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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,? Carl P. Romao® 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,Bry (x=0.5, 1.0, and 1.25), and reinvestigate the iodine-intercalated 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,Brgs crystallizes in the orthorhombic space group Pmmn, thereby maintaining a uniform stacking sequence. In contrast,
the bromine-rich WTe,Br12s phase (space group Immz2) adopts an architecture where two distinct 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;Bros and commensurately modulated WTe,l to be metals with flat bands at the Fermi
energy arisng from the intercalation. These findings demonstrate the unusual stability and structural flexibility of anionic

intercalation in a transition metal dichal-cogenides.

Introduction

Layered transition metal dichalcogenides (TMDCs) have
attracted intense interest for their unique electronic, magnetic,
and topological properties.’3 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.? 4 This open layered structure enables
a rich intercalation chemistry in which various guest species can
be incorporated. Typically, cations, neutral molecules or organic
molecules can be inserted between the layers, thereby
modifying the host’s structure and properties.>-16

WTe; is a particularly intriguing member of the TMDC family
and crystallizes in an orthorhombic T4 phase, where it exhibits
semimetallic behavior,7-1° exceptionally large, non-saturating
magnetoresistance,?% 2! and complex topological properties—
ranging from a 2D topological insulator in its monolayer form to
a type-ll Weyl semimetal in the bulk.22 23 It also displays
superconductivity at low temperatures?* and shows a charge
density wave (CDW) state?5-32, underscoring its rich and exotic
physical properties. The crystal structure (space group Pmn2;)
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features distorted octahedral coordination of tungsten atoms
by tellurium atoms, with zigzag W—W chains running within the
ab-plane along the g-axis and van der Waals gaps separating the
WTe; layers.33 These structural features 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 ApsWTe, compounds (A =K, Rb, Cs), which we have
previously characterized structurally and electronically,
showing that alkali ions act as electron donors.3* While cationic
intercalation into TMDCs is well established, involving alkali
metals, > 811 13, 35 36 grganometallic species, or molecular
donors,1> 1416 gnjonic intercalation remains extremely rare.
Halogen molecules (I, Bry, Cly), despite their strong oxidizing
nature, have largely resisted clean insertion into TMDCs in a
structurally defined and stoichiometric manner. Instead,
halogens have often been introduced during crystal growth as
transport agents and later found in low concentrations or as
surface dopants. For example, Cl; and |, have been shown to
form bound excitonic centers in MoS;, WS;, and MoSe;, being
responsible for characteristic luminescence features at low
temperatures.3’*8 However, these guest species reside in
dilute, disordered environments, without forming ordered
intercalation 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.
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Recently, we have demonstrated that WTezl 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;l above 100 °C under inert conditions fully deintercalated
iodine and regenerated pristine WTe,. These results established
WTezl as a prototypical system for reversible anionic
intercalation in layered semimetals. The crystal structure of
WTe;l was refined an averaged three-dimensional structure
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;Bry 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 stoichiometry (x
= 0.5, 1.0, and 1.25), highlighting a remarkable “breathing”
behavior that enables dynamic control of composition and
structure under mild conditions.

Results and discussion
Incommensurate and commensurate modulations of WTe;l

As reported previously,*® WTesl forms when WTe; is reacted
with iodine at 40-200 °C. Elemental analyses confirm a
stoichiometry corresponding to one iodine per WTe, (WTezl)
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 previously
reported average structure is retained, while the underlying
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

