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Abstract

Vacancy-ordered double perovskites with the formula A2MXs (where A is a +1 cation, M is a +4
metal, and X is a halide ion) offer improved ambient stability over other main-group halide AMX:
perovskites and reduced toxicity compared to those containing lead. These compounds are
readily formed through a number of synthetic routes; however, the manner in which the synthetic
route affects the resulting structure or optoelectronic properties has not been examined. Here, we
investigate the role of distinct precursors and solvents on the formation of the indirect band gap
vacancy-ordered double perovskite Cs:TeBre. While Cs:TeBrs can be synthesized from TeBr or
TeOz, we find that synthesis from TeBrs is more sensitive to solvent selection, requiring a polar
solvent to enable the conversion of TeBrs. Synthesis from TeO: can proceed in any organic solvent,
provided that HBr is added to solubilize TeO:and enable the formation of [TeBrs]*~. Furthermore,
the choice of metal precursor and solvent impacts the product color and optical absorption edge,
which we find arises from particle size effects. The emission energy remains unaffected,
consistent with the idea that emission in these zero-dimensional structures arises from the
isolated [TeBrs]* octahedra, which undergo dynamic Jahn-Teller distortion, rather than band-
edge recombination. Our work highlights how even minor changes in synthetic procedures can

lead to variability in metrics such as the absorption edge and emission lifetime and sheds light



into how the optical properties of these semiconductors can be controlled for light-emitting

applications.



Introduction

Metal halide perovskites have garnered significant research interest in recent years, not only as
photovoltaics but also as light-emitting diodes (LEDs), lasers, and sensors.'? In this regard,
vacancy-ordered double perovskites (VODPs) of the formula A2MXs (Where A is a +1 cation, M is
a +4 metal, and X is a halide) stand out as attractive candidates for light-emitting applications**
owing to their improved stability”® in light and air compared to AMXs formulations and their
highly Stokes shifted, broad emission.”® This broad emission makes them particularly well-
suited for single-component white light generation, such that it is of great interest to understand

the origin of this unusual emission.!*-12

The optical, electronic, and environmental properties of VODPs are a result of a structure
(Figure 1a) in which half of the MXs octahedra of the AMXs structure have been replaced with
vacancies and the M?* metal centers have been replaced with M* cations that are more stable
against oxidation.!®> The MXs octahedra behave as relatively isolated [MXs]* clusters that can be
analyzed via the lens of molecular orbital theory. The X = Cl compounds feature the flattest band
dispersion,' corresponding to the most molecular-like bonding. As the ionic radius and softness
of the halide increases from Cl < Br < I, the molecular nature of the bonding is reduced,
concomitant with an increase in dispersion band curvature and a decrease in both the electron
and hole effective masses.!*!> While the molecular picture of bonding in the [MXs]* clusters can
aid in understanding the photophysical properties of these compounds, there is a need to unify

this molecular model with one for solid-state systems.

The isolated nature of the coordinated metal octahedra in the VODP structure also means
that they are prone to deformation, even more so than the conventional AMXs perovskite
structure.’®” This renders VODPs amenable to the formation of polarons, whereby following
photoexcitation, coupling of charge carriers (i.e. electrons or holes) or excitons to phonons induces
structural deformation.!® If electron- or exciton-phonon coupling is strong enough, the structural
deformation will be highly localized, creating a potential well that inhibits carrier or exciton
motion. The latter results in a highly localized exciton known a self-trapped exciton.!¢* Emission
from the self-trapped exciton state occurs at a lower energy than excitation and is highly
broadened, consistent with the type of emission observed in VODPs. While the mechanism of
self-trapped exciton emission is consistent with the nature of VODPs, the challenge of directly

probing excited state geometries makes it difficult to confirm self-trapped exciton formation.



Within the large compositional space of VODPs, most research thus far has focused on
VODPs containing Ti*, Zr*, or Sn*, which are direct band gap and contain no valence electrons,
or Te*, which is indirect gap and contains a 5s? lone pair.!*?22 The ns? lone pair is suspected to
play a role in a number of optoelectronic processes, including enhanced emission”? and
nonlinear harmonic generation.?-® In particular, spin-orbit coupling and dynamic Jahn-Teller
distortion enhance formation of and emission from the triplet state, which closely resembles the
self-trapped exciton emission that is suspected to be the origin of the broad and highly Stokes-
shifted emission in all VODPs.?% In the case of Te-based VODPs, both triplet and self-trapped
exciton emission are possible, making it difficult to distinguish the origin of emission and

understand how the 5s? lone pair affects an already perplexing emission mechanism.

