pink and lithium in grey.

tained within this compound can be viewed as an extension of
the [Nb,Os] core found in LizNb,Osl;5, incorporating just one
additional niobium atom. As shown in Fig. 5, this extension
occurs through the addition of a niobium atom (Nb5) posi-
tioned at one edge of the [M;0,] base, effectively expanding
the cluster architecture.

As observed for the previously discussed [Nb,Os] cluster
core, the Nb-Nb distances between the central Nb2 atom and
the six surrounding niobium atoms (Nb1, Nb3, Nb4) in
NbgOsl,,(NbI5) are relatively short, ranging from 2.7911(3) to
2.8600(7) A. In contrast, the Nb-Nb distances between Nb3-
Nb1 and Nb3-Nb4 are notably longer, falling in the range of
2.9981(6) to 3.1812(7) A. The Nb-Nb distance involving the
additional Nb5 atom is with 3.1418(7) A in the same range. A
comprehensive comparison of Nb-O bond lengths for both
compounds is provided in Table 2. This comparison shows a
good overall agreement between the structural metrics
observed in the two cluster compounds.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The [NbgOs] cluster core of NbgOsli7(Nbls).

Table 2 Nb-O distances in the cluster cores of the two compounds
and the average Nb—O distances with the corresponding coordination
number (CN) of the oxygen

Compound distance/A LizNb,O;15 NbgOsI;,(Nbl;)
Nb1-01 2.0005(9) 1.958(5)
Nb1-02 1.9568(5) 1.9564(6)
Nb2-01 2.197(6) 2.205(6)
Nb2-02 2.097(6) 2.093(8)
Nb2-03 2.080(8) 2.079(7)
Nb2-04 2.084(7)
Nb3-01 2.247(6) 2.233(5)
Nb3-03 1.9464(6) 1.9415(7)
Nb4-01 2.010(5)
Nb4-04 2.122(1)
Nb5-04 2.073(7)
@ Nb-O1 (CN = 4) 2.11(1) 2.10(1)

@ Nb-02 (CN = 3) 2.00(1) 2.00(1)

@ Nb-03 (CN = 3) 1.99(1) 1.99(1)

@ Nb-04 (CN = 4) 2.10(1)

The presence of the additional niobium atom in the struc-
ture NbgOsl,,(NbI;) alters, both the local environment and the
connectivity pattern of the cluster. The connectivity changes
from (Nb,O5I,))I,L15,* in LizNb,Osl;5 to (NbgOslIg)I5 s, ?)
in NbgOsl,,(NbI;) (Fig. 6). As a result, the number of connec-

Fig. 6 lodide coordination of the [NbgOs] cluster core with eight iodide
atoms with bridging functionality (indicated by dashed lines) connecting
to four adjacent clusters. Niobium atoms are coloured in blue, oxygen in
red and iodine in pink.

This journal is © The Royal Society of Chemistry 2025
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tions to neighboring clusters is reduced to just four, leading to
a dimensional reduction in the overall connectivity, from a
three-dimensional framework in Li;Nb,Osl;5 to a layered
arrangement in NbgOsl,,(Nbls) with zig-zag layers extending
along the ab-plane (Fig. 7).

Between the layers of the NbgOsI;,(Nbls) structure, chan-
nels are formed that accommodate NbIs units (Fig. S3). The
observed disorder in these regions arises from the partial
incorporation of excess iodine, likely in the form of co-
ordinated polyiodide species such as I,~ or I;~. These species
preferentially align along the crystallographic a-axis, contribut-
ing to the structural complexity and variability of the interlayer
region.

The intercalation of molecular species within a solid-state
framework is relatively uncommon but well-documented in the
literature. Such molecules can reside in interlayer spaces or
structural channels when the host framework provides cavities
large enough to accommodate them. A notable example is the
crystal structure of Nb,S,l;9, which can be described as
(Nb,SI,),(NbI;).'*? In this compound, six [Nb;S] units form
iodide-bridged ring arrangements that create central channels
occupied by NbI; molecules. Another example is
Tas0,41;4(Tal5), where Tal; molecules are intercalated between
corrugated layers.'” In this case, Tal; acts as a structural tem-
plate for layer formation, as a similar cluster connectivity is
observed in m-TasO4l;;. A comparable template effect is
reported in [Ks(TiyClo)][(NbsCl;,04)5(TisCly),],"® where the
complex anion [(NbeCl;,04)3(TisCl,),]>” forms a layered frame-
work with large channels, which are filled by [Ks(Ti,Clo)]*"
units. A related scenario is found in Cs3(ZrCls)ZreCl;sMn,

A
¢ )
¢ ¢
Lo e
¢ ¢ ¢
&«
’ !
o e
A
c ¢ Y ¥
T—»a
é é

Fig. 7 Projected structure with the NbgOsl;; section of NbgOsli7(Nbls).
The Nbls molecules between the layers are omitted for clarity. Niobium
atoms are shown in blue, oxygen in red and iodine in pink.
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where ZrCls~ units are incorporated into a three-dimensional
framework constructed from [Zrg(Mn)Cly,']Clg,% 2.1 Such a
monoanionic molecule can also be intercalated into a simple
metal halide, as demonstrated by the compound (TagBr;s)
(TaBrg)o.s6.” These examples show how molecular species can
be stabilized within solid-state matrices by occupying voids or
acting as templates that influence framework formation.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX)

Scanning electron microscopy was performed with the aid of a
custom-designed vacuum transfer device to transfer the
samples under inert conditions. Fig. 8 shows some crystals of
LizNb,Os1;5, having a rod-like morphology with right-angled
edges and a rough surface.

To confirm the composition determined by X-ray diffraction
of Liz;Nb,0Os1;5, EDX measurements on multiple crystals were
performed. These measurements result in an average Nb:I
ratio of 7:15.2(6).

Electronic band structure and ELF calculations

The electronic structure of LizNb,Os1;5 was investigated using
density functional theory (DFT). The calculated band structure,
shown in Fig. 9, reveals seven metal-centred energy bands
located below the Fermi level. Among these, the highest-energy
band intersects the Fermi level at multiple points in the
Brillouin zone. These seven bands correspond to one formula
unit of Li3Nb;Osl;5 and primarily arise from niobium-
niobium bonding interactions within the [Nb,Os] cluster,
rather than in between clusters. In total, they accommodate 13
electrons per cluster. However, this number of electrons
cannot be straightforwardly assigned to specific niobium-
niobium contacts within the cluster core, especially when con-
sidering a notably large number of relatively short Nb-Nb dis-
tances within the cluster, discussed previously. The presence
of a high density of bands at and above the Fermi level indi-

Fig. 8 Scanning electron micrographs of LizNb;Osl;s.
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Fig. 9 DFT-calculated electronic band structure of LizNb;Osl;s with
bands coloured by their niobium character. Special points in and paths
through the Brillouin zone were chosen following the literature.'®

cates delocalization of electrons across these bands. This
suggests a more delocalized distribution of bonding inter-
actions across the cluster core.

Beside the reasonably high niobium content of the bands,
there is also some content arising from oxygen orbitals in
bands below the Fermi energy (Fig. S4). Hence, there seems to
be oxygen states hybridizing with niobium states which leads
to some covalent character of some Nb-O bonds. Electron
localization function (ELF) calculations of the cluster core
support this interpretation. As shown in (Fig. 10, left), there is
notable electron density extending from the O1 atom into the
Nb1-Nb3 bonding region, indicating participation of oxygen
in metal-metal bonding. Furthermore, a pronounced region of
electron density is observed between Nb1, Nb2, and Nb3
(Fig. 10, right), consistent with the presence of a three-centred

(=]

Fig. 10 Electron localisation functions of the [Nb;Os] cluster core in
LizNb,Oslys.

;@%@

Fig. 11 The expansion of cluster architectures of niobium oxide cluster
cores in various niobium oxyiodides.

[NbsO:] [Nb:Os] [NbsOs]

This journal is © The Royal Society of Chemistry 2025
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bond. The ELF analysis suggests the presence of four such
three-centred bonds, in addition to four Nb-Nb bonds with an
admixture of electron density coming from oxygen within the
cluster. These bonding interactions highlight the significant
role of orbital mixing between niobium d-orbitals and oxygen
p-orbitals in stabilizing the cluster core and the cluster
framework.

Conclusion

With the discovery of the niobium oxyiodide cluster com-
pounds LizNb,O51;5 and NbgOsl,,(Nbls), the family of cluster
architectures featuring [Nb,O,] cores is expanded by two new
members. The smallest cluster in this series is the [Nb,O] core
in Nb,Ol,,_,, followed by the [NbsO,] core in NbsO4l;;, and
now the [Nb,Os] and [NbgOs] cores reported in the present
work. These clusters are illustrated in Fig. 11.

All compounds were synthesized via heterogeneous solid-
state reactions between Nbl, and Li,(CN,), which served as an
unconventional reducing agent, in the presence of an oxide.
The formation of the reported compounds occurs via tempera-
ture-dependent equilibria, influenced by slight variations in
composition and the generation of various solid and gaseous
phases (Fig. S5). Importantly, the gas phase and the specific
gaseous species involved is thought to play a key role in
guiding the formation pathways of the resulting cluster
compounds.

Experimental section
Materials and methods

All manipulations of starting materials and products were per-
formed in a glovebox under dry argon with moisture and
oxygen levels below 1 ppm. Li,O (ABCR, 95%) was used as pur-
chased. Nbl, and Li,(CN,) were synthesized as described in
the literature."®

Synthesis

Li3Nb,Os1;5 was synthesized from Nbl,, Li,O and Li,(CN,).
For this purpose, Nbl, (160.8 mg, 0.268 mmol), Li,O (2 mg,
0.067 mmol), and Li,(CN,) (7.2 mg, 0.135 mmol) were encap-
sulated into a fused silica ampoule with 3 cm length and a
volume of about 1.5 cm®. The ampoule was heated in a box
furnace from room temperature to 500 °C with a rate of
0.1 °C min~". The holding time was 24 h before the reaction
was cooled down to room temperature with a rate of 2 °C
min~'. Rod-like crystals of LizNb,Osl;5 were found at the
bottom of the ampoule in the powder, beside Lil and an
amorphous phase, produced by the decomposition of
Li,(CN,). The product was washed with dried ethanol to get
rid of the Lil. A powder pattern of pure product war recorded
(Fig. S6). The estimated yield of LizNb,Os1;5 was about 80%);
crystals appear black and decompose in air due to moisture
after some time.

This journal is © The Royal Society of Chemistry 2025
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NbgOsl,(NbIs) was synthesized from Nbl,, Li,O and
Li,(CN,). For this purpose, Nbl, (160.8 mg, 0.268 mmol), Li,O
(2 mg, 0.067 mmol) and Liy(CN,) (7.2 mg, 0.135 mmol) were
encapsulated into a fused silica ampoule with 3 cm length and a
volume of about 1.5 cm?. The ampoule was heated in a Simon-
Miiller furnace from room temperature to 500 °C with a rate of
0.1 °C. The holding time was 1 h before the reaction was cooled
down to room temperature with a rate of 2 °C min~". Plate-like
crystals of NbgOs1;,(Nbls) were found at the wall in the middle of
the ampoule with NbOI, and NblIs at the top of the ampoule and
Lil, LizNb,Osl;5 and amorphous C3N, in the powder. An X-ray
powder pattern of pure product was recorded (Fig. S7). Crystals
appear black and decompose in air due to moisture quite fast.

Crystallography
A rod-like LizNb,Osl;5 and a plate-like NbgOsly,(Nbls) single-
crystal were mounted on a Rigaku XtaLab Synergy-S X-ray diffr-
actometer using Cu-K, (4 = 1.54184 A) radiation. The single
crystal was kept under N, cooling at 230 K during the data col-
lection. Corrections for absorption effects were applied with
CrysAlisPro 1.171.42.70a (Rigaku Oxford Diffraction, 2022).
The crystal structure was solved by the integrated space group
and crystal-structure determination routine of SHELXT?® and
full-matrix least-squares refinement with SHELXL-2018/3%°
implemented in Olex2 1.5.>

Reaction products were investigated by powder X-ray diffrac-
tion (PXRD) using a StadiP diffractometer (Stoe, Darmstadt)
with Ge[111]-monochromated Cu-K,; radiation and a Mythen1
detector.

Density functional theory

Density functional theory (DFT) calculations were performed
using the Abinit software package (v. 9).>> The Perdew-Burke-
Ernzerhof exchange-correlation functional®® was used with
the vdw-DFT-D3(BJ) dispersion correction of Grimme.”* A
Monkhorst-Pack grid of k-points with real-space basis vectors
(33 0)(—220)and (0 0 3) was used to construct the electronic
structure of crystalline LizNb,Osl;5.>° Plane-wave calculations
were performed using an energy cutoff of 40 Ha outside of
the PAW spheres and a 120 Ha cutoff inside them.
Pseudopotentials sets were used as received from the Abinit
library.>” These computational parameters were chosen follow-
ing convergence studies.
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Niobium oxyiodide cluster compounds LizNb;Osl;s and
NbsOsli7(Nbls) with expanding cluster architectures and
multicenter Nb—Nb bonding
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Figure S 1. Measured powder X-ray diffraction pattern of the unknown phase after the reaction of Nbl, with Li,CN, and Li,O
at 300 °C for 24 h.