2| J. Name., 2012, 00, 1-3

P2,/m(a0y)00 with almost identical basic lattice,parameters
(Table 1), in good agreement with the previolisly3¥pepréd it
cell.*® The incommensurate variant is described by the
modulation vector q=(0.4487, 0, 0.1617), whereas the
commensurate polytype has g=(1/2, 0, 1/6) and can
equivalently be described as a 3D supercell. Using the
transformation matrix (1 0 -3, 01 0, 1 0 3), a primitive P2:/m
supercell with a = 12.1694(1)A, b = 21.8799(2)A, ¢ =
12.1726(1) A and B = 117.635(1)° is obtained. For ease of
comparison and broader reusability, 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 commensurate polytype. The twin law
corresponds either to a twofold rotation about c-axis or an
equivalent mirror perpendicular to it; owing to the metric
pseudosymmetry (B8 = 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 incommensurate (with slightly different
incommensurate g-vectors), and some specimens contained
mixed domains, combining commensurate and
incommensurate regions, or even multiple distinct
incommensurate modulations alongside the commensurate
phase (Figure S1). Although satellites are visible up to m = 14,
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.

4 ol e
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Figure 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 13 are omitted.

The average 3D structure is essentially identical to the
previously reported model of WTe:l (see Figure 1), but requires
two additional split sites, Te3 and 13. These minor positions are

This journal is © The Royal Society of Chemistry 20xx
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~15.5% occupied, while the corresponding main sites (Te2, 11,
and 12) 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 |, 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 Te2-13 contact would be unrealistically small and
physically prohibitive. By adopting the Te3 position, 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 stabilized 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.

Table 1: Crystallographic data and details of the crystal structure refinement of
the different WTe,l modifications. Refinements were performed for
(in)Jcommensurately 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.

e e WTe,l
Modification i
incommensurate commensurate supercell
CCDC 2520418 2519690 2519736
Formula WTel WeTeials
M / g-mol? 565.95 3395.7
Crystal system monoclinic
(Super)space group P2:/m(a0y)00 P2:/m
Modulation wave (0.4487 0
(1/201/6) —
vector q 0.1617)
m max. <2 <2 —
to 0 0 —
al/A 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)
B/° 90.057(3) 90.0268(7) 117.635(1)
v 478.40(3) 478.600(9) 2871.38(6)
V4 4 4 4
6-range / ° 1.97-38.01 1.89-45.01 1.888-30.508
unique reflections/  _ o0 193 7023/152 8947 /294
parameters
twvol2 or BASF 0.432(2) 0.394(4) 0.378(2)
R1/WR,/GooF 4.86/7.47/ 6.99/14.37/ 0.0433/
(all data) 1.10 1.08 0.0999/ 1.022
R1/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. 1.02/125  -1.96/175 -4.081/4.297

Ap/e=1076 pm?3

Since the commensurate and incommensurate refinements are
nearly identical apart from the modulation vector, we focus
here on the incommensurate model. The modulation is
dominated by the iodine sublattice, where iodine atoms show a
pronounced displacive modulation within the planar net (see
Figure 2, Figure 4 and Figure 3 right), whereas the WTe; layers

This journal is © The Royal Society of Chemistry 20xx
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exhibit only small, coupled distortions. Within the jodineJayer.
the displacive modulation translates intd®2preadieed’sread
of I-l distances. Over one modulation period, the shortest and
longest distances within the 11/12 planar net span 2.688(8)—
4.018(8) A (see Figure S2) and the 13-13 distance remains
comparatively long at 3.272(2) A, highlighting the strongly
distorted and non-uniform iodine net. A representative section
of the modulated structure at t = 0 is shown in Figure 2.

Figure 2. Section of the incommensurate WTe,l structure a) only showing one
iodine layer with I, dumbbells of 13 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 12 are displayed purple, and I3 in lighter purple.

The structure solution and refinement indicate that the
displacement modulation of the iodine net is most pronounced
in the ac-plane. Superimposed on this, an occupational
modulation is required and was modeled using crenel functions
(harmonics, orthogonalized to crenel interval) for the Te2/12
and Te3/13 split positions. The crenel intervals are A(Te2/12) =
0.831824 and A(Te3/13) = 0.168176, consistent with the
intermittent appearance of the 13 site, which corresponds to a
local ~90° out-of-plane reorientation of an |, 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(Te2/11/12) + A(Te3/13) = 1), ensuring a consistent
occupational modulation between the split-site pairs.