Unraveling the origin of emission in a semiconductor requires samples whose structures
are well understood, so that factors that can confound emission mechanisms—such as defects—
are accounted for. The large negative formation energies”?! of VODPs make them relatively
straightforward to synthesize and have led to the development of several synthetic strategies,
including hydrothermal, microwave, solid state, and solution synthesis techniques.®*>%® Despite
this flexibility, relatively few reports have investigated the effect of synthetic strategy on the
resulting perovskite structure,® as all of the aforementioned approaches result in the intended
phase-pure compound. However, reports from the perovskite literature suggest that many
synthesis and processing conditions actually do affect characteristics such as defect formation,
metal-solvent complexation, strain, and phase impurities.®**> Even when these factors do not
impede the formation of a phase-pure product, they can have significant implications on
electronic structure that thereby affect optoelectronic properties such as absorption onset,*8
photoluminescence quantum yield,** and carrier transport.*>° For VODPs in particular, there is
a variation in reported band gaps, with experimental values for Cs:Snls ranging from 1.25 to 1.35
eV for powders??°-% and 1.26 to 1.63 eV for films,54557 compared to 0.88 to 1.48 eV predicted by
density functional theory using different levels of theory.?2452%5% Within one paper alone, band
gaps ranging between 1.28 and 1.41 eV were reported for Cs25nls depending on the amount of
Csl impurity present in the film.* The change in optical absorption is consistent with the n-type
nature of Cs25nls, wherein iodide vacancies and interstitial tin defects manifest as n-type dopants
and an apparent band gap modification.?251% This highlights the need to understand the nature
of defects across all VODPs to enable consistent and reproducible sample production and on-

demand manipulation of electronic properties.



Here, we investigate the relationship between synthesis, structure, and optical properties
by synthesizing Cs:2TeBrs from two different precursors (TeBrs and TeO2) and in a variety of
different solvents. We find that nearly all of the synthetic conditions attempted here result in
Cs2TeBrs powders that are phase-pure by powder X-ray diffraction. However, the color of the
powders varies, which is consistent with UV-vis absorption spectra that reveal different
absorption onsets for the different powders. Despite these differences in absorption, the
compounds have identical optical emission spectra, with emission occurring at the same energy
but with different decay lifetimes. Scanning electron microscopy (SEM) suggests that these optical
differences can be ascribed to particle size differences rather than intrinsic structural differences.
Based on these results, we offer that synthesis with different Te precursors and in different
solvents affects the resulting defect density through solvent coordination during synthesis. Our
results demonstrate a useful route towards tuning optical absorption and emission properties

while also addressing the band gap reproducibility issue in the field of VODPs.

Methods

Chemicals: Chemicals were purchased from the following vendors: Alfa Aesar: cesium bromide
(99% metal basis); Fisher Chemical: ethanol (anhydrous, histological grade), ethyl acetate (certified
ACS grade); Lab Chem: isopropyl alcohol (ACS grade); Sigma-Aldrich: acetonitrile (anhydrous,
99.8%), methanol (HPLC grade, 299.9%), tellurium dioxide (99.995% trace metals basis); Spectrum
Chemical MFG Corp: hydrobromic acid (technical grade, 48%); Thermo Scientific: methyl acetate
(99%), tellurium(IV) bromide (99.9% metals basis). All chemicals were used as received, except

for cesium bromide, which was dried overnight in an oven at 120 °C to remove excess moisture.

Synthesis of Cs2TeBrs from TeBrs: In a 20 mL scintillation vial, 0.25 mmol (112 mg) TeBr: was
dissolved in 6 mL of a chosen solvent by stirring and heating to ~60 °C on a magnetic hot plate.
Upon complete dissolution of the yellow powder, 0.5 mmol CsBr (106 mg) was directly added to
the solution as a solid (see Figure S1 and associated discussion). The reaction was allowed to
proceed for the desired reaction time under stirring (1 hr in methanol or 2 hrs in acetonitrile,
unless otherwise indicated) and mild heat to allow the CsBr to fully react (see Figure S2). After
the desired reaction time, the reaction was cooled to room temperature and transferred to a
centrifuge tube using ethanol. The solutions were centrifuged at 5000 rpm for 4 minutes, after

which the powder was washed once with ethanol and then dried overnight in an oven at 120 °C.



Synthesis of Cs:TeBrs from TeO2: In a 20 mL scintillation vial, 0.25 mmol (40 mg) TeO: was
dissolved in 3 mL of hydrobromic acid and, if desired, 10 mL of an organic solvent. Complete
dissolution requires stirring and heating up to ~60 °C. Upon complete dissolution of the white
TeO: powder, 0.5 mmol CsBr (106 mg) was directly added to the solution as a solid. The reaction
was then immediately removed from the hot plate, allowed to cool to room temperature, and
transferred to a centrifuge tube using ethanol to aid in completely transferring any powder. The
solutions were centrifuged at 5000 rpm for 4 minutes, after which the powder was washed once

with ethanol and then dried overnight in an oven at 120 °C.

Powder X-ray diffraction (PXD): Laboratory PXRD was collected on a PANalytical Empyrean
diffractometer. Powders were loaded onto silicon substrates and probed in Bragg-Brentano
geometry using Cu Ka radiation. Synchrotron PXRD was collected via the 11-BM mail-in
program at the Advanced Photon Source at Argonne National Laboratory. Powders were loaded

into 1 mm Kapton capillaries and probed in transmission mode using an X-ray energy of 27 keV.

Scanning electron microscopy (SEM): SEM images were collected on the FEI Nova Nano 650 or
the Thermo Scientific Apreo C LoVac SEM. Powder was dispersed on top of copper tape and
imaged with an accelerating voltage of 10 kV (or 3 to 5 kV on the Apreo C) and a beam current of
0.4nA.