Figure S 2. Substance on the wall after quenching the reaction from 400 °C to room temperature. The product forms black
droplets (a) which transform at room temperature into dark red, string-like crystallites (b). These crystallites decompose
after some time at room temperature.
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Figure S 4. DFT-calculated electronic band structure of LisNb,Osly5 with bands coloured by their oxygen character. Special
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Figure S 5. Reaction conditions for the various cluster compounds, synthesized through the reaction of Nbl, with Li,(CN,)
and Li,0.
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Figure S 6. Measured powder X-ray diffraction pattern of LizNb;Osl;5 with Cu-K,; radiation. In blue is the measured powder
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Hydrothermal Synthesis and Characterization of the
Melamine-Based Second-Harmonic Generation Material

HgC|2(C3N5H6)

Melena GroB3, Patrick Schmidt, Carl P. Romao, David Enseling, Thomas Jistel,
Mykhailo Brytskyi, Scott Kroeker, and Hans-Jirgen Meyer*

The pursuit of efficient nonlinear optical materials is critical for
advancing optoelectronic applications. This study focuses on the
synthesis and characterization of HgCl,(C3NgHe), @ melamine-
based hybrid metal halide. Structural analysis reveals a non-
centrosymmetric lattice facilitated by large asymmetric
secondary building units and a =m-conjugated system. The

1. Introduction

Nonlinear optical (NLO) materials are critical to the advancement
of optoelectronic technologies, underpinning applications such
as frequency doubling, optical switching, and high-speed tele-
communications."” The generation of second-order nonlinear
optical effects, including second-harmonic generation (SHG),
requires materials with non-centrosymmetric structures, as only
such structures can exhibit the macroscopic polarization neces-
sary for these phenomena.” However, most crystalline solids,
especially organic-containing compounds, tend to crystallize in
centrosymmetric space groups, making the design and discovery
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compound exhibits a strong second-harmonic generation effi-
ciency. Density functional theory calculations, optical band
gap measurements, and photoluminescence measurements
specify the electronic properties. For completeness and analyti-
cal comparison, the centrosymmetric compound Hg,Cl,(C3NgHs)»
is also introduced.

of non-centrosymmetric materials particularly challenging.®
Overcoming this “inversion symmetry trap” often requires the
integration of structurally asymmetric molecular units or the
introduction of lattice distortions through targeted chemical
modifications.*3?

B-Barium borate (BBO) is a highly regarded NLO material,
renowned for its versatility in frequency doubling, optical
parametric oscillation, and electro-optic modulation. It's SHG effi-
ciency is rooted in its non-centrosymmetric crystal structure,
which features planar (B3Og)*~ groups as its main building unit,
enabling a strong nonlinear optical response.

The success of BBO has inspired the exploration of other struc-
tural motifs with symmetry-breaking characteristics, such as cyanu-
rate (C3N305)3~ and melamine (C3NgHg), whereas the latter has
received less attention.” These planar z-conjugated groups, with
delocalized 7-electron systems show enhanced polarizability and
offer significant potential to generate NLO properties® Most
prominent candidates involve calcium cyanurate (Cas(C3N3Os),,
CCY)™ and strontium cyanurate (Sr3(C3N;0s),, SCY).*? Such mate-
rials could rival or even surpass the performance of traditional NLO
crystals, including BBO, by leveraging the enhanced nonlinear opti-
cal properties inherent to their z-conjugated systems.

Melamine, in particular, has emerged as a promising organic
component in hybrid materials due to its rich z-electron frame-
work, planar structure, and ability to form strong hydrogen
bonds.®! In its monovalent cationic form, melamine can serve
as a templating agent for organic-inorganic systems, stabilizing
structures with reduced symmetry.”’ Despite its potential, the
exploration of melamine-based NLO materials has been limited.
One challenge lies in melamine’s tendency to crystallize in highly
symmetric arrangements, which can negate its ability to contrib-
ute to macroscopic polarization."” However, when combined
with suitable inorganic units, such as transition metal halides,
melamine can achieve the structural asymmetry and electronic
configurations necessary for enhanced NLO performance s

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC - ..
doi.org/10.1002/ejic.202500256

European Journal of Inorganic Chemistry

Transition metal cations, particularly those with a d'° elec-
tronic configuration, such as Hg?", are of particular interest in
NLO material design."" The high polarizability of Hg*" not only
amplifies the nonlinear response but also induces local structural
asymmetry, which is critical for achieving non-centrosymmetric
structures. Among d'® metals, Hg®" is particularly advantageous
due to its heavy atomic mass and large principal quantum num-
ber, which further enhance its polarizability."? This unique com-
bination of properties brands Hg*" as an interesting partner for
m-conjugated organic ligands such as melamine in hybrid systems.

Recent work by Bai et al. (2023)"*7 exemplifies the potential of
melamine-based hybrid materials. They synthesized two novel
melamine-HgCl,-based compounds, (C3NgH,)(CsNgHe)HgCls and
(C3NgH;)sHgCls, which exhibit NLO properties. The first com-
pound in particular, crystallizes in an NCS polar space group
due to its unique structural features, including large asymmetric
secondary building units and a small dihedral angle of 2.98°
between melamine molecules. These features are considered
to disrupt centrosymmetry and prevent the antiparallel arrange-
ment of molecules, which often leads to inversion symmetry. This
structural asymmetry, combined with the high polarizability of
the Hg®* cation and the delocalized n-electron system of mela-
mine is reported to result in an SHG efficiency five times greater
than that of KH,PO, (KDP), a standard reference material.
Additionally, (CsNgH)(C3NsHe)HgCls exhibits a wide bandgap of
4.40 eV and giant optical anisotropy. These findings underscore
the synergistic role of inorganic and organic components in driv-
ing exceptional NLO performance.

The success of (C;NgH;)(CsNgHe)HgCls highlights the potential
of the melamine-HgCl, system for producing high-performance
NLO materials. Inspired by this work, we are reporting a closely
related compound, HgCl,(C3NgHe), to evaluate its structural and
optical properties. In this study, we synthesize and characterize
the new compounds HgCl,(C3NgHe) and Hg,Cl,(C3NgHe),. For
HgCl,(C3NgHe), we investigate its SHG efficiency and electronic
structure using a combination of experimental techniques and
density functional theory (DFT) calculations. Our results reveal
a strong SHG response and a wide bandgap, underscoring the
potential of HgCl,(C3NgHe) as a high-performance NLO material.
These findings not only expand the family of melamine-based
hybrid materials but also provide deeper insights into the struc-
tural and electronic factors that govern the optical performance
of this family of materials.

2. Results and Discussion
2.1. Crystal Structure of HgCl,(C3N¢Hs) and Hg,Cl,(C3NgHe)-

HgCl,(C3NgHe) was synthesized via a straightforward hydrother-
mal reaction between HgCl, and melamine. Single-crystal X-ray
diffraction structure solution of HgCl,(CsNgHs) yielded a mono-
clinic structure with the space group C2 and refined lattice
parameters of a=25.670(2) A, b=4.0521(3) A, ¢=9.0982(8) A,
and f=117.75(1)° (see Figure 1). The structure consists of
stacked HgCl, layers alternating with ordered melamine

Eur. J. Inorg. Chem. 2025, 28, 202500256 (2 of 9)

Figure 1. Section of the HgCl,(C3NgHs) crystal structure with viewing direc-
tion along the b-axis.

molecules along the g-axis, forming a polar architecture that sup-
ports SHG activity. Refinement as an inversion twin, with a Flack
parameter of =0.5, indicates the presence of enantiomorphic
domains within the crystal. Despite their well-defined single-
crystal morphology, all measured crystals exhibited pseudo-
centrosymmetric behavior—a characteristic consistent with
enantiomorphic domains reported in the literature.""™

The compound was initially modeled in the centrosymmetric
space group 2/m, which includes an inversion center; conse-
quently, a mirror plane perpendicular to the b-axis arises from
the symmetry operations. These symmetry elements necessitated
disorder of the melamine units over two positions, as both orien-
tations were symmetry-equivalent in the averaged model
(Figure 2). However, this model could not account for the observed
SHG response, which by nature excludes inversion symmetry.

The crystal structure consists of HgCl, layers in which the mer-
cury centers adopt distorted octahedral coordination, alternately
capped by chloride ions and melamine molecules. This arrange-
ment gives rise to interleaved layers of HgCl, and melamine along
the crystallographic g-axis (Figure 1). Each melamine molecule
coordinates to a mercury center through its terminal nitrogen
atom (N1) (Figure 1 and Figure 3). The layered arrangement is
further stabilized by hydrogen bonding both within and between
the layers, contributing to the overall structural robustness.

In the crystal structure, the coordination environment around
the mercury atoms adopts a distorted octahedral geometry. For
both Hg1 and Hg2, the Cl2-Hg-Cl2 bond angles range from
82.04(5)° to 98.63(5)°, where CI2 denotes the in-plane chloride
ions within the HgCl, layers (Figure 3). These CI2 atoms bridge
adjacent mercury centers and are associated with relatively long
Hg-Cl2 distances of 3.026(5)-3.102(5) A. In contrast, the terminal,
out-of-plane CI1 atoms form shorter Hg1-Cl1 bonds of 2.331(2) A.
Additionally, Hg2 coordinates to the terminal nitrogen atom (N1)
of melamine with a bond length of 2.0262(6) A. A notable rear-
rangement of hydrogen atoms is observed, wherein the hydro-
gen originally bonded to N1 is relocated to N5 within the
melamine molecule.
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Figure 2. Section of the HgCl,(CsNgHe) crystal structure derived in C2/m

with disordered melamine molecules. The two possible position are
highlighted by different bond colors (yellow and pink).

D
g
g
D

Figure 3. Section of the HgCl,(C3NgHs) crystal structure highlighting the
HgCl, layers and melamine coordination to the mercury atoms.

The morphology of the synthesized HgCl,(CsNgHe) crystals is
illustrated in the SEM images in Figure 4. The block-shaped
crystals exhibit high uniformity, with dimensions ranging from
~30-50 um in length and 5-10 um in width. The layered nature
of the structure is evident in these images (Figure 4b), highlight-
ing the ordered stacking of HgCl, and melamine layers. Powder
X-ray diffraction (PXRD) analysis confirms the phase purity of
the synthesized material, and the corresponding diffraction pat-
tern is provided in the Supporting Information (see Figure S1,
Supporting Information).

Although HgCl,(C3NgHe) is the primary focus of this study due
to its notable SHG activity, we also report the structurally related
compound Hg,Cl5(C3NgHe),. This compound comprises on Hg*
and was obtained via solid-state synthesis under inert conditions
by heating a mixture of Hg,Cl, and melamine to 150°C. The

Eur. J. Inorg. Chem. 2025, 28, 202500256 (3 of 9)

Figure 4. SEM images of HgCl,(CsNgHe) crystals, showing their uniform,
a) morphology and b) layered character.

resulting crystalline material adopts a triclinic structure in space
group P1 (see Table 1). The structure features infinite one-
dimensional chains extending along the g-axis, composed of
Hg-Hg dimers (dumbbells) oriented approximately orthogonal
to the chain direction (see Figure 5). The mercury atoms within
each dimer are connected by a direct Hg-Hg bond of 2.5543(1) A.
These dimers are bridged by chloride ions (Hg—Cl = 2.6763(4) A
and 2.8285(3) A) and further coordinated by inner nitrogen atom
(N1) of the melamine ring (Hg-N1 =2.273(1) A). In addition, mel-
amine molecules engage in an extended N-H--N hydrogen-
bonding network that stabilizes the crystal structure (see
Figure 6). Currently, the compound is not known to exhibit
any remarkable physical or chemical properties, but it serves
as a useful structural reference for comparative analysis, particu-
larly in infrared (IR) spectroscopic studies.

2.2. Thermogravimetric Analysis (TGA)

Thermal stability was assessed using thermogravimetric analysis
(TGA), which revealed no significant weight loss below 230 °C
for HgCl,(CsNgHs), indicating that the compound is thermally
robust under ambient conditions (see Figure S2, Supporting
Information). Above this threshold, a series of discrete mass-loss
steps is observed, suggesting a multistage decomposition pro-
cess. However, these steps could not be reliably correlated with
the release of specific decomposition products or intermediate
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Table 1. Crystallographic data from the crystal structure refinement for
HgCl5(CsNgHe).

HgCl(C3NgHe) Hg,Cly(C3NgHe)2
Space group c2 P1
a/h 25.670(2) 3.6928(1)
b/A 4.0521(3) 9.8740(2)
c/A 9.0982(8) 10.0690(2)
a/° 90 81.943(1)
pre 117.75(1) 88.320(2)
v/° 20 83.842(2)
/A 837.5(1) 361.38(1)
R; 0.0219 0.0270
wR, 0.0486 0.0372
GooF? 1.127 1.0299
Flack 0.49(5) -
CCDC 2414165 2178137

Figure 6. Section of the Hg,Cl,(CsNgHe), crystal structure with viewing
direction along the g-axis.
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species, likely due to the complexity of the breakdown pathway.
The absence of low-temperature mass loss further supports the
lack of solvent inclusion or volatile impurities, consistent with the
compound’s structural stability.

2.3. Solid-State NMR

'H MAS NMR reveals the presence of three chemically distinct
hydrogen environments (Figure 7) in agreement with the pro-
posed crystal structure. The most intense peak centered at
5.5 ppm may be assigned to primary amine protons (H2 and
H3). The least shielded peak at 12.2 ppm may be assigned to
the melamine proton (H5) which is H-bonded to Cl, as it is most
similar to analogous N-bound hydrogens found on heteroatomic
rings (12.0-13.4 ppm). The middle peak at 8.8 ppm represents H1,
which is bound to the nitrogen (N1) bonded to mercury. While no
J-coupling can be measured in this peak, its increased breadth is
likely due to unresolved 2 J(" H,'°Hg).