X3=0.7492,X1=0.0702
2.0 x2=0.7500,x3=0.7591

x4

1.6

1.2

oa

0.550 0.570 0.590 *2 0.610
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Figure 3. de Wolff sections (Fobs) 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 visualized as a heat map (red = high,
green = low).
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Figure 4. The modulation functions of the deviations from the average positions
for 12 and I3 along x and z directions as a function of internal phase coordinate t
with crenel limits marked as dashed vertical line.

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 (Fobs) through the (3+1)D
Fourier map for Te2/Te3 and 12 is shown in Figure 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 Figure 6, Figure 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 disruption
isinduced by the 13 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 Figure 5 and Figure S3.

Apart from these interruptions, the W—W distances vary only
modestly with ~0.08 A (see Figure 7, grey lines). The remaining
tellurium sites exhibit similarly small displacements, with
amplitudes of approximately dyy,(Tel) = +0.1 A and dyy.(Te2) =
+0.06 A. Further refinement details, including constraints,

4| J. Name., 2012, 00, 1-3
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parameter correlations, and the complete list.f, refined
variables, are provided in the depositedlidIFSo4nePTiP5ERR
Supporting Information.

Figure 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 I, 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).

X1=0.3214,x2=0.4954
2.0

Figure 6. 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).

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. t plots of the W-W distances (grey) and positional deviation (blue) of tungsten
along x3 direction in WTezl with crenel limits marked as dashed vertical line.

Commensurate structure and superstructure model of WTe;!|

In addition to the incommensurate variant, a commensurate
polytype is occasionally obtained in which the modulation
“locks in” to the rational vector g = (1/2, 0, 1/6) and can
therefore be described as a conventional three-dimensional
P21/m superstructure. Using the transformation matrix (1 0 -3,
010, 10 3) yields a primitive supercell (@ = 12.17 A, b = 21.88
A c = 1217 A, B = 117.64°; WeTes,ls), 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 direction, 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 13 site, while along the ¢
direction the same motif repeats with a six-unit periodicity
(Figure 8). The commensurate structure reproduces essentially
the same I-I distance distribution, but arranges the shorter and
longer contacts into an exactly repeating pattern.
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Figure 8. Section of the commensurate WTel structure only showing a) one iodine
layer with highlighted 13 units aligned along the b-axis with unit cell shown, and b)

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

a corresponding view along the c-axis, emphasizing the |, dumbb@}ls (I;,\{Udé)amly%
13: lighter purple). DOI: 10.1039/D6DT00529B

Refinement in the commensurate setting is advantageous over
a purely 3D average-cell description because the modulation 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 13 defect motif. For ease of comparison and broader
reusability, 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 supercell
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 Figure S4).

Synthesis and “breathing” behavior of WTe;Br

WTe,Bryx 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
orthorhombic 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 TeBrs and WBre.

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 temperature)
under constant argon flow. The actual bromine content in the
structure of WTe;Bry is highly temperature sensitive during this
de-intercalation step. Evaporation of excess bromine under a
constant flow of argon yields WTe,Br1.25 when the temperature
is maintained between 0 and 5 °C, whereas the comparatively
stable WTe,Bros phase can be obtained at around 25 °C.
Starting from WTe,Brgs, re-intercalation to the bromine-rich
stage is particularly rapid and proceeds within minutes.

J. Name., 2013, 00, 1-3 | 5
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Figure 9. Time resolved PXRD analysis of WTe,Br, showing structural
evolution during bromine deintercalation with discrete phases from x
=1.25to0 1.0 and 0.5 (for full 26 range see Figure S5).