UV-Vis absorption and reflectance spectroscopy: Absorption spectra of solutions and diffuse
reflectance spectra of powders were acquired using the integrating sphere attachment of a
Shimadzu UV3600 UV-Vis-NIR spectrometer. Solution spectra were acquired in 1 cm cuvettes.
Powders were diluted in a 1:4 volume ratio with BaSO: (see Figure S3). Reflectance spectra were

converted to pseudo-absorbance using the Kubelka-Munk transformation.

Photoluminescence spectroscopy: Steady state emission spectra were acquired through front-
face excitation of powders with a 405 nm CrystaLaser laser diode. Emission was collected in a
right-angle geometry and passed through a 430 nm long pass filter to an Acton SP500
spectrometer equipped with a PIXIS: 400 Si CCD camera.

To facilitate measurement of time-resolved emission, Cs:TeBrs powders were
encapsulated in RTV-615 silicone on a quartz coverslip and then cooled in a liquid nitrogen
cryostat to 77 K. Cooling the samples significantly increased their emission intensity and
lengthened their emission lifetimes. Samples were photoexcited using the frequency-doubled
output of an 800 nm SpectraPhysics Tsunami Ti:Sapphire laser with the repetition rate reduced

to 200 kHz — 2 MHz using a homemade acousto-optical pulse picker. Emission was detected by



an MPD avalanche photodiode, and the emission transients were analyzed by a Becker and Hickl

SPC-630 time-correlated single photon counting board.

Raman spectroscopy: Raman spectra were acquired on a Horiba Jobin Yvon T6400 confocal
Raman microscope equipped with a liquid nitrogen-cooled CCD array detector and an 1800
g/mm grating. Samples were pumped using the 647 nm laser line of a krypton ion gas laser sent

through a 10x microscope objective.
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Figure 1. (a) Cs:TeBrs Fm3m crystal structure. (b) Synchrotron powder X-ray diffraction pattern of
Cs2TeBrs synthesized from TeO: in HBr showing a calculated fit using Rietveld refinement.

Cs2TeBrs powder was synthesized via two routes: the addition of solid CsBr to either the tellurium
halide salt (Figure S4a and Equation 1) or the oxide (Figure S4b and Equation 2) dissolved in an
organic solvent. In the latter case, concentrated hydrobromic acid (HBr) is required both as a
reagent and for the dissolution of TeO2, which is not soluble in any organic solvents; water is

therefore also present as a co-solvent.
TeBr, + 2 CsBr — Cs,TeBrg (D)

TeO, + 4 HBr + 2 CsBr — Cs,TeBrg + 2 H,0 (2)

When TeBr: is used, the reaction time and product purity depend heavily on the solvent that is

selected, with methanol requiring the shortest reaction time and always resulting in a phase-pure



product that does not contain any trace of CsBr. Synthesis proceeds readily from TeO: in
hydrobromic acid (with or without additional organic solvent) as confirmed via laboratory PXRD
(Figure S5 and Table S1). The resulting product in both cases has the cubic Fm3m structure
shown in Figure 1a, which is confirmed via synchrotron powder X-ray diffraction (PXRD) as
shown in Figure 1b. The structure comprises spatially isolated [TeBre]> octahedra separated by
Cs* cations. Both TeBrs and TeO: already feature Te* in an octahedral coordination environment,
either through direct coordination to six bromide anions (TeBrs) or through coordination to five
oxygen species and a sterically active lone pair (TeO2). Notably, although Te* is in the correct
coordination environment in TeBrs, it is not directly accessible; the structure consists of sets of

edge-sharing [TeBre¢]* octahedra that together form cubic (TeBr4)s clusters (see Figure S4a).
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Figure 2. (a) Normalized diffuse reflectance spectra of Cs:TeBrs powders synthesized from TeBrs or TeO:
in different solvents converted to absorbance using the Kubelka-Munk transform. (b-d) Scanning electron
microscopy (SEM) images and optical photographs of Cs:TeBre powders synthesized from (b) TeBrs in
methanol, (¢) TeO:2 in methanol and HBr, or (d) TeO:2 in acetonitrile and HBr.

The resulting powders exhibit different characteristics, such as color (varying shades of
orange), consistency (chalkiness), and particle size and shape. The variations in the absorption
edge were measured via diffuse reflectance spectroscopy in Figure 2a and varying particle sizes
and morphologies were determined via scanning electron microscopy (SEM) in Figures 2b-d and
Figure S6. Our absorption edge energies range from 2.12 eV to 2.24 eV, which falls in the range
of collected literature values spanning from 2.06 eV to 2.29 eV (see Table S2). Despite differences



in absorption, all of the powders emit at the same energy (Figure 3a), just with differences in
relative emission intensity and photoluminescence lifetime (Figure 3b and Table S3). At 77 K, the
powders synthesized using alcohols or alkyl acetates have emission lifetimes ranging from 7.1 to
8.5 ns, whereas those synthesized from TeO: in either acetonitrile and HBr or just HBr have