2.4. Photoluminescence

Spectroscopic analysis upon 332 nm excitation at 100, 150, and
200 K showed whitish emission. This was confirmed by recording
the photoluminescence spectrum at low temperatures, which
shows a very broad emission band peaking at around 490 nm
(20400cm™"), however, the luminescence is completely
quenched at about 350 °C. This broad emission is already known
for other mercury compounds. For other literature-known mer-
cury compounds, the emission typically spans a range of 150-
200 nm for each individual compound but can occur anywhere
within the broader region of 370-650 nm.l"¥ This aligns well with
our observations (see Figure 8). An additional peak is observed at
570 nm; the origin of which is currently unclear. Further investi-
gation is warranted to determine its nature. Importantly, this peak
does not affect the interpretation of the primary spectral features
discussed in this work.

16 14 12 10 8 6 4 2

Figure 7. 'H MAS NMR spectrum of HgCl,(CsNgHe).
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Figure 8. Photoluminescence spectrum of HgCl,(C3NgHe) from 100 to 500 K
upon 332 nm excitation.

2.5. Diffuse Reflectance UV-Vis Spectroscopy (DRUV)

Diffuse reflectance spectroscopy was used to determine the
bandgap of HgCl2(C3N6H6) via a Tauc plotl™™ This analysis
yielded a direct bandgap of 4.49eV and an indirect bandgap
of 439 eV (see Figure 9). Both bandgaps are thus located within
the UV range, which match the observed formation of transpar-
ent, block-shaped crystals.

2.6. Diffuse Reflectance IR Fourier Transform Spectroscopy
(DRIFT)

In the IR spectrum of HgCI2(C3N6H6) in Figure 10, characteristic
deformation vibrations of C-N-C, N-C-N and NH, could be
observed, as well as valence vibrations of C-N and N-H bonds.
The presence of N-H valence vibrations is a strong indicator
for the binding of an external nitrogen atom of the melamine
ring to the mercury atom in the structure (compare Table 2).

—— indirect allowed transistion
— direct allowed transition

(ahv)°®
(ahv)?

I
T T T T T T T T T T

3.50 3.75 4.00 4.25 4.50 4.75 5.00

hv(eV)

Figure 9. Tauc plot of the diffuse reflectance IR spectroscopy measurement
of HgCl,(C3NgHe).
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Figure 10. IR spectrum from 4000 to 480 cm™" of HgCl,(C5NgHs).

Table 2. Assignment of the wavenumbers to the characteristic deformation
and vibration oscillations in HgCly(CsNgHe) and Hg,Cly(CsNgHe).
Wavenumber [em™'] Assignment
HgCl,(CsNgHe)

980-1022 J(CNQ), 5(NCN)
1375-1655 V(CN), 6(NH,)
3158, 3357, 3427-3470 Jo(NH,)
3389 v(NH)
Hg,Cl5(C3NgHe)

980-1022 J(CNC), 5(NCN)
1438/1539 V(CN), 6(NH,)
1654/3132/3327/3419/3469 J(NH,)

The measured IR spectrum of Hg,Cl,(CsNgHs), shows notable
similarities to that of HgCl,(CsNgHe) (see Figure 11). Additionally,
characteristic deformation vibrations of C—N—C, N—C—N, and
NH, groups, as well as valence vibrations of C—N bonds, are
observed. Due to the binding of mercury to the nitrogen atom
within the ring, the NH vibration is absent, unlike in the IR spec-
trum of HgCl,(C3NgHe).

3. NLO Measurements

Second-harmonic generation is a second-order nonlinear optical
phenomenon in which two photons interact within a material to
produce a single photon of twice the energy of the original pho-
tons. This process arises from the interaction of light with the
nonlinear polarization of the material.*®

The SHG efficiency of HgCl,(CsNgHe) was measured using a
custom-built confocal microscope described in the Experimental
Section. The material exhibited an SHG efficiency approximately
equal to B-BBO, a standard reference material. This strong
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Figure 11. IR spectra from 3600 to 3000 cm™' of a) Hg,Cl,(CsNgHe) and
b) HgCl,(CsNgHe) with the additional NH vibration signal marked with an
asterisk.

nonlinear response highlights the cooperative role of the highly
polarizable Hg?" cations and the =-conjugated melamine
framework.

The scan images presented in Figure 12 illustrate the nonlin-
ear signal intensity of single crystals of BBO and HgCl,(C3NgHe).
From these images, it can be estimated that the nonlinear signal
intensities of the two crystals are of similar magnitude. Regions
exhibiting hotspots with enhanced SHG signals were identified
and subsequently used for the spectral characterization detailed
in Figure 13.

The signal intensity for a second-order nonlinear process,
such as SHG is proportional to the square of the excitation power

Figure 12. Scan images showing the SHG intensity of a) p-BaB,0, and

b) HgCl,(CsNgHe) . The images illustrate variations in signal intensity across
the crystal surfaces, highlighting localized hotspots associated with
enhanced SHG activity.
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Figure 13. Nonlinear optical spectra of B-BaB,0O, (red) and HgCl,(CsNgHe)
(gray). The excitation power dependence of the SHG signal is presented in
a double logarithmic scale. Continuous lines represent the corresponding
linear fits, with slopes derived from the fitted data.

(see Figure 13). This relationship is evident in the slopes of the
linear fits, which are 2. The linearity of the data points confirms
that the observed signals arise from a two-photon process.
Furthermore, the position of the peaks, appearing at half the
wavelength of the excitation source, provides additional confir-
mation that the signal originates from SHG. As shown in
Figure 13, the SHG intensity of HgCl,(CsNgHs) is comparable in
magnitude to that of BBO, highlighting the efficiency of
HgCl,(C3NgHs) as an SHG material.

3.1. Electronic Structure

DFT calculations provide deeper insights into the electronic struc-
ture and optical properties of HgCl,(CsNgHs). The calculated band
structure (Figure S3-S7, Supporting Information) reveals a direct
bandgap of 3eV, rather consistent with the experimental
bandgap value of 4.35eV. The slight discrepancy is attributed
to the limitations of the generalized gradient approximation
(GGA) in underestimating band gaps. Projections of the electronic
wavefunctions onto the atomic spheres in DFT showed that the
valence band maximum (VBM) has contributions from N, Cl, and
Hg states, while the conduction band minimum (CBM) is primarily
composed of Cl and Hg states. These electronic configurations
underscore the cooperative contributions of melamine and
Hg”*" to the material’'s nonlinear response.

4. Experimental Section
4.1. Synthesis of HgCl,(CsNgHe)
Crystals and powder were synthesized via a hydrothermal
method, employing mild reaction conditions to promote

high-quality crystal formation. HgCl, (750mg, 2.76 mmol,
Sigma-Aldrich >99.5%) and melamine (348.40 mg, 2.76 mmol,
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Sigma-Aldrich 99.9%) were dissolved in 10 mL double distilled
and degassed water. The reaction mixture was sealed in a
Teflon-lined autoclave and heated slowly with a rate of
0.1 Kmin~" to 110 °C for 12 h and a cooling rate to room temper-
ature of 1T0Kmin~". The resulting crystals and powder were
washed with water and dried on air at 80°C, obtained with
95 % yield.

4.2. Synthesis of Hg,Cl,(CsNgHe)

Crystals and powder were synthesized via solid-state reaction,
employing mild reaction conditions. Hg,Cl, (130 mg, 0.275 mmol,
Sigma-Aldrich >99.5%) and melamine (69.5 mg, 0.551 mol, Sigma-
Aldrich 99.9%) were ground in an agate mortar under inert con-
ditions and sealed in an evacuated quartz glass ampoule and
heated with a rate of 2Kmin™" to 150°C for 48 h and a cooling
rate to room temperature of 2 K/ min. The yield of this product
was about 95%.

4.3. Powder X-Ray Diffraction (PXRD)

PXRD patterns of products were collected with a Stadi-P (STOE,
Darmstadt) powder diffractometer using germanium monochro-
mated Cu-K,, radiation (1 = 1.5406 A) and a Mythen 1K detector.

4.4. Single-Crystal X-Ray Diffraction (SC-XRD)

SC-XRD studies were performed using a Rigaku XtaLAB Synergy-S
diffractometer equipped with a HyPix 6000HE detector using
CuK, radiation (2 =1.54184A) at 220K."® The structure was
solved with the ShelXT 2018/2 solution program!” using dual
methods and by using Olex2 1.5 (Dolomanov et al., 2009)!"® as
the graphical interface. The model was refined with ShelXL
2018/3 (Sheldrick, 2015)"'? using full matrix least squares minimi-
sation on F%

4.5, Solid-State NMR

'H magic-angle spinning (MAS) NMR was run at 11.7 T on a Bruker
Avance |l 500 spectrometer. Bloch-decay spectra were collected
using a 1.3 mm double-resonance MAS probe at a spinning rate
of 55 kHz on 2 mg of sample. Spectra of an empty rotor acquired
under identical conditions were used to subtract the "H signal of
the probe background, compromising the accuracy of the inte-
grated intensities. 64 transients were co-added with a 90°pulse
of 1.3 ps, separated by a recycle delay of 30 s. The chemical shift
is reported relative to TMS, as measured by the chemical shift of
water at 4.75 ppm as an external reference.

4.6. Thermal Analysis

Differential thermal analysis (DTA) and thermal gravimetry (TG)
measurements were performed with a Netzsch Jupiter, STA
449 F3 apparatus between room temperature and 1000 °C with
a heating and cooling rate of 2 K min~" in a bespoke silica crucible

Eur. J. Inorg. Chem. 2025, 28, 202500256 (7 of 9)

(height: 2 cm, inner diameter 0.6 cm, thickness of wall: 0.1 cm).
The compound (HgCl,(C3NgHs) is thermally stable up to 230°C
(see Figure S1, Supporting Information).

4.7. DRUV (Diffuse Reflectance UV-Vis) Spectroscopy

For recording the spectra a Maya 2000 Pro spectrometer from
OceanOptics equipped with a praying mantis sample chamber
from Harrick and a DH-2000-BAL (Deuterium-Tungsten-Lamp)
as a light source from OceanOptics. As a software OceanView
1.6.7 (lite) from OceanOptics was used with following settings:
scans to average = 40, boxcarwidth = 10 and integration time =
30 ms. The bandgap E4 of HgCl,(CsNgHs) was calculated using
following equation (a-hv)"" = A-(hv - E;), where a is the absorption
coefficient, h is the Planck constant, A is a material related con-
stant and hv is the photon energy. The exponent is for an indirect
allowed bandgap transition n=2 and for a direct allowed
bandgap transition n =0.5.1"!

4.8. EDX Measurement

The EDX spectroscopy data was collected using a Hitachi SU8030
scanning electron microscope equipped with a Bruker QUANTAX
6 G EDX detector.

4.9. Electron Microscopy

SEM was carried out on a Hitachi SU8030 scanning electron
microscope equipped with a Bruker QUANTAX 6 G EDX detector.

4.10. DRIFT (Diffuse Reflectance IR Fourier Transformation)
Spectroscopy

Samples were measured at room temperature under inert condi-
tions in diffuse reflectance with a Harrick Praying Mantis attach-
ment using a Bruker Vertex 70 infrared spectrophotometer with a
deuterated triglycine sulfate (DTGS) detector and KBr beamsplit-
ter. The background spectra were collected using pure dried KBr
in powder form.

4.11. Second Harmonic Generation Measurements (SHG)

For SHG measurements the samples were distributed on to clean
silicon wafers. They were then imaged and spectra were collected
with a home-built parabolic mirror confocal microscope. The
functionality of the microscope has been confirmed on a range
of samples.?® For excitation of the samples a pulsed laser
(FemtoFiber pro, Toptica Photonics) with an emission wavelength
of 779 nm and a repetition frequency of 80 MHz was used. A clean
linear polarization was ensured, by placing a Glan-Taylor polarizer
in the beam path. Focusing of the laser beam as well as signal
collection was done by a parabolic mirror (NA =0.9986 in air).
To suppress both the laser line signal and the two-photon photo-
luminescence signal both a short pass filter and a bandpass filter
with a filter wavelength of 750 nm and 390 nm (380 nm to
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400 nm bandwidth) respectively were employed. The collection
of SHG spectra was performed on an Acton SP2500 spectrometer
with a 150 grooves/mm grating (Princeton Instruments) coupled
to a Pixis 100 charge-coupled device (Princeton Instruments). For
imaging the samples was scanned though the laser focus using a
high-precision nano-positioning stage (Physik Instrumente/
nPoint), while the intensity per pixel was recorded by an ava-
lanche photodiode (Count, Laser Components).

4.12. DFT Calculations

Calculations were performed using the ABINIT software pack-
age™" with the projector augmented-wave (PAW) method and
a plane-wave basis set. The Perdew-Burke-Ernzerhof exchange-
correlation functional® was used with the vdw-DFT-D3 disper-
sion correction® PAW data files were used as received from
the ABINIT library. Convergence studies and structural relaxation
were performed prior to calculation of the electronic structure.
A 120 Ha plane wave basis set energy cutoff was used inside
the PAW spheres and a 24 Ha cutoff outside. A Monkhorst-
Pack grid®? with basis vectors (—5 5 4), (4 4 12), and (-1 9
8) was used to sample reciprocal space.

5. Conclusions

This study presents the successful synthesis and detailed
characterization of the melamine-based hybrid compound
HgCl,(CsNgHe), which adopts a non-centrosymmetric layered struc-
ture essential for second-order NLO activity. The distorted octahe-
dral coordination of Hg?*, combined with the n-conjugated nature
of melamine, facilitates macroscopic polarization and results in a
strong SHG response comparable to that of benchmark materials
such as f-BBO. Supporting spectroscopic and computational
analyses confirm the wide bandgap, high optical anisotropy,
and thermal robustness of the material. These findings establish
HgCl,(CG:NgHe) as a promising NLO material and underline the
potential of melamine-based hybrid halides in the design of
next-generation optoelectronic materials.