Argentometric titration of the comparatively stable phase
WTe;Bros confirmed its bromine content, while the
deintercalation behavior of Brs-saturated WTe;Brx supports
three distinct 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,Bro s, 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 accommodate
bromine. Upon de-intercalation, time-resolved PXRD in Figure 9
reveals the reverse evolution through discrete stages, and the
basal reflection shifts back toward higher 26 as bromine is
released from the lattice (26 = 8.21°, 8.52° and 10.56°).

This inherent reversibility also explains why WTe,Bri 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=0.5o0r x=1.25. As a result, mixtures are frequently obtained
in which WTe;Br1o coexists with WTe;Bros or WTezBri2s. The
WTe.Brio phase also typically shows reduced crystallinity
compared with the more stable 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 controlled de-
intercalation, distinct changes in the mass-loss rate mark
transitions between the bromine-rich and bromine-poor stages.
The TGA traces in Figure 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 corresponds to a
bromine content consistent with WTe,Br;.2s, whereas at 50 °C

6 | J. Name., 2012, 00, 1-3

the first change in slope is shifted to the |ntermediate
composition WTe,Brio. In both cases)OtHe 1&ihmy 0Pt
horizontal segment is consistent with the comparatively stable
WTe;Bros phase, which still shows a very slow 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;zBr10 could not be isolated and structurally characterized,
the established structure of WTe;Br1.2s shares key motifs with
WTe:l, which suggests that the intermediate WTe,Bri10 phase
may follow a closely related structural principle and has a
similar structure.

Owing to the highly corrosive nature of bromine, specialized
reaction and measurement setups were employed, as described
in the Experimental Section and the Supporting Information.

0 2 4 6 8 10
175 1 1 1 1

—50 °C

150 —25°C

1.25 1

1.00

Bromine content x

0.75

0.50

0.25 T T T

Time (h)

Figure 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).

Crystal structure of WTe;Bro s

The bromine-intercalated phase WTe,Bros, representing the
lowest bromine content in the WTe,Bry series, crystallizes in the
orthorhombic space group Pmmn with refined Ilattice
parameters a = 16.7450(4)A, b = 3.67734(3)A, and ¢ =
6.29678(8) A. As shown by the Rietveld plot in Figure 11, the
powder diffraction pattern is well described by the refinement
(Rerage = 2.028%, Rp = 5.438%, Rwp = 7.104, x?> = 1.268, Number
of reflections/parameter 392/27), confirming a well-defined
crystalline phase.

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Rietveld PXRD structure refinement of WTe,Brqs 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.

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,
generating an enlarged interlayer void to accommodate
bromine guest atoms.

oW
¢ Te
@Br

Figure 12. Section of the WTe;Brgs 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.

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 relative to
pristine WTe,. In contrast to WTezl, where a more continuous
halogen layer separates adjacent WTe, layers, WTe.Bros
contains only half as many halogens and the bromine position
is shifted such that bromine atoms align along the a-axis with
the tungsten-chain-bridging tellurium atom Tel, giving a short

This journal is © The Royal Society of Chemistry 20xx
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Tel-Brl contact of 2.946(2) A that connects neighbgring Wiez
layers. When projected onto the bdplaHel0INEOBTHIRIAR
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 WTesBros 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 U, =
0.115(7) A2, and anisotropic atomic-displacement parameter
(ADP) refinement reveals a pronounced directional character
(U11 = 0.145(9) A2, Uy, = 0.036(5) A2, Uss = 0.163(7) A2) 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 pronounced
positional disorder and/or dynamic motion within the van der
Waals gap, resulting in an averaged, “smeared” electron density
of bromine atoms. This crystallographic signature is consistent
with the high bromine mobility inferred from the rapid and
reversible bromine exchange (“breathing”) behavior observed
for the WTesBry 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.