lifetimes of 37 and 86 ns, respectively.
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Figure 3. (a) Normalized Kubelka-Munk absorption and steady-state emission spectra of Cs2TeBrs powders
excited at 405 nm. Despite a difference in absorption onset, there is no difference in emission energy. (b)
Time-resolved emission at 77 K for Cs:TeBrs powders excited at 400 nm. Symbols differentiating TeBrs vs.
TeO: are consistent with Figure 2. (¢) Scheme depicting absorption and emission transitions in Cs2TeBrs
based on the molecular orbitals of [TeBrs]>. Excitation promotes an electron from the a;4,6™ to the triply
degenerate t,,,0" orbital, creating either a singlet (*P;) or triplet (3P, or 3P,) state, the energies of which are
slightly different. Vibronic coupling splits the structure of the 'P; and 3P; states. Once in the excited state,
the structure undergoes a dynamic (i.e. pseudo or second-order) Jahn-Teller distortion via vibronic
coupling to the e, vibration, lowering the symmetry of the [TeBre]> sites from O, to Dyp,.

The isolated nature of the [TeBrs]?> clusters in the Cs2TeBrs structure is evident in the
absorption and emission spectra shown in Figure 3a. The absorption spectrum of Cs:TeBrs is
dominated primarily by the absorption of the molecular [TeBrs]* ion, in which excitation of a 5s?
electron into a p orbital enables the formation of either a spin-allowed singlet (*P;) or a spin-
forbidden triplet excited state (°Py, 3Py, or 3P;).6%62 The molecular nature of the Cs:TeBrs absorption
is highlighted by the fact that the same spectrum can be reproduced by doping small amounts of
Te* into a matrix of a higher band gap VODP, such as AxMCls (M = Sn, Zr); at just 0.1-0.3 mol%
Te*, the absorption and emission of Cs:2TeCls clearly emerge from a matrix of Cs2ZrCle.>*¢ This
can also be captured from the band structure, which demonstrates that the 5s> — 5s'5p! transition
is effectively responsible for the indirect nature of the band gap. The valence band maximum
(VBM) and conduction band minimum (CBM) are primarily composed of the Te 5s and 5p
orbitals, respectively, mixed with the Br 4p orbitals, leading to an indirect band gap between the
W and L points (contrary to other direct band gap VODPs, where there is no involvement from

the np orbital).!1315



The three transitions at 460, 405, and 370 nm (labeled A, B, and C, respectively) can thus
be assigned using spin selection rules and spin-orbit coupling considerations for the 5s2 — 5s'5p!
excitation in isolated [TeBrs]* ions. Namely, since only the formation of the singlet state is
completely allowed, this can be assigned to the strongest absorption peak at 370 nm (C). (Note
that the transition at 370 nm is by far the strongest transition in solution; see Figure 6b.) For the
triplet transitions, angular momentum selection rules strictly forbid the transition to 3P,.
However, formation of 3P, will be allowed and enhanced for systems with large spin-orbit
coupling, like those containing tellurium. The second strongest transition at 460 nm can therefore
be assigned to this transition (A), leaving the transition to P, for the weakest band at 405 nm
(B).6+%2 Note that the A and C bands split into a doublet and triplet, respectively, due to coupling

to a4, tog, and e vibrations through the dynamic Jahn-Teller effect.5-67

While the exact assignment of the transitions leading to emission in VODPs is not agreed
upon, the nature of the isolated octahedra in the VODP structure is conducive to second-order
(i.e. dynamic) Jahn-Teller distortions. Unlike first-order Jahn-Teller distortions, wherein the
electronic state degeneracy of a structure is spontaneously lifted via symmetry breaking, no
electronic degeneracy is required for second-order Jahn-Teller distortion to occur.®® Instead,
symmetry breaking and the adoption of a lower energy conformation occurs via vibronic coupling
with at least two electronic states. In the case of Cs2TeBrs, Jahn-Teller distortion arises from
coupling to the e; vibration, leading to a symmetry reduction to D, at the metal centers and
highly broadened emission.® Figure 3¢ summarizes these absorption and emission processes in

Cs2TeBrs.

Particle Size Effect

The SEM images in Figure 2b point to particle size as a potential source of the variation in optical
properties between samples. To test this hypothesis, we probed both the microscopic structure
and the macroscopic particle size to determine which was the source of the variation in optical
absorption and powder color. As shown in Figure 4a, particle size correlates with the absorption
edge values determined from fitting diffuse reflectance spectra using the Tauc method.
Histograms of particle size distributions obtained from measuring 90+ particles for each sample
in Image] are shown in Figure S6, and example Tauc plots and fits are provided in Figure S8 and
Table S4. Conversely, Figure 4b demonstrates that the unit cell parameters determined from
titting PXRD data using the Pawley refinement method do not directly correlate with the

absorption edge. Both PXRD and Raman spectroscopy also confirm that the powders are

10



compositionally pure, with no incorporated oxygen or solvent that would affect the electronic

structure (see Figure S7).