Supporting Information

Deposition Numbers 2414165 (for HgCl(C3NgHe)), 2178137
(for Hg,Cl,(C3NgHg),) contain the supplementary crystal-lographic
data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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Figure S1. PXRD pattern of the measured powder with the marked Bragg positions generated from the
cif file of HgCl,(C3NgHs) (blue).
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Figure S2. Thermogravimetric (TGA) and differential thermal analysis (DTA) curves of HgCl,(CsNgHs). No
significant mass loss is observed below 230 °C, indicating high thermal stability. Above this temperature,

a multi-step decomposition occurs, though the individual mass-loss steps could not be conclusively
assigned to specific decomposition products.
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Figure S3. The electronic band structure of HgCl,(CsNgH¢), as calculated using DFT. Bands are coloured
according to their hydrogen character. Special points in the Brillouin zone (I' = (0 0 0), C = (0.256 0.256 0),
Y=(-0.50.50), M =(-0.50.50.5), D=(-0.253 0.747 0.5),A=(000.5), L=(00.50.5), V= (0.5 0 0) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S4. The electronic band structure of HgCl,(CsNgH¢), as calculated using DFT. Bands are coloured
according to their carbon character. Special points in the Brillouin zone ('= (0 0 0), C = (0.256 0.256 0), Y
=(-0.50.50), M = (-0.50.5 0.5), D =(-0.253 0.747 0.5), A=(000.5), L= (00.50.5), V= (0.5 0 0) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S5. The electronic band structure of HgCl,(CsNgH¢), as calculated using DFT. Bands are coloured
according to their nitrogen character. Special points in the Brillouin zone (= (0 0 0), C = (0.256 0.256 0),
Y=(-0.50.50), M =(-0.50.50.5), D=(-0.253 0.747 0.5),A=(000.5), L= (00.50.5), V= (0.5 0 0) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S6. The electronic band structure of HgCl,(CsNgH¢), as calculated using DFT. Bands are coloured
according to their chlorine character. Special points in the Brillouin zone (I'= (0 0 0), C = (0.256 0.256 0),
Y=(-0.50.50), M=(-0.50.50.5), D=(-0.253 0.747 0.5),A=(000.5), L= (00.50.5), V= (0.5 0 0) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S7. The electronic band structure of HgCl,(CsNgH¢), as calculated using DFT. Bands are coloured
according to their mercury character. Special points in the Brillouin zone (I'= (0 0 0), C = (0.256 0.256 0),
Y=(-0.50.50), M =(-0.50.50.5), D=(-0.253 0.747 0.5),A=(000.5), L= (00.50.5), V= (0.5 0 0) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Synthesis and SHG properties of the melamine-based
material (C3N6H7)ZI1X3(C3N5H5) (X =Cl, Br)

@ Catharina Darine Brand, (2 Patrick Schmidt,
® Carl P. Romao (2 € and Hans-Jiirgen Meyer (2 *?

"ﬁ) Check for updates

Cite this: Dalton Trans., 2025, 54,

17941

Melena GroR, 2 Tim Parker,?

Dai Zhang,

The zinc halide—melamine system was investigated by conducting exploratory solid-state reactions and
hydrothermal syntheses, yielding Znz(OH),Cl4(C3sNgHg)3 and (C3sNgH7)ZnX35(C3sNgHg) with X = Cl and Br. All
compounds were characterized by single-crystal X-ray diffraction, revealing that there are two modifi-
cations of the melaminium-zinc-chloride—melamine compound, crystallizing with non-centrosymmetric
space groups (Pna2; and P2,). The presence of delocalized n-electron systems in compounds containing
cyclic (B30g)*~, (C3N303)*~, or melamine derivatives is known to give rise to significant second harmonic
generation (SHG) properties, provided that the given structure has no inversion center. All crystal struc-
tures feature Zn?* in a tetrahedral coordination environment, forming layered structures. Spectroscopic
measurements on phase-pure orthorhombic (CsNgH7)ZnBrs(CsNgHg) resulted in direct and indirect band
gaps of 4.74 eV and 4.46 eV respectively. Measurements of the nonlinear optical response performed on
single crystals of three different compounds revealed significant intensities following the sequence
monoclinic (C3NgH7)ZnClz(C3sNgHg) > orthorhombic (CsNgH-)ZnBrs(CsNgHg) > orthorhombic (CsNgH-)
ZnClz(C3NgHg). Their SHG properties are compared with those of KTP, one of the most widely used SHG
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Introduction

Nonlinear optical (NLO) materials have garnered significant
interest due to their important roles in optoelectronic appli-
cations, including frequency conversion, optical data storage,
and photonics." A cornerstone of second-order nonlinear
optical phenomena, such as second-harmonic generation
(SHG), is the requirement for non-centrosymmetric structures,
which enable the macroscopic polarization needed for these
processes.” Cyanurate-based systems, built upon the
(C5N;305)*” ion, have emerged as promising building blocks
for NLO materials.® These planar, n-conjugated units, isoelec-
tronic with (B30e)’~ in f-BaB,O4 (BBO), display high polariz-
ability and have demonstrated good SHG efficiencies in alka-
line earth and rare-earth compounds.® Previous works, such as
the syntheses of Sr3(C3N;03), and Caz(C3N303),, have shown
that such frameworks can adopt non-centrosymmetric arrange-
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Chemistry, Eberhard Karls University Tiibingen, Auf der Morgenstelle 18, 72076
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ments and exhibit significant optical responses, making them
strong candidates for practical applications.* However, further
extending these concepts to organic-inorganic systems has
proven challenging. Melamine (C3NgHs) shares structural simi-
larities with cyanurate and offers great potential for NLO appli-
cations.” Its delocalized electron system and rich chemical ver-
satility enable it to form complex frameworks with enhanced
polarizability.® Unfortunately, melamine’s inherent tendency
to crystallize in centrosymmetric configurations often sup-
presses its utility for SHG applications.” To circumvent this
limitation, strategies such as incorporating melamine into in-
organic structures and leveraging secondary building units
have been explored.® Recent studies on melamine-based metal
halides, for example, have highlighted the potential for achiev-
ing non-centrosymmetric structures by combining heavy metal
cations, such as Hg”*, with melamine.?® While mercury may
initially seem like a promising candidate due to its high polar-
izability and ability to induce structural asymmetry, its toxicity
significantly limits its practical applications. This highlights
the importance of exploring less hazardous metals to develop
environmentally safer NLO materials for broader applications.
Zinc is a particularly promising candidate for SHG-active
materials due to several key properties. Zinc ions (Zn”>"),
belonging to the d' electronic configuration family, exhibit
high polarizability, which is a crucial factor in enhancing SHG

Dalton Trans., 2025, 54,17941-17949 | 17941
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efficiency.” Additionally, Zn>" ions readily form diverse coordi-
nation geometries, enabling structural flexibility that facilitates
the adoption of non-centrosymmetric arrangements in crystal
lattices.'® Compounds incorporating Zn**, such as ZnO and its
derivatives, have already demonstrated strong nonlinear
responses and broad transparency ranges in the ultraviolet
(UV) to visible spectrum.'* Furthermore, zinc-based materials
often show robust stability and processability, making them
practical candidates for SHG applications."?

We conducted an exploratory study combining Zn** and
melamine using solid-state and hydrothermal routes. This
yielded a series of zinc-melamine compounds, some of which
exhibit significant second-harmonic generation (SHG). These
findings highlight melamine (Mel) as an effective ligand plat-
form for the development of high-performance second-order
nonlinear optical (NLO) materials.

Results and discussion
Syntheses

The hydrothermal reaction of ZnCl, and melamine in a Teflon-
lined autoclave at 110 ©°C yielded two compounds:
Zn;(OH),Cl4(Mel);, which contains melamine (Mel) as a
ligand, and (MelH)ZnCl;(Mel), which contains melamine as a
ligand and melaminium (MelH) as a counter cation. A corres-
ponding reaction with ZnBr, yielded (MelH)ZnBr;(Mel) only.
The crystal structures of (MelH)ZnCl;(Mel) and (MelH)
ZnBr;(Mel) were refined isotypically to crystallize in the non-
centrosymmetric orthorhombic space group Pna2,. The lattice

View Article Online

Dalton Transactions

parameters of the bromide containing compound are only
slightly expanded compared to the chloride compound, due to
the larger ionic radius of bromide (Table 1). The composition
of the bromide compound was confirmed by combustion ana-
lysis (H = 2.35% =+ 0.157%) and EDX (Zn : Br = 1: 3.0(1)).

A similar mercury compound (C;NgH;)(C3NgHe)HgCl; has
been already reported with the space group Pna2, and high-
lighted for its SHG properties.®*® And finally a zinc compound
(H;C3Ng)(HsC3Ng)ZnCl; obtained via hydrothermal synthesis
has been reported to crystallize in the monoclinic space group
P2,.%” This compound did not form under the hydrothermal
conditions that were previously used, but it was synthesized by
solid-state reactions of ZnCl,, melaminium hydrochloride, and
melamine in a 1:1:1 molar ratio at 120 °C. The crystal struc-
tures and SHG properties of the compounds are reported as
follows.

Structure of Zn;(OH),Cl,(Mel);

Single-crystal ~X-ray diffraction studies revealed that
Zn;(OH),Cl,(Mel); crystallizes in the triclinic space group P1.
The crystal structure is composed of three distinct zinc atoms
interconnected by hydroxide groups. Each zinc atom adopts a
distorted tetrahedral coordination geometry, featuring a mixed
ligand environment comprising chloride, hydroxide, and mela-
mine ligands (see Fig. 1). Zn1 and Zn3 are coordinated by two
chloride ions, one hydroxide group, and one melamine ligand,
bonded through an inner nitrogen atom. Zn2 is coordinated
by two hydroxide groups and two melamine ligands, with each
also bonded via inner nitrogen atoms (see Fig. 1).

Table 1 Summary of single-crystal data for (MelH)ZnClz(Mel) (P2; and Pna2,), (MelH)ZnBrz(Mel) (Pna2,), and Znz(OH),Cl4(Mel)s from structure

refinements

Compound

(MelH)ZnCl;(Mel) (MelH)ZnBr;(Mel) Zn;(OH),Cly(Mel);
CCDC 2478821 2407677 2438541 2407380
Formula CeH3N,Cl3Zn CeH13N1,ZnBr3 C1,H,6CI4N,,0,Zn;5
Formula weight/g mol™* 425.004 425.00 558.38 876.498
Density/g cm™> 1.911 1.914 2.374 2.013
zZ 2 4 4 2
Crystal system Monoclinic Orthorhombic Orthorhombic Triclinic
Space group P2, Pna2, Pna2, P1
alA 9.3366(2) 12.1055(4) 12.1482(2) 10.5358(1)
b/A 6.6582(2) 18.3525(5) 18.8376(3) 10.5807(1)
c/A 12.1344(3) 6.6402(2) 6.8263(1) 13.8676(2)
al° 90 90 90 72.481(1)
pl° 101.703(2) 90 90 79.260(1)
7/° 90 90 90 89.968(1)
VIA® 738.65(3) 1475.238(8) 1562.15(4) 1445.83(3)
T/K 150.0(1) 150.0(2) 150.0(1) 150.0(2)
Radiation type Cu-K, Cu-K, Cu-K, Cu-K,
Reflections measured 15504 13315 58528 46 915
Independent reflections 2767 2486 3394 5911
Abs. coeff. (mm™") 7.482 7.493 11.347 6.874
Goof (F?) 1.0571 1.041 1.093 1.0933
Rint 0.0378 0.0419 0.0230 0.0310
Ry 0.0253 0.0367 0.0200 0.0172
WR, 0.0584 0.0926 0.0590 0.0422
Flack —0.009(38) 0.04(3) —0.02(1) —
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Fig. 1 Section of the crystal structure of Zn3(OH),Cly(Mel);, with a
central trinuclear arrangement of zinc atoms, interconnected via
hydroxide bridges. Each zinc atom adopts a distorted tetrahedral
environment surrounded by chloride, hydroxide, and melamine ligands.

Structure of orthorhombic and monoclinic (MelH)ZnCl;(Mel)

The structure of orthorhombic (MelH)ZnClz(Mel) crystallizes
in the non-centrosymmetric orthorhombic space group Pna2,
(Fig. 2). The zinc atom in the structure is coordinated by three
halide ligands and one melamine molecule through an inner
nitrogen atom, forming the (ZnCl;Mel)™ anion with a distorted
tetrahedral coordination geometry, with dz, y = 2.031(1)-2.045
(1) A, dyn_c; = 2.2458(4)-2.3151(3) A and dzn_o = 1.925(1)-1.947
(1) A. In addition, a protonated melamine molecule is incor-
porated for charge compensation.

Fig. 2 Crystal structure of orthorhombic (MelH)ZnCls(Mel) showing the
layered character of the structure.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Two views of the monoclinic (top) and orthorhombic (bottom)
modifications of (MelH)ZnClz(Mel). The red box marks the section of the
structure shown in the parent projections on the right.
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These moieties together form a layered arrangement, most
importantly with a stacking of melamine and melaminium
along the polar c-axis. When viewed along the a direction, both
melamine and melaminium are slightly tilted relative to each
other (see Fig. 3, left side).