Crystal structure of WTe;Bry 5

At the maximum bromine content realized in this series, the
compound WTe;Bri,5 is obtained, which crystallizes in the
space group Imm2 with refined lattice
parameters g = 10.6218(4)A, b = 43.038(3)A, and ¢ =
12.6285(9) A. The structure 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

orthorhombic

transitions during bromine uptake the resulting crystallinity is
reduced and the refinement quality is modest (see Figure S6).
Such loss of crystallinity 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 Figure S7).
Given the large unit cell and number of atoms, the structure
refinement from PXRD data was carried out with fixed atomic
coordinates,
functions.

refining only lattice parameters and profile

J. Name., 2013, 00, 1-3 | 7
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Table 2: Crystallographic data and details from single-crystal X-ray refinement for

WTezBri.2s.

Dalton Transactions

Compound
CCDC
Formula
Formula weight / g-mol?
Density / g-cm™
V4

WTesBri2s
2438541
W24TessBrso
12934.50
7.441
2

Crystal system orthorhombic

Space group Imm?2
a/A 10.6218(4)
b/A 43.038(3)
c/A 12.6285(9)
v/As 5773.0(6)
T/K 150.0(1)
Radiation type Cu-Kq
Reflections measured 25309
Independent reflections 4856
Abs. coeff. (mm1) 148.873
Goof (F?) 1.046
Rint 0.0736
R1 0.1363
wWR; 0.2842
Flack 0.56(6)

In contrast to the uniform stacking sequence in WTezBrgs,
WTe;Bri25 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
doubling of the b-axis (see Figure 13). An interesting feature of
the structure is that one vdW interlayer contains 0.5 Br, the
other 0.75Br per WTe; formula unit, corresponding with
interlayer distances of 10.1573(2) A and 11.3493(2) A.

L3
[ 3 - & & - - s
L7
L k‘ P L% k (% & -~ t
= . i . N —
FVY Y v FV YT v F
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e T a/r"? 10.1573(2)
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Figure 13. Section of the WTe,Bry s 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.

The WTe; layers in WTe;Br1.2s are largely preserved and retain
the characteristic zig-zag arrangement of tungsten atoms within

8| J. Name., 2012, 00, 1-3

a distorted WTe; layer. However, the W-W distances, withinthe
zig-zag chains are not equidistant, reflectifg #dTYR6N GPtAR
WTe; layers. Specifically, five consecutive tungsten atoms
exhibit W—W distances along the crystallographic a-direction in
the typical range of ~2.79 A (2.771(9)-2.815(9) A), followed by
two distinctly elongated W-W contacts of approximately
~2.94 A (2.925(9) A and 2.954(9) A, see Figure 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 (Figure 15, light green colored
atoms), as present in the planar halogen layer observed in the
commensurate WTe;l structure(Figure 8). The out of plane
bromine dumbbells, with a Br—Br distance of 3.13(4) A, establish
directional contacts with Te atoms of the WTe; layers, via
interlayer Te—Br contacts of 2.50(3) A. This interaction, based
on Br7, has an impact on the W—W distances along zig-zag
chains (W1-Wa4), as visualized in Figure 14 with the longer W—
W bonds shown as dashed lines.

a

| « 4 & s w6

% \ \ ~ \
c € @ | ¢ ewew| € %

\ % Br6

(% & Br7 .

« & & w2 qws @

N\ X 5 : X h
¢ WY ew W e

Figure 14. Section of the WTe,Bry s 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. Elon-gated W—W contacts, indicating disruption of
the tungsten chain, are highlighted by dashed lines (W: grey, Te: yellow, Br: light
green/orange).