It is worth emphasizing that the absorption edge shifts are not changes to the Cs2TeBrs
band gap. Often, experimental band gaps are determined by fitting absorption edges either
directly from the absorption spectrum or by using a Tauc plot.”°”* However, these methods do
not necessarily represent the band gap (the difference in energy between the valence band
maximum and conduction band minimum), as they do not account for defects or dopants that

introduce sub-band gap states”™

or the exciton binding energy. The absorption onset
determined from a diffuse reflectance spectrum using the Kubelka-Munk transformation
depends on several factors, such that parameters such as particle size and shape impact the
degree of scattering and modify the shape of the absorption spectrum.”>”® While all of these factors
provide a useful handle on optical properties, they do not strictly modify the band gap, and care
should be taken when comparing the absorption edge observed via diffuse reflectance

spectroscopy to computational values.
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Figure 4. (a) Absorption edge as a function of particle size. Absorption edges were determined by fitting
Tauc plots to indirect band gaps. Particle sizes were measured from SEM images. Symbols differentiating
TeBrs vs. TeOz are consistent with Figure 2. (b) Absorption edges as a function of lattice parameters, which
were determined by fitting PXRD patterns using Pawley refinement.
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To further demonstrate the effect that particle size has on the absorption edge, we ground
Cs2TeBrs powder from the synthesis that led to the largest particle sizes (synthesis of Cs2TeBrs
from TeO: in HBr and MeCN) to systematically decrease particle size as a function of grinding
time. Confirmation of decreased particle size was tracked via SEM and PXRD, which revealed
broadened Bragg reflections following grinding (see Figure §9). As shown in Figure 5a, after just
5 minutes of grinding, the absorption edge shifts by 20 nm. (See Table S5 for absorption edge
values.) Furthermore, the molecular absorption feature of [TeBrs]> at 460 nm becomes more
prominent, without the significant broadening shown by the powders in Figure 2a. As shown in
Figure 5b, grinding also increases the overall absorbance of the material, such that after 20 min
of grinding there is a six-fold increase in absorption at 2.7 eV and ten-fold increase at 4.0 eV. This
observation is consistent with previous reports of size-dependent absorption in KMnOs particles,
where reduction in particle size leads to not only an increase in scattering (i.e. color change) but
also a reduction in specular reflection.” Since both ordinary and Fresnel diffuse reflection are
detected during the acquisition of a “diffuse” reflection spectrum, the latter of which is actually
a type of specular reflection that only appears diffuse, reduction of specular reflection leads to a
lower diffuse reflectance value and therefore a higher apparent Kubelka-Munk absorbance. The
fact that grinding —and more specifically, the particle size and shape —can change the absorption
onset in such a dramatic way means that the peak energy, rather than the absorption onset, may
be more helpful in interpreting photophysical phenomena such as the Stokes shift. For example,
one recent paper reported a 90 nm shift in the absorption onset when the cesium cation in
Cs2TeBrs was replaced with a crown ether complex.” Here, we observe a 40 nm shift in the onset
without any change in composition, simply by grinding the particles. Re-interpreting their data
in the context of the A band peak position, which does not change position upon grinding, gives

only a 13 nm shift and helps remove any influence from scattering.

12
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Figure 5. Effect of particle grinding on optical properties. (a) Normalized Kubelka-Munk absorbance
spectra of Cs2TeBrs powders as synthesized and after grinding for 5, 12, and 20 minutes. The photograph
shows the stark color change before and after grinding for just 5 minutes. (b) Absorption coefficient of
Cs2TeBrs before and after grinding. Dashed lines indicate fits to the slope at the absorption onset on the
displayed logarithmic scale to obtain values for the Urbach energy, E;, which are shown on the graph in
units of eV-L. (c) Time-resolved emission of as synthesized and ground particles. Inset shows the full long-
lived decay of the ground particles.

Changes to the absorption edge upon grinding have previously been related to the
“Urbach tail,” i.e. the presence of defects within the band gap that contribute to absorption.” The

amount of disorder can be quantified by fitting the absorption onset to the Urbach energy, Ey:

E, = [d(ln ™"
dE
In the absence of disorder, a semiconductor would exhibit a vertical absorption onset with E; =
0. In practice, the combination of static and dynamic disorder gives rise to sub-band gap
absorption and a positive slope. As shown in Figure 5b, grinding decreases the slope, reducing
the Urbach energy from E;; = 27.7 eV-! for as-synthesized particles to E;; = 19.2 eV-! for particles
ground for 20 min. Grinding therefore reduces the static disorder, for example by eliminating
grain boundaries or relieving strain within individual particles through annealing. This reduction
in defects and disorder also manifests in an increased photoluminescence lifetime. As shown in

Figure 5¢, upon grinding the emission lifetime at 77 K increases from 15.4 ns (monoexponential

13



decay) to 874 ns and 136 ns (biexponential decay with 75% and 25% amplitudes). We also
calculate lower Urbach energies for the MeCN and HBr samples in Figure 3¢ that show longer
photoluminescence lifetimes compared to the alcohol and alkyl acetate-based Cs:TeBrs powders,
again consistent with the idea that lower defect densities enable longer photoluminescence

lifetimes.