The structure of monoclinic (MelH)ZnCl;(Mel) crystallizes
in the non-centrosymmetric monoclinic space group P2; with
dznn = 2.053(2) A and dz, ¢ = 2.716(7)-2.2633(6) A, which are
in good agreement with the literature.”” Herein, the
(znClzMel)” and melaminium ions show different distri-
butions in the structure, compared to the orthorhombic struc-
ture, as visualized in Fig. 3. These different arrangements are
most likely a result of competing stabilizations of these struc-
tures via hydrogen bonding, with hydrogen bonding high-
lighted in Fig. 3 (right); see Tables S1-54 for the complete list.
A list of all distances surrounding the zinc atoms is provided
for all compounds in Table S5. Most importantly, the mela-
mine-based ring systems are stacked along the polar b-axis.

NLO measurements

Second harmonic generation (SHG) is a second-order non-
linear optical process in which two photons combine within a
material to produce a new photon with twice the energy and
half the wavelength of the incident light. This phenomenon
arises from the interaction between the electromagnetic field
and the material’s nonlinear polarization."®> To evaluate the
SHG efficiency of the orthorhombic compounds (MelH)
ZnX;(Mel) (X = Cl, Br), measurements were conducted on
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Fig. 4 Nonlinear optical spectra of KTP (green), monoclinic (MelH)
ZnCl3(Mel) (P24; red), orthorhombic (MelH)ZnBrz(Mel) (Pna2,; blue) and
orthorhombic (MelH)ZnCls(Mel) (Pna2,; grey) are shown for an exci-

tation power of 5 mW. The only detectable signal is the SHG peak,
which is located at approximately 390 nm.
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Fig. 5 Nonlinear optical spectra of KTP (green), monoclinic (MelH)
ZnCl3(Mel) (P24; red), orthorhombic (MelH)ZnBrz(Mel) (Pna2,; blue) and
orthorhombic (MelH)ZnCls(Mel) (Pna2;; grey). The excitation power
dependence of the SHG signal is presented on a double logarithmic
scale. Continuous lines represent the corresponding linear fits, with
slopes derived from the fitted data.

single crystals using a custom-designed confocal microscope,
as described in the Experimental section (see Fig. 4 and 5).

Among the materials studied, potassium titanyl phosphate
(KTP)™ is used as a reference, which is one of the strongest
SHG materials, and its intensity is approximately twice that of
monoclinic (MelH)ZnClz(Mel). Nevertheless, the SHG signal of
the monoclinic phase remains within the same order of mag-
nitude as that of KTP, which is widely used as a benchmark
material in nonlinear optics.

The SHG intensity of monoclinic (MelH)ZnCl;(Mel) is
about 1.5 times greater than that of orthorhombic (MelH)
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ZnBrz(Mel). This is consistent with the theoretical expectation
that lower-symmetry crystal systems generally allow a greater
number of non-zero components in the second-order suscepti-
bility tensor (¥*), thereby enhancing SHG efficiency.'®

In addition, the orthorhombic bromide compound exhi-
bits an SHG response approximately twice as strong as its
chloride analogue. This increase can be attributed to the
higher polarizability of bromide ions compared to chloride
ions, which positively influences the overall nonlinear
response.

The observed SHG efficiencies likely arise from a synergistic
interplay between the polarizability of the Zn>" centers, the
halide ions, and the delocalized n-electron system of the mela-
mine framework, all of which contribute to an increased
second-order susceptibility."®

A quadratic dependence of SHG intensity on excitation
power, as shown in Fig. 5, confirms the second-order nature of
the process; linear regression of the logarithmically scaled
data yields slopes close to 2, consistent with second-harmonic
generation. Additionally, the presence of spectral peaks at
wavelengths corresponding to half the excitation wavelength
provides clear evidence that the observed signals originate
from second harmonic generation.

These results confirm the second-order origin of the SHG
signals and highlight the potential of zinc halide-melamine
complexes as promising candidates for nonlinear optical appli-
cations such as frequency conversion.

Diffuse reflectance UV/Vis (DRUV) spectroscopy

Diffuse reflectance UV/Vis spectroscopy was performed for the
phase-pure orthorhombic (MelH)ZnBr;(Mel) (Fig. 6). The spec-
trum exhibits two broad absorption bands, which are assigned
to the # — n* and n — n* transitions of the aromatic triazine
ring system.'” Compared to pure melamine, a hypsochromic

hv / eV
62 56 52 48 44 41 39 36 34
100 1 1 1 1 1 1 1
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—— (MelH)ZnBr;(Mel)
80
R
o 601
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3 40
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Fig. 6 Diffuse reflectance UV/Vis spectra of melamine (red) and ortho-
rhombic (MelH)ZnBrs(Mel) (green). Absorbance (%, left axis) is shown as
a function of wavelength (nm) and photon energy (eV).
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shift is observed, which can be attributed to the coordination
of the melamine nitrogen atoms to Zn** and additional proto-
nation at the ring nitrogen. These interactions modify the elec-

A/ nm
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o
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Fig. 7 Tauc plots from diffuse reflectance UV/Vis spectroscopy of
orthorhombic (C3zNgH,)ZnBr3(CsNgHg) showing the direct (blue) and
indirect (black) transitions, with the corresponding linear fits in red.
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Fig. 8 Infrared spectrum of orthorhombic (MelH)ZnBrs(Mel) with band

assignments of characteristic vibrational modes.
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tronic structure and shift the zn-system transitions to higher
energies.'®

The optical band gap was determined using a Tauc plot,
yielding a direct band gap of 4.74 eV and an indirect band gap
of 4.46 eV (Fig. 7).'° Both values lie in the UV range, consistent
with the observed formation of transparent, block-shaped
crystals.

Infrared (IR) spectroscopy

The infrared spectrum of orthorhombic (MelH)ZnBr;(Mel),
shown in Fig. 8, is compared with that of the previously
reported monoclinic chloride analogue (MelH)ZnCl;(Mel).®”
Assignments of the observed vibrational bands to character-
istic stretching and deformation modes for both compounds
are summarized in Table 2. The bromide complex exhibits an
additional NH, stretching band at 3555 cm™?, characteristic of
melamine.?® Since melamine typically displays two bands in
this region, the absence of the second band in the chloride
complex may result from band overlap, background inter-
ference, or structural effects. One possible explanation is the
presence of an extended hydrogen-bonding network in the
orthorhombic bromide complex, whereas no such interactions
are present in the monoclinic chloride analogue. This differ-
ence in hydrogen bonding may also account for the observed
blue shift in the NH, stretching vibrations of the bromide
complex.

Electronic structure

Density functional theory (DFT) was used to calculate the elec-
tronic band structure of orthorhombic (MelH)ZnCl;(Mel) in
order to understand the nature of the electronic states and
chemical bonding in these materials. At the DFT level, ortho-
rhombic (MelH)ZnCl;(Mel) has a direct band gap at I" (0 0 0)
of 4.1 eV (see the SI), with nearly dispersionless valence and
conduction bands, consistent with experimental results. The
highest occupied bands are predominantly associated with
nitrogen, whereas the lowest unoccupied bands are associated
with carbon, indicating that the C-N = bonds in these
materials play an important role in their optical properties.
However, hybridized states with Zn and Cl character are also
found beginning at 0.5 eV below the band gap, indicating that
these components all contribute to the polarizable valence
states.

Table 2 Assignment of the wavenumbers to the characteristic deformation and vibration oscillations in orthorhombic (MelH)ZnBrs(Mel) and the

published monoclinic (MelH)ZnCls(Mel)®®

Orthorhombic (MelH)ZnBr;(Mel) Monoclinic (MelH)ZnCl;(Mel)

Wavenumber/cm™" Assignment

3555, 3539 3457 UNH2-Mel NH, stretching, typical of melamine

3472 3371 Vasym-N-H Asymmetrical NH, stretching

3365 3140 Veym—N-H Symmetrical NH, stretching

1711-1607 1716-1645 N_H NH, deformation

1562, 1524 1525, 1482 Veym-C-N 1,3,5-s-Triazine ring “quadrant stretching”

1479, 1346 1480, 1347 Vasym-C-N 1,3,5-s-Triazine ring “semicircle stretching”

1188-1038 1200-1050 Vprim-amin-c-N  C-N stretching, primary amines, tertiary C

982-449 779-459 Vring-C-N 1,3,5-s-Triazine ring, out-of-plane ring bending by “sextants”

This journal is © The Royal Society of Chemistry 2025
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Conclusions

The two-component zinc halide-melamine system was investi-
gated by means of solvothermal synthesis and solid-state reac-
tions, showing that this type of reaction can be easily per-
formed to prepare compounds with potential SHG properties.
We resolved the crystal structures of zinc halide-melamine
compounds (MelH)ZnX;(Mel) with X = Cl, Br, and investigated
their optical spectra by means of DRUV and IR spectroscopy.
(MelH)ZnCl;(Mel) appears with two non-centrosymmetric
modifications, orthorhombic and monoclinic. The monoclinic
chloride polymorph corresponds to the phase reported in the
literature, and an alternative solid-state synthesis was estab-
lished to yield a phase-pure crystalline material. Single-crystal
SHG measurements revealed an increasing SHG response fol-
lowing the sequence orthorhombic (Cl) > orthorhombic (Br) >
monoclinic (Cl). In the case of the orthorhombic chloride and
bromide compounds, the presence of Br roughly doubles the
response, consistent with increasing halide polarizability.
These results indicate that heavier halides strengthen the
second-order response for isotypic structures, and symmetry
lowering can lead to further amplification. Guided by this
trend, the monoclinic iodine analogue (MelH)ZnI;(Mel) could
deliver SHG intensities comparable to the benchmark SHG
material KTP.

Experimental section
Melamine hydrohalides ((C;N¢Hg)HX with X = Cl, Br)

The melamine hydrohalides were synthesized according to the
literature®® by adding to a suspension of melamine (5.0 g,
3.96 mmol, 1 eq.) in deionized water (250 ml) at room temp-
erature, followed by the addition of the corresponding concen-
trated acids HCl (40.0 ml, 47.6 mmol, 12 eq.); HBr (26.1 ml,
47.6 mmol, 12 eq.)). The mixtures were stirred overnight, fil-
tered, and washed with 50 ml of deionized water. The resulting
products were dried overnight at 80 °C. In all cases, a white
powder was obtained.

Synthesis of Zn;(OH),Cl;(C3NgHg); and orthorhombic
(C5NgH;)ZnCl;(C3NHe)

Hydrothermal synthesis was employed to produce both crystal-
line and powdered materials. ZnCl, (649 mg, 5.14 mmol,
Sigma-Aldrich, >99.5%) and melamine (351 mg, 2.57 mmol,
Sigma-Aldrich, 99.9%) were dissolved in 5 ml of double dis-
tilled and degassed water. The reaction mixture was enclosed
in a Teflon-lined autoclave (volume = 15 ml) and heated slowly
at a rate of 0.1 K min™" to 110 °C and maintained at this temp-
erature for 24 hours before cooling to room temperature at a
rate of 0.1 K min~". The resulting crystals and powder (yield
15%) were air-dried at 80 °C. Despite variations in the reaction
conditions, the formation of Zn4(OH),Cl4(C;N¢He); (vield 85%)
could not be further minimized in this synthesis, preventing
the isolation of pure orthorhombic (C;NgH,)ZnCl;(C;NgHs).
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Crystals of both compounds could be well distinguished,
because they formed large plates and rods.

Synthesis of monoclinic (C;NgH;)ZnCl;(C3NgHj)

In addition to the previously reported hydrothermal synthe-
sis,®” this compound was prepared by a solid-state reaction of
ZnCl, (321 mg, 2.35 mmol, 1 eq.), melamine hydrochloride
(383 mg, 2.35 mmol, 1 eq.), and melamine (296 mg,
2.35 mmol, 1 eq.). The mixture was ground with an agate
mortar to afford a homogeneous mixture and then sealed into
a quartz ampoule. The ampoule was heated at a rate of 0.1 K
min~" to 120 °C and maintained at this temperature for 14
days, followed by cooling to room temperature at a rate of
0.1 K min~". A white crystalline powder was obtained in a
quantitative yield (>95%).

Synthesis of (C;NgH,)ZnBr;(C3NgHg)

A hydrothermal synthesis was employed to produce the crys-
talline material, aiming to optimize the crystal quality.
ZnBr, (757 mg, 3.86 mmol, Sigma-Aldrich, >99.5%) and
melamine (343 mg, 1.93 mmol, Sigma-Aldrich, 99.9%) were
dissolved in 5 ml of double distilled and degassed water.
The reaction mixture was enclosed in a Teflon-lined auto-
clave (volume = 15 ml) and heated slowly at a rate of 0.1 K
min~' to 110 °C where it was maintained for 24 hours,
before cooling to room temperature at a rate of 0.1 K min™".
The resulting crystals and powder (yield >95%) were dried
in air at 80 °C.

Powder X-ray diffraction (PXRD)

PXRD patterns of the products were collected with a Stadi-P
(STOE, Darmstadt) powder diffractometer using germanium
monochromated Cu-K, radiation (1 = 1.5406 A) and a Mythen
1K detector.