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 (Figure 15). The displacement parameters of the
bromine atoms within the rectangular network (Br10 - Br1l3)
behave strongly anisotropic, being extended in the ac-plane,
suggesting significant positional flexibility—possibly dynamic
behavior—and may indicate a tendency toward local
modulation 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 Figure 13 and
Figure 16). First, a single bromine atom (Br6 in Figure 14, orange
color) is observed in close contact with a tellurium atom in the
adjacent WTe; layer, with a Br5-Tel2 distance of 2.48(3) A,
which perturbs the crystallographic W-W chain (W5-WS$;
Figure 14). Second, a linear chain of bromine atoms is also found
interacting with the WTe; layer (Figure 13 green colored atoms),
but without visibly perturbing the WTe; layers. Third, a more
complex, square-pyramidal arrangement of bromine atoms is

This journal is © The Royal Society of Chemistry 20xx
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located fully within the interlayer space, forming a layer through
edge-sharing connections (Figure 13, olive colored atoms).
These bromine atoms show no direct bonding to the
surrounding WTe; framework but are connected into the
polybromide chain through the apex bromine atom Brl. All
Br-Br distances fall within the expected range for polybromide
species (2.30-3.67 A)51-53, 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.

B e A AR s R AR
NS

Br7

|

Figure 15. Section of the crystal structure of WTe;Bri,s 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.

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.

Figure 16. Section of the crystal structure of WTe;Bri,s showing interlayer
bromine atoms (0.75 Br per formula unit) between adjacent WTe, layers. For

This journal is © The Royal Society of Chemistry 20xx
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visual clarity, distinct bromine motifs are color-coded. The bror\r)ljé'lmel: lg&%r[gso(rlﬁms

connecting to adjacent WTe; layers are highlighted imoyange1039/D6DT00529B

Crystal structure of WTe,Br

Given the structural models of WTe,Br;.25, WTe;Bros and WTesl,
it is reasonable to assume that the intermediate phase
WTe,Bri1o 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;Br1.s, i.e., a planar halogen layer
composed of Bry-like units aligned with the tungsten-chain-
bridging tellurium atoms. As such, WTe;Br1o 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 WTeal and represents a
structurally balanced state between the alternating-filled
architecture of WTe.Bros and the polybromide-rich
environment of WTe;Bri,s. Due to the fast and reversible
intercalation behavior and high mobility of bromine in this
system, isolation of pure WTe,Br10 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
functional theory (DFT) for the 3D WTe:l supercell model
derived from the commensurate refinement, which can be
regarded as equivalent descriptions (shown in Figure 17). In
comparison to the band structure of unintercalated WTe; in the
P21/m space group which is a semimetal,3* WTe,l shows
metallic behavior due to a downward shift in energy of tungsten
orbitals between A (-% 0%) and E (% % %). The oxidation of
the WTe; 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 structure of
WTel (o =21.8967(2) A, b=3.4759(0) A, c=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
dispersion 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.

J. Name., 2013, 00, 1-3 | 9
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Figure 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.>*

In supercell WTe;l structure, some iodine states form a flat band
at the Fermi energy between C, (-% % 0) and Y, (-% 0 0) (shown
in blue in Figure 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 | and W states. This band is associated
with the iodine atoms 12, 18 and 15, 111 which correspond to I1
and 12 in the commensurate structure at specific internal phase
coordinate t (see Figure 18, highlighted in red). The overall
picture is of localized metallic electrons on some portions of the
iodine layer, potentially representing frozen CDWs.*?

10 | J. Name., 2012, 00, 1-3
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Figure 18. Section of the WTe,l supercell structure only showing one iodine (red/purple)
layer with highlighted 12, 18 and I5, 111 iodines in red with viewing direction along the
b-axis. Unit cells are shown in black (supercell) and green (commensurate).

Electronic Band Structure and Phonon Band Structure of
WTezBro_s

The electronic band structure of WTe,Brqs was also calculated using density
functional theory (DFT) (

Figure 19). Like WTeal, WTezBros 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 (%2 0 0) and S (% % 0); however, unlike in the case of
WTejsl, 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;Bro.s shows a
higher degree of oxidation of the WTe; layers than modulated
WTesl, 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,Bro 5 was also calculated; it
is shown in Figure 20. Like unmodulated WTe3l,*® WTe,Bros
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,Bros, like WTezl, has a
propensity towards the formation of a disordered or modulated
structure.