Reaction Mechanism: Metal Oxide vs Halide

To understand the source of these synthetic variations, we investigated the differences in reaction
mechanism for TeBrs vs. TeO: in the varying solvents. TeBrs is soluble in many organic solvents,
exhibiting only minimal solubility in non-polar solvents such as toluene and chloroform but good
solubility in methyl and ethyl acetate, dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
acetonitrile, and alcohols. Although the alkyl acetates are of a similar polarity as chloroform, they
are more strongly coordinating and allow for the possibility of coordination in a bidentate
fashion, which may drive solubility. Given previous reports on the synthesis of Cs:TeBrs from
TeBrs in methanol, we chose to compare the synthesis of Cs:TeBrs from TeBrs in three different
solvents of varying polarity and coordination strength (i.e. Lewis basicity): methyl acetate
(MeOAc), acetonitrile (MeCN), and methanol (MeOH). The reaction proceeded most quickly and
produced the highest, nearly stoichiometric yield in MeOH, followed by MeCN (see Table S6 for
reaction yields). While there was some reactivity in MeOAc, the reaction was very slow and did
not proceed to completion. This was confirmed by PXRD (Figure S2), which shows complete
conversion in the case of MeOH and MeCN after 1 and 2 hours, respectively, but incomplete
conversion with remaining CsBr after 6 hours of reaction in MeOAc. On the other hand, synthesis
from TeO: is essentially only dependent upon the addition of HBr. Use of an organic solvent does
not seem to affect its completion, except in the minor variation in the amount of time it takes to
tully dissolve the TeO: at the beginning of the reaction. Following the addition of CsBr, all of the

reactions immediately proceed to completion with nearly quantitative yield.

A mechanism for these observations can be developed through analysis of the UV-Vis
absorption spectra of TeBrs in each of the three solvents (Figure 6a) compared to TeO: (Figure
6b). When TeBr: is dissolved in MeOAc, it forms an orange solution that features only one
identifiable absorption peak at ~430 nm. On the other hand, TeBr: dissolved in MeOH is yellow
with only a weak absorption feature at ~430 nm and a more prominent absorption feature at ~350
nm. Interestingly, TeBrs dissolved in MeCN captures both the absorption features at 350 nm and
440 nm (and therefore is orange). The feasibility of the reaction in MeCN and MeOH and not
MeOAc suggests that this feature at 350 nm is related to the reactivity of TeBrs. Specifically, prior
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literature on the chemistry and reactivity of the tellurium tetrahalides identify polar solvents such
as methanol, ethanol, diethyl ether, dioxane, and potentially acetonitrile as leading to the
dissociation of the cubic (TeXs)s clusters structures into ionic [TeXs]*X" or [L.TeXs]*X- complexes
(X =Cl, Br; Lis a solvent molecule).”8! Acetonitrile is especially distinguished as leading to only
partial ionization of TeX4.82 Our observed reaction rate trend according to MeOH > MeCN >
MeOAc is therefore consistent with the conclusion that a polar solvent is necessary to enable the
dissociation of (TeBrs)s clusters into intermediate [L2TeXs]*X- complexes and ensuing Cs2TeBrs
production. Figure 6c summarizes this process, showing our interpretation of the reaction
proceeding through an [L.TeXs]*X" intermediate given the coordinating nature of both methanol

and acetonitrile.

(a) TeBr, (b) TeO,
15 : 104
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v A = —— HBr + MeCN
c 1.0 ‘\ Q —— HBr + EtOAc
© [
o \ o
= \ [%]
S \ 9 0.5
8 05 \ <
< \ E
13 mM N =
6.3 mM S =
T T T
'\ . 0.0 T T T
15 - \ acetonitrile 400 450 500 550
o ‘s (c) Wavelength (nm)
ol A
c \
R 1.0 \ Dissolution of TeBr, in organic solvent
o \
o \
ﬂ \
i \
< 05 polar " N
0.78 mM N solvent <
0.39 mM ~ 3 ﬁ\{
1.5 — " ' _ nonpolar I
\ methyl acetate solvent [L,TeBr;]*Br
\
0] 1 .
< 1.0 1 \ no reaction
s \
o \ _ Reaction of TeQ, with HBr
o AY
& 05 N
< S
0.40 mM ~——
010 M ~< N\ TeO, + 6 HBr ——> + 2 H,0
0.0 T T + 2 H*
300 400 500
Wavelength (nm) [TeBrg]*

Figure 6. (a) UV-Vis absorption spectra of TeBrs in methanol, acetonitrile, and methyl acetate at the
indicated concentrations. (b) UV-Vis absorption spectra of TeO: in HBr or methanol, acetonitrile, and ethyl
acetate mixed with HBr. (¢) Scheme illustrating the mechanism for dissolution of TeBrs and TeO: in
solution. In polar solvents, (TeBrs): dissolves, forming [L:TeBrs]*Br. Nonpolar solvents are unable to
stabilize Br-, leaving the (TeBrs)s clusters intact. Similarly, TeO: is not soluble in organic solvents and
requires HBr to “dissolve” and form [TeBrs]> clusters.
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The synthesis of Cs:TeBrs from TeO: proceeds without any significant variations in
reaction rate or yield for all of the organic solvents surveyed (methanol, ethanol, isopropanol,
methyl acetate, ethyl acetate, and acetonitrile). When TeO: is dissolved in these solvents with the
aid of HBr, the result is the production of [TeBrs]> clusters. As such, the UV-Vis absorption
spectrum does not vary aside from slight changes in the absorption wavelength. In addition to
potential solvent coordination effects, these solvents alter the solution pH (Figure S10) and affect
how quickly TeO: dissolves, with TeO: dissolving the most quickly in concentrated HBr followed
by HBr diluted with MeCN, MeOAc, or MeOH (Figure S11). In each case, heating the solution to
~60 °C aids in dissolution. Dissolution progress (more specifically, conversion to [TeBrs]?>) can be
monitored by the solution color change to orange, which arises from the absorption of the [TeBrs]*

ion (Figure 6b).