Single-crystal X-ray diffraction (SC-XRD)

SC-XRD studies were performed using a Rigaku XtaLAB
Synergy-S diffractometer equipped with a HyPix 6000HE detec-
tor using CuK, radiation (1 = 1.54184 A) at 150 K. The structure
was solved with the ShelXT 2018/2 solution program using
dual methods and by using Olex2 1.5 as the graphical inter-
face. The models were refined with ShelXL 2018/3 using full
matrix least squares minimization on F° and Olex.refine with
NoSphereA2.>> All structural models were examined using
PLATON to assess for overlooked higher symmetry; however,
no missed symmetry elements were detected.>

Second harmonic generation (SHG) measurements

To perform the SHG measurements, the crystalline samples
were put onto silicon wafers. The samples prepared this way
could then be placed in a home-built parabolic mirror confocal
microscope and the spectra and images could be collected.
The ability of the microscope to measure a wide range of
samples has been demonstrated in prior works.>* A laser with
a wavelength of 779 nm and a repetition rate of 80 MHz
(FemtoFiber pro, Toptica Photonics) was used for the exci-
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tation of individual crystals. A strict Gaussian beam with
linear polarization was ensured through the use of a Glan-
Taylor polarizer in the beam path. Both the focusing of the
laser beam and the collection of the emitted signal were done
through the use of a parabolic mirror, with a NA of 0.9986 in
air. The scattered laser signal, as well as potentially the two-
photon-photoluminescence, was blocked using a combination
of a short pass filter with a filter wavelength of 750 nm and
a bandpass filter with a range of 380 to 400 nm (nominal
center wavelength of 390 nm). For samples, spatial intensity
distribution images could be recorded using a high-precision
nano-positioning stage (nPoint) where the intensity of each
pixel was then collected using an avalanche photodiode. The
filtered SHG spectra were then collected with a spectrometer
with a 150 grooves per mm grating (Princeton Instruments)
leading to a Pixis 100 charge-coupled device (Princeton
Instruments).

Diffuse reflectance UV/Vis (DRUV) spectroscopy

The DRUV spectra were acquired using a Maya2000 Pro
spectrometer (Ocean Optics) coupled to a Praying Mantis
sample chamber (Harrick) and a DH-2000-BAL deuterium-—
tungsten lamp (Ocean Optics) as the illumination source. Data
collection was performed using OceanView 1.6.7 Lite (Ocean
Optics) under the following settings: 40 scans averaged, a
boxcar width of 10, and an integration time of 30 ms. The
bandgap E, of (MelH)ZnBr;(Mel) was calculated using the fol-
lowing equation: (ahw)"™ = A(hv — E), where a is the absorp-
tion coefficient, 4 is the Planck constant, A is a material
related constant and Av is the photon energy. For an indirect
allowed bandgap transition, the exponent n = 2 and for a
direct allowed bandgap transition n = 0.5."

Infrared (IR) spectroscopy

IR spectra were collected on a Bruker VERTEX 70 spectrometer
in the range of 4000-400 cm™". Samples were prepared as KBr
pellets inside a glovebox, pressed under ambient conditions,
and subsequently stored under an inert atmosphere until
measurement.

Density functional theory (DFT) calculations

DFT calculations were performed using the ABINIT software
package (v.10).*® The calculations were performed using a
plane wave basis set and the PAW method,”® with an energy
cut-off of 26 Ha used outside the PAW spheres and 104 Ha
inside. A 4 x 4 x 4 Monkhorst-Pack grid*” of k-points was used
to sample reciprocal space. These quantities were chosen fol-
lowing convergence studies, with the convergence criterion
being 1% of the pressure. The Perdew-Burke-Ernzerhof
exchange-correlation functional was used with the dispersion
correction of Grimme.*® PAW data files were used as received
from the ABINIT library. The structures were relaxed to an
internal pressure of 5 MPa prior to calculations of the elec-
tronic band structure.

This journal is © The Royal Society of Chemistry 2025
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Figure S1. The electronic band structure of orthorhombic (C5NgH;)ZnCl5(C;NgHg), as calculated using
DFT. Bands are coloured according to their hydrogen character. Special points in the Brillouin zone (I
=(000),X=(0.500),S=(0.50.50),Y=(00.50),Z=(000.5),U=(0.500.5), R=(0.50.50.5)) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S2. The electronic band structure of orthorhombic (CsNgH;)ZnCl3(CsNgHg), as calculated using
DFT. Bands are coloured according to their carbon character. Special points in the Brillouin zone (I =
(000),X=(0.500),S=(0.50.50),Y=(00.50),Z=(000.5), U=(0.500.5), R=(0.50.50.5)) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S3. The electronic band structure of orthorhombic (C5NgH;)ZnCl5(C;NgHg), as calculated using
DFT. Bands are coloured according to their nitrogen character. Special points in the Brillouin zone (I' =
(000),X=(0.500),5S=(0.50.50),Y=(00.50),Z=(000.5), U=(0.500.5), R = (0.5 0.5 0.5)) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).



+

g—-\__ "_‘@}""
6 1 - |

e o e —— = &
I == — j
> 4 ‘ S
q) :-
= D
= o
<) 5
22 :
L 5
®
=

Figure S4. The electronic band structure of orthorhombic (CsNgH;)ZnCl3(CsNgHg), as calculated using
DFT. Bands are coloured according to their chlorine character. Special points in the Brillouin zone (I' =
(000),X=(0.500),S=(0.50.50),Y=(00.50),Z=(000.5), U=(0.500.5), R=(0.50.50.5)) were
chosen following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based
on crystallography, Comp. Mat. Sci. 128, 140 (2017).
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Figure S5. The electronic band structure of orthorhombic (C5NgH;)ZnCl5(C3NgHg), as calculated using
DFT. Bands are coloured according to their zinc character. Special points in the Brillouin zone (F=(00
0),X=(0.500),S=(0.50.50),Y=(00.50),Z=(000.5),U=(0.500.5), R=(0.50.50.5)) were chosen
following Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, |. Tanaka, Band structure diagram paths based on
crystallography, Comp. Mat. Sci. 128, 140 (2017).



Table S1: Hydrogen Bond information for monoclinic (MelH)ZnCl;(Mel).

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg
N4 H4a N9 0.98(5) 2.00(5) 2.966(3) 170(4)
N4 H4b cl2 0.99(4) 2.27(4) 3.197(3) 156(3)
N5 H5a CI3? 0.87(5) 2.49(5) 3.279(3) 151(4)
N6 H6a ch 0.98(4) 2.39(4) 3.293(3) 153(3)
N6 H6b N82 0.98(4) 2.00(4) 2.983(3) 175(3)
N7 H7 cl13 0.96(4) 2.59(4) 3.257(2) 127(3)
N10 H10a Ccl14 0.98(4) 2.43(4) 3.306(3) 149(3)
N10 H10b N3S 0.95(5) 2.08(5) 3.026(4) 177(4)
N11 H1la cl1¢ 0.98(5) 2.55(5) 3.412(3) 147(3)
N11 H1lb Cl2s 1.05(4) 2.43(4) 3.285(2) 138(3)
N12 H12a N2 1.01(5) 1.98(5) 2.992(3) 178(4)
N12 H12b cl37 0.94(4) 2.54(4) 3.348(3) 144(3)

L14x,+Y,+2; 24X,+Y,-142; 31-X,-1/2+y,1-2; *1+4x,+y,1+2; 5+x,+y,1+z; 6-x,-1/2+y,1-z; 71-x,1/2+y,1-z

Table S2: Hydrogen Bond information for orthorhombic (MelH)ZnCl;(Mel).

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg
N4 HA4A N3! 0.88 2.11 2.986(6) 179.0
N4 H4B Cl2 0.88 2.45 3.258(5) 153.3
N5 H5A Cl22 0.88 2.60 3.378(5) 148.7
N5 H5B Cl12 0.88 2.56 3.278(5) 138.8
N6 H6A N23 0.88 2.08 2.956(6) 174.8
N6 H6B ch 0.88 2.40 3.193(5) 149.6
N7 H7 Cl24 0.88 2.73 3.275(5) 121.1
N10 H10A N9? 0.88 2.14 3.012(7) 172.7
N10 H10B Cl25 0.88 2.55 3.345(6) 151.2
N11 H11A CI3A2 0.88 2.50 3.301(6) 151.7
N11 H11A CI3B2 0.88 2.27 2.99(3) 139.5
N11 H11B clas 0.88 2.68 3.500(5) 155.5



D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg
N12 H12A Ng3 0.88 2.08 2.962(6) 175.3
N12 H12B CI3A 0.88 2.61 3.419(6) 152.6
N12 H12B CI3B 0.88 2.49 3.32(2) 157.7

11/2+x,3/2-y,+2; 21/2-X,1/2+y,-1/2+7; 3-1/2+X,3/2-y,+2; *+X,+y,-1+7; °1-x,1-y,-1/2+z; 61/2+x,3/2-y,-1+z

Table S3: Hydrogen Bond information for (MelH)ZnBr;(Mel).

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg
N4 H4A N3!? 0.88 2.11 2.983(5) 174.4

N4 H4B Brl 0.88 2.53 3.330(4) 151.2

N5 H5B Br12 0.88 2.71 3.441(4) 141.0

N6 H6A N23 0.88 2.14 3.017(5) 177.6

N6 H6B Br2 0.88 2.55 3.365(3) 155.0

N7 H7 Br24 0.88 2.87 3.410(4) 121.3
N10 H10A N9! 0.88 2.07 2.953(5) 175.8
N10 H10B Br3B 0.88 2.60 3.434(11) 158.5
N11 H11A Br3A? 0.88 2.63 3.410(4) 148.1
N11 H11A Br3B2 0.88 2.44 3.163(13) 139.2
N12 H12A NE:E 0.88 2.14 3.021(5) 173.6
N12 H12B Br2° 0.88 2.68 3.483(4) 153.0
L1/2+4x,3/2-y,+2; 21/2-x,1/2+y,-1/2+2; 31/2+x,3/2-y,+2; *+X,+y,-1+7; °1-x,1-y,-1/2+z

Table S4: Hydrogen Bond information for Zn3(OH),Cl,(Mel).

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg
01 H1 Cl2t 0.91(2) 2.27(3) 3.0652(11) 145(2)
02 H2 CI3? 0.94(2) 2.25(2) 3.0923(10) 149.1(18)
N4 H4a cl1 0.96(3) 2.28(3) 3.2309(16) 170.9(18)
N4 Hab Cl23 0.96(2) 2.38(2) 3.2915(14)  157.3(16)
N5 H5a N144 0.99(2) 2.09(3) 3.0737(19) 178(2)
N5 H5b cl1s 0.95(3) 2.47(3) 3.2725(14)  142.2(19)
N6 H6a N155 0.96(2) 2.15(2) 3.1124(18)  177.7(16)
N6 H6b 01 0.98(3) 2.34(3) 3.2392(18) 151.8(17)



D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/deg

N10 H10b Cl3? 0.98(2) 2.34(2) 3.2847(15)  162.2(18)
N11 Hlla Cl3s 1.00(2) 2.43(2) 3.2843(14)  144.1(17)
N11 H11b N207 0.94(3) 2.05(3) 2.9913(18)  172(2)

N12 H12a N218 0.96(3) 2.02(3) 2.9714(18)  171.0(19)
N16 H16a cl2! 1.00(2) 2.45(2) 3.3677(15)  152.0(19)
N17 H17a cl2° 0.99(2) 2.44(2) 3.2903(14)  143.3(17)
N17 H17b N210 0.93(2) 2.05(2) 2.9824(19)  175.3(18)
N18 H18a N3t 0.97(2) 2.08(3) 3.0378(18)  169.0(19)
N18 H18b 01 0.99(2) 2.64(2) 3.4763(19)  142.9(16)
N22 H22a cl3w 0.94(2) 2.48(2) 3.3597(15)  154.5(17)
N22 H22b cla 0.99(2) 2.30(2) 3.2651(16)  162.8(18)
N23 H23a Ng!3 0.94(2) 2.08(2) 3.0191(18)  176.7(18)
N23 H23b Cla 0.95(2) 2.57(2) 3.3963(14)  145.9(17)
N24 H24a N9 0.96(2) 2.10(2) 3.0602(18)  174.0(18)
N24 H24b 02 0.99(2) 2.17(2) 3.1102(18)  158.6(17)

11-x,1-y,1-z; 21-x,1-y,-z; 31-x,2-y,1-z; 414x,1+y,47; S14x,+y,+2; 1-X,2-y,-z; 7-14x,1+y,+z; 84+x,1+y,+z; °-x,1-
Y,1-2; 10-14x,-14y,+7; M-14x,+y,42; 122-X,1-y,-2; B14x,-14y,+2; 14x,-1+y,+2



Table S5: Selected Zn—X (X = N, O, Cl, Br) bond lengths (A). Values are refined distances with
estimated standard deviations in parentheses.

Compound Atom 1 Atom 2 Distance / A
monoclinic (MelH)ZnCl;(Mel)
Znl Cl1 2.2836(6)
Znl Cl2 2.2716(7)
Znl Ci3 2.2633(6)
Zn1 N1 2.053(2)
orthorhombic (MelH)ZnCl;(Mel)
Znl Cl1 2.269(1)
Znl Cl2 2.280(1)
Znl Cl3a 2.261(2)
Znl Ci3b 2.240(3)
Znl N1 2.050(4)
(MelH)ZnBr;(Mel)
Znl Brl 2.403(8)
Znl Br2 2.4177(9)
Znl Br3a 2.391(2)
Znl Br3b 2.374(2)
Zn3(OH),Cl,(Mel);
Znl Cl1 2.2616(3)
Znl cl2 2.3151(4)
Znl o1 1.925(1)
Znl N1 2.031(1)
Zn2 o1 1.947(1)
Zn2 02 1.9456(9)
Zn2 N7 2.058(1)
Zn2 N13 2.045(1)
Zn3 Ci3 2.3159(3)
Zn3 Cla 2.2458(3)
Zn3 02 1.9352(9)

Zn3 N19 2.035(1)
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A complete cathode recovery cycle of an exhausted and
dismantled lithium battery material

Fabian Grahlow,® Patrick Schmidt,’®and Hans-Jiirgen Meyer*®

Abstract: One of the most important Li-ion cathode materials
developed to date is lithium nickel manganese cobalt oxide
(Li(Ni,Mn,C0)Oy), abbreviated as Li-NMC battery. Cathode materials
of this type can refer to a variety of blends, where lower cobalt
contents such as NMC 6:2:2 (LiNipsMng2C0020,) or NMC 5:3:2 are
preferred to reduce material costs and environmental impact. A simple
and cost-effective recycling process for spent graphitic NMC Li-ion
battery materials is reported for a material obtained from a commercial
thermomechanical battery segmentation process. Thermo-analytical
studies carried out on genuine Li-NMC/graphite material show the
successive loss of electrolyte and graphite with increasing
temperature. Subsequent laboratory-scale heating experiments of
genuine Li-NMC/graphite materials in air confirm these findings.
Impurities are removed by pH-controlled precipitation followed by
electrolysis to remove and recover copper. An aqueous sol-gel
process was chosen to synthesize fresh NMC cathode material.
Depending on the processing conditions, the products obtained relate
to an average NMC composition of 6:2:2 and 5:3:2, as shown by
powder XRD measurements, structure refinement and chemical
analyses.