The observation of an unmodulated structure for WTe;Brgs, in
comparison to the modulated structure of WTe;l, can be
understood by consideration of the electronic band structure.
WTesBros 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,l.#° Therefore, the phonon
instabilities in WTe2Bros likely cause dynamic and/or static
disorder, as is seen in the large ADPs. The high density of Br
states below 10meV would also contribute thermal
displacements to the ADPs, although these modes contain
displacements of the Br atoms in all three Cartesian directions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 19. Calculated electronic band structure of WTe;Bros, 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
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Figure 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
reciprocal space were chosen following the literature. 54

Experimental

Synthesis: All material handling and manipulations were
performed in an argon-filled glove box (MBraun Labmaster 130,
0;<1ppm, H,O0<1ppm). 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 um), tellurium pieces (1830.95mg, 14.35 mmol,
Evochem, 99.999%), and tungsten(Vl) chloride (WCle;
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
diameter), 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 WCle.

Single crystals of WTe, was synthesized by combining tungsten
powder (1256.24 mg, 6.84 mmol, ABCR GmbH, 99.95%, particle
size 0.6—0.9 um), tellurium pieces (1830.95 mg, 14.35 mmol,
Evochem, 99.999%), and tungsten(Vl) chloride (WCle;
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.

WTe:l crystals: WTe; single-crystals (~100 mg) were loaded into
a borosilicate glass screw-cap vial (5/20mL for
incommensurate/commensurate crystals) with four molar
equivalents of iodine, and the vial was sealed with a custom-
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machined PEEK cap equipped with a PTFE liner. The reaction
mixture was heated in a Simon-Mdiller 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;Bry (x = 0.5 and 1.25): Bromine (p.a.) was degassed and
purified prior to use according 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;Bros5, evaporation at room temperature was sufficient,
whereas for WTe;Br1.25 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-Kq1
radiation (A=1.5406 A) and a Mythen 1K detector. PXRD
measurements of WTezBry (x = 0.5, 1.0, and 1.25) were
performed in transmission geometry using interchangeable
window materials selected according to the experimental
requirements. The windows comprised ultrathin glass (Schott
AF 32° eco thin glass, 30 um), Kapton® film (25 um), and Mylar®
film (15 pm). To prevent corrosion by bromine and to enable
reliable sealing, the metal parts of the original transmission
holder were replaced by custom-made PTFE components (rotor
disc and counter disc) and soda-lime glass components in a
redesigned holder (see Figure S8 and S9). In all experiments,
WTe, powder was immobilized on the glass window using
Lithelen grease to ensure a fixed sample position during
measurement, and all samples were assembled and sealed
under inert conditions (argon atmosphere). For WTe;Bros, a
standard glass disc without a filling slit was employed; the
sample was covered with a Kapton® film window that was
sealed using Lithelen grease and allowed gradual pressure
equilibration via bromine diffusion through the Kapton film (see
Figure S8 a) and d)). For WTe;Br1 35, 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 experiments, Mylar film was
used as the window material to facilitate faster bromine release
during the measurement. The crystal structure of WTe,Brg s was

12 | J. Name., 2012, 00, 1-3

solved from PXRD using EXPO2014,%¢ and refined by, Rietyeld
method in FullProf (FP)57 with a modified? THEMpPEGRCEEE
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. All intermediate and final
structure models were validated with PLATON.62

Single-Crystal X-Ray Diffraction (SC-XRD): SC-XRD studies were
performed using a Rigaku XtalLAB Synergy-S diffractometer
equipped with a HyPix 6000HE detector using MoKy (A =
0.71073 A) and CuK, (A = 1.54184 A) radiation at 150 K. Data
reduction, scaling and absorption corrections were performed
using CrysAlisPr.83, taking into account the crystal shape and
size.®* The supercell structure of WTezl and WTe;Bri25 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)%7 as the
graphical interface. The models were refined using full matrix
least squares minimization on | F[2. For WTe,Br1 25 crystals, the
needle shaped WTe; single crystals were selected directly from
bromine layered with perfluoropolyalkylether (viscosity
1800 cSt; ABCR GmbH). The modulated WTe;l structures were
solved using the charge-flipping algorithm SUPERFLIP®® (as
implemented in JANA2020), and subsequent refinements were
carried out in JANA2020.5%-72