Reaction Mechanism: Solvent

Given that the reaction of TeO: with CsBr can proceed without the addition of any organic solvent
and requires HBr in all cases, one might ask what the advantage is of using organic solvent at all.
In all cases, we observe nearly instantaneous and complete conversion of the reagents into
Cs2TeBrs upon the addition of CsBr, with solution synthesis requiring lower temperatures and
shorter reaction times than solid state or hydrothermal synthesis. Ultimately, the organic solvent
enables manipulation of particle size and morphology that can be beneficial depending on the
application at hand. For example, in the application of VODPs for photocatalysis,®%* smaller
particles like those produced from the reaction in methanol would provide increased surface
areas and thereby increase conversion efficiencies. On the other hand, reaction in concentrated
HBr without any organic solvent results in powders with longer emission lifetimes, suggesting

that synthesis in HBr may be preferred for light-emitting applications.

The solvent clearly dictates a number of properties within the synthesis, namely (1) the
resulting particle size and shape (morphology) and its effect on the absorption onset and (2) the
intrinsic disorder and its effect on charge carrier recombination. With regards to the former, we
note that the absorption onset is not dictated by either solvent polarity or dielectric constant, as
this would lead to a clear delineation between those reactions done in only organic solvent (with
TeBrs), organic solvent with HBr (with TeQz), or just HBr (with TeO2). Water both is the most
polar solvent used here (in the form of aqueous HBr) and has a dielectric constant that far
surpasses those of the organic solvents (see Table S7). However, the trend in absorption onset is
more consistent with the solvent donor number (see Table S8). The Gutmann donor number

provides an estimate of the Lewis basicity of a molecule and is defined as the reaction enthalpy
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for adduct/complex formation between the molecule (a Lewis base) and SbCls.5> Solvents with
high donor numbers should likewise coordinate more readily with Te*, thereby preventing the
growth of large Cs:TeBrs particles.*! In the reactions performed in mixtures of HBr and organic
solvent, aqueous HBr essentially dilutes the effect of the organic solvent, weakening the
interaction between the solvent and the tellurium complex. The low donor number of MeCN
(14.1) explains why compounds synthesized in MeCN have the lowest absorption onset, with
Cs2TeBrs made from TeO:in MeCN and HBr yielding the lowest absorption onset at 2.13 eV, since
its low donor number enables the growth of large, single domain particles. As shown in Table
S8, the absorption onset increases with the donor number; the only exception is for the particles
that are synthesized in HBr only. It is possible that there is another confounding effect, like
reaction time, that contributes to the final particle size and that was not controlled for in this

study.

The interaction between the solvent and the tellurium complex also explains the trend in
emission lifetimes, where Cs:TeBrs particles made from TeO: in only HBr exhibit significantly
longer emission decay lifetimes (86 ns) compared to those made from TeO: in MeCN and HBr (37
ns) or any other conditions (7.2 to 8.5 ns). It is possible that, in addition to leading to smaller
particle sizes and higher absorption onset energies, solvent coordination induces strain, grain
boundaries, and/or defect formation within individual particles that contributes to shortened
emission lifetimes. In this case, HBr could be viewed as a relatively innocuous or even beneficial
species during synthesis, as availability of Br ions would prevent the formation of Br- vacancies.
More importantly, it avoids the use of a more strongly coordinating solvent (such as an alcohol),
where displacement of a bromide ion in the [TeBr¢]* cluster with a solvent molecule would be
both entropically and enthalpically favorable and could lead to the aforementioned issues, even
if the solvent molecule does not remain incorporated in the crystal structure following synthesis

completion.

Conclusion

In conclusion, we have synthesized Cs2TeBrs from metal halide and metal oxide precursors in a
number of different organic solvents. While most synthetic conditions yield powders that are
phase-pure as confirmed via structural characterization techniques like powder X-ray diffraction,
optical characterization reveals several differences stemming from solvent-directed effects. The

choice of metal precursor and solvent dictate the resulting particle size and defect density, which
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manifest as differences in the absorption edge and emission lifetime. These variations can be used
to explain the discrepancy in the literature in reported experimental band gaps for VODPs, as the
use of the absorption edge to determine the material band gap neglects contributions from sub-
band gap states, defects, and the exciton binding energy and is easily manipulated by changing
the scattering properties of the sample. As a demonstration of this effect, we show that grinding
particles shifts the absorption edge by 40 nm, despite no change to the electronic structure. Our
results highlight how synthetic methods can be used as a handle on optical and electronic
properties in this emerging class of inorganic materials, and how attention should be paid to

sample preparation when comparing photophysical properties among compositions.
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Methods