Introduction

Following the discovery of the remarkable cathode material
LiCoOs; for lithium-ion batteries (LIBs) by Goodenough and co-
workers !l several developments have been undertaken for
everyday application.” Especially for mobile use, several
requirements have to be considered: In addition to high energy
densities, such as cost, safety, long-term stability and
performance are important. Therefore, mixed metal oxides
containing Ni, Mn and Co instead of Co alone have been
developed, such as LiNipgMng2Co020, (referenced as
NMC 622).123

As more and more electric vehicles are sold in recent and coming
years, these rechargeable batteries will play an increasingly
important role in everyday transport.] While there is a need to
produce more and more new batteries, it is important to keep an
eye on used battery materials and recycle them in order to

[a] F. Grahlow, P.Schmidt, Prof. Dr. H.-J. Meyer
Section for Solid State and Theoretical Inorganic Chemistry
Institute of Inorganic Chemistry
Auf der Morgenstelle 18, Eberhard Karls Universitat Tiibingen
D-72076 Tubingen, Germany
E-mail; juergen.meyer@uni-tuebingen.de

conserve natural resources and be sustainable.®! As battery
manufacturers develop a wide variety of compositions, it is likely
that several different types of batteries will be used in the
automotive industry, requiring an elaborate recycling process.®!
To date, there are several recycling methods, clearly summarised
by Pinegar & Smith.[l Methods used to separate anode from
cathode material are flotation, assisted by ultra-sonification and
pyrolysis.Bl Recovery of graphite requires complex laboratory
installations, several intermediate treatment steps and large
quantities of surfactants and waste water. Recent developments
for alternative anode materials are moving towards
nanostructured silicon, reducing the importance of recovering
graphite in high yields, while retaining conventional cathodes.®
Two prominent recycling methods for NMC LIBs involve acid
leaching and the pyrometallurgical processing:

Acid leaching is a well-established method for recycling battery
materials on a laboratory scale.l'? It can be carried out using both
inorganic and organic acids, usually in the presence of hydrogen
peroxide. Suitable organic acids reported for NMC LIBs are malic
acid and acetic acid.' An advantage here is the direct
complexation required in the subsequent sol-gel synthesis in the
case of a direct resynthesis. However, the addition of stronger
acids such as sulphuric or nitric acid with H,O, have been
reported to result in a faster and more efficient leaching.l"® 110, 121
To separate the metals from the leach solution, several extracting
agents and organic solvents are necessary. The extracted metals
in solution can then be successively precipitated by slowly
increasing the pH of the solution.["®: 1201

Pyrometallurgical processes are the most used commercial LIB
recycling method. They are primarily used to recover cobalt and
nickel alloys. An advantage is that LIB sorting and pre-treatment
is not always required. However, parts of the battery material such
as graphite and lithium are not recovered and are lost in the
process. Separating metals like Co, Ni, Cu and Fe from a
pyrometallurgical process generally require subsequent leaching
and solvent extracting processes are required, combined with
high temperature treatments.["@

Thermal treatments have been reported to improve the recovery
of cathode material, as a pre-treatment to remove organic binders
and some of the conductive carbon, and a complete thermal
removal of the carbon material in spent NMC LIBs in one step is
desirable and involves a significant simplification of the whole
recycling process.['!

Here we investigate a full recycling and recovery process by a
simple combination of thermal, leaching, electrochemical and sol-
gel treatment of a graphitic NMC LIB material which was obtained



from a commercial mechanical battery segmentation process.
The thermal treatment involves the removal of (residual)
electrolyte, organic binders and graphite at moderate
temperatures. Removal of iron, aluminium impurities removed by
pH-dependent precipitation and copper is recovered by
electrolysis. The subsequent aqueous sol-gel treatment yields
fresh Li(Ni,Mn,Co)O. without the need for NMC metal separation
as an intermediate recycling step.

Results and Discussion

The spent Li-NMC battery material (Figure 1) used in this study
originates from a commercial recycling process. In this process,

the batteries have been completely discharged and disassembled.

The subsequent steps include shredding and an initial vacuum-
drying of the spent battery material. The purpose of this treatment
is to separate volatile constituents such as the electrolyte, a
process that is not always complete, as will be shown later.

The resulting so called ‘blackmass’ shown in Figure 1, is
supposed to consist of a mixture of graphite, Li-NMC and lithium
salts. It is important to note, that individual batteries that are being
processed in a commercial recycling process might differ in terms
of electrolytes, graphite content and the cathode composition, as
they come from different battery manufacturers. The individual
nature of these battery materials is an exclusive knowledge of the
manufacturers.
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Figure 1. Powder XRD pattern (Cu-Ka1) of spent graphitic Li-NMC battery
material with a picture of the so-called “black mass” in the inset. Marked are the
peaks corresponding to * graphite and A copper.l'® The unlabelled peaks
correspond to NMC cathode material.l8]

Overview of the recycling process

Figure 2 illustrates the recycling scheme developed in this work,
which consists of seven processing steps labelled from one to
seven. In the first step a thermal treatment (500-550 °C) of the
crude ‘blackmass’ removes all organic compounds without
alteration of the NMC material and its composition. Some
aluminium and iron compounds formed in this first step do not
dissolve in the following leaching step (Step 2) with chloric acid /
H20, (see PXRD pattern in Figure S1). Hydrochloric acid was
chosen because it is superior in dissolving the NMC material

compared to the commonly used nitric acid leaching, which in
combination with H;O. precipitates insoluble MnO,, requiring
additional sulfuric or hydrochloric acid.["! In order to precipitate all
the remaining iron and aluminium from the filtrate, the acidity of
the solution was adjusted to pH = 4.3 using lithium hydroxide in
step 3. Due to the lithium deficiency in the given Lix(Ni,Mn,Co)O,
(with x<1) material obtained from the commercial recycling
process, the use of lithium hydroxide also ensures the formation
of the desired Li(Ni,Mn,Co)O, cathode material. In step 4, a
voltage of 1.6 V is applied between a graphite anode and a copper
cathode for 4 hours, resulting in the complete recovery of copper
from solution. The remaining solution is then dried and
complexated with citric acid via an aqueous sol-gel process and
then calcined to yield a new Li-NMC cathode material (Step 5 and
6). Excess Li, introduced by the titration with LiOH can be
recovered by washing the product with water (Step 7). Detailed
procedures can be found in the Experimental Section.

O
New Li-NMC cathode
material
f
with H,O
Lithium
- |
citric acid
Li-NMC chloride
precursor

End of life
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@ HCI/ H202
leaching, filtration
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Figure 2. Recycling scheme for end of life lithium battery, departing from heat
treatment for the removal of carbon, followed by acid leaching, pH dependent
precipitation of impurities and electrolysis, sol-gel synthesis, involving
complexation and calcination as structuring procedure for new Li-NMC cathode
material.

Starting material (End of life battery material)

The TXRF analysis of the raw black mass used in this study
showed a fairly consistent cathode composition with an average
ratio of Ni:Mn:Co ratio of 2.80(5):1.00(4):1, which is close to the
ratio of conventional NMC 622 batteries.®¥ This indicates a
reasonable sorting of the battery type in the commercial process.
Additionally, multiple samples revealed iron contents between 0.9
and 3.2wt% (2.0+0.8wt.% on average), copper contents
between 5.0 and 7.1 wt.% (6.0 +1.0 wt.% on average) and
aluminium contents between 2.8 and 7.2 wt.% (3.6 £1.8 wt.% on
average). These results indicate an inhomogeneity of the original
material, which is due to macroscopic flakes of elemental copper
and aluminium, which might be removed mechanically with
improved disassembly and sorting processes.



Thermal study of the spent graphitic Li-NMC battery
material

The thermal behaviour of the given spent battery material was
investigated by thermogravimetric (TG) and differential
thermogravimetric (DTG) analyses between room temperature
and 1000 °C. Within this temperature range a total mass loss of
approximately 40 % compared to the raw material is obtained.
The thermolysis can be divided into three main steps, shown by
the TG (blue) and DTG (red) curves in Figure 3. In the range from
room temperature to 150 °C, there is a mass loss of 7.5 % and
above this temperature, in the range from 150 to 400 °C the mass
loss is 8.0 %. The most significant mass loss of 23.5 % occurs
between 400 and 800 °C.
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Figure 3. Thermal analysis of spent graphitic NMC LIB material heated to
1000 °C in an open corundum crucible with an airflow of 60 ml/min and a heating
rate of 2 K/min (blue = thermo gravimetry; red = differential thermo gravimetry).

The mass losses obtained at lower temperatures suggest that
several volatile fractions are released between 50 °C and 400 °C.
These can be attributed to the volatilization of the residual
electrolyte and other organic compounds, as previously described
by other groups.® For our given material, different types of
electrolyte have to be considered, due to different battery
manufacturers. The total mass loss in this temperature range is
approximately 16 %.

However, this figure should only be considered as characteristic
for the given powder, which was subjected to a mechanical-
vacuum-thermo pre-treatment. Multiple, separate reactions in an
argon atmosphere resulted in a similar mass loss of 15-25 %,
indicating the loss of electrolyte, rather than an oxidation of the
binder or carbon up to 550 °C.

The mass loss of 23.5 % in the temperature range of 400 to
800 °C in air corresponds to the oxidation of graphite and organic
binder.l'! This gives a total mass loss of approximately 39 % for
the thermolysis up to 800 °C. The mass loss in the region between

400 and 800 °C can be related to the loss of carbon, by oxidation
in air.

Most of the organic binder is removed mechanically prior to this
study, leaving only moderate amounts in the ‘blackmass’. The
decomposition of PVDF, the most commonly used binder, was not
independently analysed in this study as it has been extensively
studied by other groups. It has been shown that these compounds
start decomposing at 300 °C, generating gaseous products such
as HF, COy, H,, and other hydrocarbon gases, which mostly react
with the aluminium and lithium present in the spent battery
material.l"8!

From this experiment with a continuous heating ramp of 2 K/min,
the carbon loss can be seen to occur approximately above 400 °C.
Subsequent steady-state annealing studies were carried out to
analyse the carbon loss in more detail, showing a significant loss
in the temperature range between 500 and 550 °C within a few
hours.

Step 1: Thermal removal of graphite

Continuous heating of spent NMC battery material in open
corundum crucibles in air at temperatures between
500 and 550 °C results in a decreasing graphite content over time.
Following this finding, samples were treated at 525 °C with
successively increasing reaction times, from two hours to
20 hours, and the products were periodically analysed by powder
XRD, with the results shown in Figure 4.
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Figure 4. Powder XRD patterns (Cu-Kq1 radiation) of the ‘blackmass’ showing
the decreasing graphite content over time (graphite (002)-reflection marked
with *) after treatment at 525 °C at 2-20 hours.![%

The recorded XRD patterns of the thermally treated material show
a clear signature of the original graphitic NMC material, plus the
strongest PXRD (002)-reflection of graphite at 20 = 26.62°.[1%
However, the intensity of this peak decreases and eventually
disappears as the reaction time is prolonged from two hours
(bottom) to 20 hours (top) of heating (see Figure 4).

Step 2: Acid leaching of thermally treated Li-NMC
material



A simple method for acid leaching would be to use citric, malic or
acetic acid, as these could directly help with the complexation
required in the subsequent processing. Although the malic acid
leaching has been reported for Li-NMC battery material,l'! it was
not feasible for our material, which was obtained from a
commercial recycling process. Supporting the leaching with
extensive amounts of H,O, without the use of leaching aids (like
HCI or H,SO4) only resulted in its catalytic decomposition in the
presence of manganese oxide and iron oxide as has been
extensively investigated.l'¥ Due to the presence of iron oxides in
the material used in this study, this issue is more significant
compared to some other laboratory scale investigations, where
batteries are neatly disassembled by hand.[8¢ 10c. 17,201
Reasonable conventional leaching procedures are to dissolve
powders in aqueous solutions of stronger acids such as HNO3 or
HCI and H20,, followed by citrate complexation and pyrolysis to
obtain fresh Li-NMC battery material.?"l The combination of 2 M
HCl and a small quantity of H,O, proved to be an effective
leaching solution for the genuine, thermally treated 'blackmass'
material used in this study (see experimental section for details).
TXRF measurements of the solid residues (<10 % of starting
mass) from the first filtration indicate that the mixture contains
approximately 82wt.% Al, Fe and Cu impurities and
approximately 6 wt.% Ni, Mn, Co material, with the remainder
being trace elements (Table S1).