ICP-OES: After dissolution of WTeal in 2 wt % NaOH/H,0,, the
W/Te/| ratio was determined by ICP-OES (iCAP 7400 Thermo
Fisher Scientific) and yielded in averaged ratios W:Te:l of 1.0 :
1.99(3):0.49(3) for WTe3l 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
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). The average ratio for WTe,l
with W:Te:l was 1.0 : 1.98(7):0.51(6).

Bromide Content Determination (Argentometric Titration):
Approximately 100mg of WTe;Bos was dissolved in
concentrated HNOs (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
bidistilled H,0 to a final volume of 100 ml. The bromide content
was determined by argentometric titration with potentiometric
end-point detection using a standardized AgNOs solution
(0.01 M). Titrations were performed on a Schott TitroLine easy
automatic titrator (S| 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 determinations
gave bromide contents consistent with the expected
composition of WTe;Bros (W:Br = 1:0.49(3)).

DFT Calculations: Calculations were performed using the
ABINIT software package with the projector augmented-wave
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(PAW) method and a plane-wave basis set.”® 74 The Perdew—
Burke—Ernzerhof exchange—correlation functional was used
with the vdw-DFT-D3 dispersion correction.’ 76 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 18 Ha (WTezl) and
20 Ha (WTezBros), 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 4x2x4 (WTezl) or 6x10x6
(WTe3Brgs) grid of k-points. The calculation of the phonon band
structure of WTe;Bros was performed using density functional
perturbation theory on a 3x5x3 grid of g-points. Structural
relaxation was performed prior to calculation of the electronic
and phononic structures.

Conclusions

In this work, the crystal structure of the iodine intercalate WTe:l
was reinvestigated and shown to occur in two closely related
(3+1)D variants within P2;/m(a0y)00: an incommensurate form
and a commensurate polytype that “locks in” to g = (1/2, 0, 1/6)
and can be equivalently described as a 3D supercell. 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 12 unit reorients by 90° (I3 site) and is
accommodated by a concomitant Te shift, consistent with
localized host—guest bonding that effectively pins the
modulation and periodically perturbs the tungsten chains.
Extending this chemistry from iodine to bromine, we identify a
multistage series WTe,Bry with distinct regimes at x = 0.5, 1.0
and 1.25 and a striking, fast, and reversible “breathing”
behavior already at room temperature. In situ PXRD directly
captures the rapid evolution of the layer-spacing reflections
during uptake and release, demonstrating that composition and
structure can be cycled under mild conditions. Structurally,
WTezBros (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, anisotropic
bromine displacement parameters point to pronounced
positional freedom consistent with high bromine mobility. At
the bromine-rich end, WTe;Br1 .25 (Imm2) adopts an alternating-
filled architecture with two chemically distinct interlayer
environments, combining Bry-like bridging motifs and more
complex polybromide arrangements, while the WTe;
framework remains intact but locally distorted in response to
directional Te-Br interactions. In both WTezl and WTe;Bro s, the
electronic structure of the WTe; layers is changed significantly
by intercalation, leading to a metallic state with localized
electrons in flat bands at the Fermi level. Together, these results
establish WTezl and WTe;Brx as rare, structurally resolved
examples of stoichiometric halogen intercalation in a TMDC,
highlighting how a layered semimetal can tolerate strong
oxidizing guests while retaining topotactic reversibility—
opening a route to controllable oxidation (hole doping), staging,
and modulation phenomena in van der Waals solids.

This journal is © The Royal Society of Chemistry 20xx
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