Step 3: pH-controlled precipitation

A well-established metal separation method is the pH-controlled
precipitation. We tested the feasibility of removing the aluminium,
iron and copper contaminants in the obtained mixture by slowly
adding LiOH to the acidic solution until the required acidity is
reached. Ideally, the pH would be set to promote the precipitation
of the impurities and leave the NMC-ions in solution. In practice,
this method will inevitably result in some loss of nickel,
manganese or cobalt, leading to a change in composition, which
is affected by the acidity during precipitation. Depending on the
further use of the cathode material, it is possible either to aim for
a different composition or to add components to the mixture in the
subsequent precursor process to obtain the desired product.

For our material, we still found 1.6 wt.% copper when precipitating
at pH = 5.3 while we recorded significant loss of mainly nickel,
followed by iron (Table S1). TXRF measurements of the product
obtained after subsequent processing and washing revealed an
Ni:Mn:Co ratio of 4.86:3.09:2.06.

Figure 5 shows PXRD patterns of new Li-NMC cathode material
(bottom) which is in good accordance with Li(NigsMng3Nig2)O-
and the recovered LiCl-H,O and Li,COj3 (top).??2% in terms of iron
and aluminium it is therefore a fresh Li-NMC 532 product with
1.6 wt.% copper impurities. As the ‘blackmass’ contains copper in
the form of macroscopic flakes, well-established mechanical
separation methods might reduce the content even more.

The impact of specific contaminants on the functionality of NMC
materials has been investigated, demonstrating that impurities

such as aluminium exert a more pronounced influence than other
contaminants. ! This understanding enables the development of
an optimised recycling process, with a particular focus on targeted
impurity removal.
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Figure 5. Recorded powder XRD patterns (Cu-Ku1 radiation) of the washed
Li-NMC material after the sol-gel processing (bottom) and recovered lithium
compounds (top).?? The Bragg positions (in corresponding colours) are in good
accordance to corresponding reference phases.?!

In attempt to remove the contaminants while preserving the
NMC 622 composition, we optimized the pH-controlled
precipitation and filtration to a pH value of 4.2 and combined it
with an electrochemical processing step. The precipitation
conditions are sufficient to completely remove iron and aluminium
without affecting copper and NMC. TXRF measurements were
conducted on the evaporated solution, which yielded an NMC
ratio of 6.00:2.03:1.97. The copper content was found to be
5.8 wt.%, and no traces of aluminium or iron were detected (see
Table S1). Subsequently, copper can be removed
electrochemically from the filtrate leaving only NMC in the solution.

Step 4: Electrochemical removal and recovery of copper

By applying a voltage of 1.6 V between a graphite anode and
copper cathode in solution, copper could be removed completely
over the course of four hours of electrolysis. TXRF analysis of the
obtained final product revealed an Ni:Mn:Co ratio of 6.01:2.1:1.9
which is very close to the desired 622 composition.

Step 5-7: Synthesis of fresh Li-NMC material

In general, the particle size and morphology of the as-obtained
carbon-free Li-NMC 622 material can be conditioned in a
subsequent process to produce a ready-to-use cathode material.
Several methods have been described for the synthesis of
Li(Ni,Mn,Co0)O,.I" 2!. 251 A" commonly used method for the
synthesis of metal oxides such as garnets (YsFes012)28 or
Li(Ni,Mn,Co)O,™> 271 is the aqueous sol-gel method, as this
method is known to allow precise control of the composition and
morphology of these materials.



The crystalline Li-NMC material obtained from the sol-gel
processing (Step 7) is compared with a Li-NMC 622 material
prepared under similar conditions, but starting from pure metal
nitrates solvated in H;O, followed by citrate complexation and
pyrolysis to obtain fresh Li-NMC battery material. The product of
the calcination (Step 6) is washed to remove and recover excess
lithium in the form of LiCl and Li,COg3 (Step 7, compare Figure 5).
A comparison of the powder patterns of both materials after sol-
gel synthesis is presented in Figure 6 and shows almost identical
patterns, with Bragg positions in good agreement with the
corresponding reference phases.!8!
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Figure 6. Recorded powder XRD patterns (Mo-K,, radiation) of Li-NMC material
after the sol-gel processing, departing from recycled material (top) and from
metal nitrates (bottom). The Bragg positions (black) are in good accordance to
corresponding reference phases.!"®

Crystal structure refinement of graphite-free Li-NMC
material

In order to evaluate the structural identity of our recycled
Li-NMC 622 material (and Li-NMC 532 material, Figure S4) a full
refinement with the FullProfSuite®® was performed on the
recorded XRD pattern of the recycled material using the
crystallographic data of LiNiO,, space group R3m,?°! as starting
values. The ratios of nickel, manganese and cobalt were fixed to
the refined TXRF ratios. The fit between the observed (red) and
calculated (black) pattern, shown in Figure 7, reveals an excellent
congruence without any significant side phases being detectable.
Thus, we can conclude, that the elements nickel, manganese and
cobalt are still fully present in the LiNiO, type structure. The small
particle size was considered using a spherical harmonic
correction implemented in the FullProfSuite. The isotropic
refinement converged in good agreement (Rgragg = 0.3802;
X?=1.10; Rp=1.1232, and wRp=1.4175) with around
5.8 % Ni?* ions in Li* sites and therefore the observed habitus
(SEM, see Figure 8) is more cubic/octahedral-like compared to
the ideal 2D layered structure (expected for Li*/Ni?* mixed site
<3.8 %).
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Figure 7. Rietveld fit of the Cu-Ka1 PXRD pattern of the fresh Li-NMC material.
The observed pattern (red dots) is superimposed with the calculated pattern

(black line). Green ticks mark the Bragg reflections of the calcined Li-NMC 622
material. The difference curve between the observed and calculated pattern is
shown in the lower part of the graph (blue line). Broad reflections at 26 values
16.2° and 43.1° emerge from the sample carrier foil.

Scanning electron microscopy (SEM) analysis of the
obtained material

SEM images of the new Li-NMC 622 product are shown in Figure
8, ranging from 100x to 50.000x magnification. Homogeneous
particles with high crystallinity are well distributed. The particle
size ranges from 50 to 250 nm, suggesting a high surface area
and short lithium diffusion lengths.

Figure 8. Electron micrographs of the obtained NMC 622 material from (a) 100

times to (d) 50000 times magnification.



Conclusions

Recycling of lithium-ion battery materials is an important process
for sustainability and resource conservation. There have been
several methods reported in the literature for recycling these
materials, such as pyrometallurgical processes, hydrometal-
lurgical processes, and direct recycling methods. Each method
has its own advantages and challenges.

Our aim is to develop a simple and cost-efficient methodology,
departing from a commercially recycled battery material that
would not require a separation of the relevant elements lithium,
nickel, manganese and cobalt.

The so-called ‘blackmass’ used in this study is a powdered
mixture obtained from a commercial battery shredding process,
containing the graphite anode, the Li-NMC cathode and several
impurities originating from all kinds of battery components
(aluminium, copper, iron, binder, etc.).

The carbon components (graphite, binder etc.) were completely
removed in a moderate heating process at 550 °C. Iron and
aluminium impurities were removed by precipitation at pH 4.2, and
the residual copper was removed and recovered
electrochemically.

The purified Li-NMC precursor solution was subjected to an
aqueous sol-gel route using citric acid. After calcination and
washing, fresh Li-NMC material was obtained with an unchanged
initial composition. We note here, that the Li-NMC precursor
solution can be used in other established synthesis routes, such
as NaOH precipitation to control the morphology,% or to tailor the
composition for a specific application by adding nickel,
manganese or cobalt.

The crystal structure of the obtained recycled crystalline
Li(Nip6Mno2C002)O2 material was confirmed by X-ray and
elemental analysis and its homogeneous crystallinity verified by
scanning electron microscopy. However, its feasibility for the use
as a new cathode material is not yet demonstrated. We suggest
coin cell electrochemical performance measurements using the
recycled Li-NMC cathode material to validate the performance.

It is obvious that mechanical separation and shredding of spent
batteries is the first step in an industrial recycling process.
However, the diverse construction of lithium batteries does make
the disassembly and recycling a challenging process. We
emphasise the importance of thorough battery construction to
make subsequent treatments and recycling steps as lucrative as
possible.

Experimental Section

Thermogravimetric analysis (TG, DTG) was performed with a
Netzsch Jupiter, STA 449 F3 apparatus between room
temperature and 1000 °C with a heating and cooling rate of
2 K-min~" in a corundum crucible.

Thermal treatment of the spent Li-NMC battery material was

performed in a corundum boat which was inserted in a quartz tube.

The quartz tube was then inserted in a tube oven which was
positioned away from the horizontal plane with an angle (ca. 10°)
to allow a natural convection of the surrounding air. Reactions
were performed at 500-550 °C and reaction times between 6 and
48 h. The best conditions for the removal of graphite from the
Li-NMC 622 battery material were 525 °C and 20 hours.
Precursor method to process thermally treated Li-NMC
battery material. The battery material, recycled via dry carbon
removal was dissolved (25 g/l) in 5M HCI and 1/10 volume
equivalents of concentrated H2O (30 %). The mixture was stirred
over night at room temperature and then increased to 80 °C for
an hour. Insoluble components were then filtrated off. By adding
2 M LiOH the pH was slowly adjusted to 4.2 (5.3 for NMC 532),
resulting in the precipitation of mostly aluminium and iron
impurities. These were filtered off and the remaining solution was
electrochemically treated for four hours with an applied voltage of
1.6 V using a graphite anode and a copper cathode. The solution
was then dried using a citrate sol-gel method (the amount of citric
acid used was four times the initial quantity of black mass,
corresponding to approximately five molar equivalents of citric
acid). The resulting powder was then thermally treated in a
Carbolite CWF1300 oven. Hereby, it was first heated at 460 °C
for 6 hours and then at 775 °C for 10 hours. All heating and
cooling rates were at 5 K/min. To remove LiCl and Li,COs, the
powder was washed with H2O.

A reference Li-NMC 532 cathode material was synthesised from
the chlorides (735.66 mg of NiCl,-6H20; 167.00 mg of
MnClz-2H,0; 245.47 mg of CoCl,'6H0; 555.92 mg of LiOH;
3.5 g citric acid) using a similar citrate sol-gel method.
Additionally, a NMC 622 material was synthesized following a
nitrate-route (294 mg of LiNO3-3H20; 510 mg of Ni(NO3)2-6H.0;
111 mg of Mn(NO3)2:6H,0; 126 mg of Co(NO3)2:6H,0), which
were dissolved in water together with 5 g of citric acid and then
dried. The obtained powder was then heated at 460 °C for 6 hours
followed by a step at 775 °C for 10 hours. All heating and cooling
rates were at 2 K/min.

Powder X-ray diffraction (PXRD). Diffraction data for PXRD
studies and refinement on Li(Ni,Mn,Co)O, were collected using a
StadiP diffractometer (Stoe, Darmstadt) with Ge monochromated
Cu-Kqs radiation (A = 1.54140 A) with a Mythen1 Detector and a
Rigaku XtaLab Synergy-S diffractometer with Mo-Kq radiation
(A=0.71073 A) and a graphite mirror. Measurements were
performed with small amounts of crystalline powder, fixed to a
micro loop using perfluoropolyalkylether.

Total Reflection X-ray Fluorescence spectroscopy (TXRF)
studies. TXRF studies were performed using a S2 Picofox
(Bruker AXS Microanalysis, Berlin, Germany) equipped with a Mo
X-ray tube, which was operated at 50 kV and 600 pA. The
measurement period for each sample was 1000 s (live time).
Fitting of the resulting spectra was done using the Spectra
software (Bruker Nano GmbH) in the super bias mode (maximum
stripping cycles of 2000).



Scanning Electron Microscopy (SEM) studies. The sample
surfaces were investigated with the scanning electron microscope
JEOL JSM-6500F.
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Figure S1: Powder XRD pattern (Cu-Kq; radiation) of the leaching filtrate containing mostly unsoluable aluminium and iron

compounds.
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Figure S2: Powder XRD pattern (Cu-Kq; radiation) of the filtrate after pH-controlled precipitation of impurities.
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Figure S3: Powder XRD pattern (Cu-Kq radiation) of the fresh NMC 532 material.
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Figure S4. Rietveld fit of the Mo-Ky XRD pattern of the as-obtained, graphite-free NMC LIB material. The observed pattern (red
dots) is superimposed with the calculated pattern (black line). Green ticks mark the Bragg reflections of the calcined NMC 532
LIB material. The difference curve between the observed and calculated pattern is shown in the lower part of the graph (blue

line).
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Figure S5. Section of the TXRF spectrum (Mo-K,) of the calcinated blackmass, showing copper and iron impurities.
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Figure S6. Section of the TXRF spectrum (Mo-K,) of the purified, fresh Li-NMC cathode material.



Table S1: Total Internal Reflection X-Ray Fluorescence (TXRF) measurements of the battery material at each step of

the recycling process. The element contents are given as Mass-% of each sample.

Raw Thermally Leaching pH=4.2 PH=4.2 + pl-! : 5'3 pH=5.3
Material  treated Filtrate  solution electrolysis Prec‘lpltatlon (NMC 532)
(NMC 622) Filtrate

Step 1 2 3 4-6

Ni 52.7 52.2 3.5 57.1 60.7 38.7 48.7
Mn 18.3 204 0.6 18.2 17.5 5.7 29.0
Co 18.8 19.3 2.0 18.9 21.7 12.0 20.7

Fe 2.9 1.7 10.7 0.0 0.0 33.1 0.0

Cu 6.3 5.8 3.9 5.8 0.0 225 1.6

Al 2.1 3.2 67.5 0.0 0.0 7.1 0.0
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