Method of CsBr Addition: One parameter of the synthesis that was not thoroughly explored was
the method of CsBr addition. In all of the syntheses presented in the main text, CsBr was added
directly to the tellurium solution as a solid, in part because HBr was not always used (for example,
when working with TeBrs) and CsBr is not soluble in organic solvents, but also because this is the
easiest method. As Figure S1 shows, the addition of CsBr as an acidic solution vs. a solid does
further affect the absorption spectrum, but not as significantly as changing the organic solvent. It
is plausible that the addition of CsBr as a solution prevents nucleation of Cs2TeBrs on solid CsBr
particles before they have had a chance to dissolve and enables a more homogenous size

distribution.

We also did not investigate the effect of solution concentration on synthesis, although this
likely also plays a role on particle size given that solution concentration typically dictates the

nucleation and growth rates.
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Figure S1. (a) Normalized Kubelka-Munk absorbance spectra and (b) synchrotron powder X-ray
diffraction patterns of Cs2TeBrs powders synthesized from TeO2 and CsBr. TeOz was dissolved in HBr and
ethanol and CsBr was added to the TeO: solution either directly as a solid or in the form of an aqueous
acidic solution.
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Figure S2. PXRD of Cs2TeBrs following reaction of CsBr with TeBrs in (a) methanol, (b) acetonitrile, and (c)
methyl/ethyl acetate. Asterisks indicate unreacted CsBr as established by comparision to ICSD 236387

(CsBr, red) and ICSD 24151 (Cs2TeBrs, black).
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BaSO: Dilution: As discussed in the main text, the Kubelka-Munk transform of a diffuse
reflectance spectrum depends on the scattering properties of the analyte. To properly capture the
diffuse reflectance spectrum of strongly absorbing samples, it is necessary to take precautions to
reduce the effects of scattering from the analyte. The first of these precautions is grinding, which
is discussed in the main text. The other is sample dilution in a matrix that has minimal absorption

in the region of interest (e.g. reflectance grade BaSOs, a white powder).!?

One aspect that is often overlooked in the literature is that the diffuse reflectance spectrum
of the analyte changes as a factor of concentration in the dilutant. As such, when comparing
spectra, attention must be paid that either the amount of dilutant has been corrected for (see the
section on Absorption Coefficients later in the SI) or that all spectra have been collected at the
same volume fraction. In this work, we chose a 1:4 ratio of analyte to dilutant for all of our spectra.
As shown in Figure S3, further dilution continues to affect the lower energy portion of the

spectrum, but the band edge remains unaffected.
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Figure S3. Normalized Kubelka-Munk reflectance spectra of Cs:TeBrs powders synthesized the addition of

CsBr to TeO: in HBr. Diffuse reflectance spectra were obtained with the specified ratios (by volume) of
Cs2TeBres to BaSOa.
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Metal Precursor: The structures of TeBrs and TeO: are shown in Figure S4. The (TeBrs)s cluster
structure was found to play a role in how effectively various organic solvents can be used to
synthesize Cs:TeBrs from TeBrs. Polar solvents are necessary to stabilize the ionic [L2TeBrs]*'Br-

intermediate, without which the reaction proceeds very slowly, if at all.

(a) TeBr, (b) TeO,

g

Figure S4. Crystal structures of the tellurium precursors (a) TeBrs and (b) TeO:. Both compounds feature
tellurium in a +4 oxidation state; however, TeBrs contains octahedral Te* bound as (TeBrs)4 cages, while
TeO: contains Te* in a square pyramidal geometry that arises from coordination to five neighboring

oxygens and a sterically active lone pair.
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Additional Characterization

X-Ray Diffraction: As shown in Figure S5a, sample purity was confirmed following each
synthesis using a laboratory X-ray diffractometer with Cu Ka radiation in a window of 8° to 80°.
Figure S5b also shows that demonstrably different peak shapes were observed for the different
synthetic conditions, reflecting the differences in particle shape observed in the SEM images
shown in Figure S6 and also different lattice strains. Given the variation in instrumental
broadening throughout the generation of the data in this work, we did not make any further
attempts to analyze the crystallite size or strain broadening present in these diffraction peaks.
However, the results of the Pawley refinements presented in Table S1 suggest that some particles
do possess some amount of strain, given that a different sequence of lattice parameters (i.e. the
ordering of largest to smallest lattice spacings) is obtained compared to what one would expected
based on d spacings. This is true even for samples that were characterized on the same day, as is

the case for the four samples shown in Figure S5b.

The differences in lattice parameters noted in Table S1 are very minor, with only a 0.16%
variation in a between the sample with the smallest and largest unit cell (10.916167 A vs 10.93354
A). ICSD 24151 reports a lattice parameter of a = 10.9180(20), indicating that all but one of our

powders have larger lattice spacings than bulk, single crystal Cs2TeBrs.
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Figure S5. (a) Laboratory PXRD confirming phase purity of Cs2TeBrs powders synthesized from TeO: and
TeBrs in a variety of solvents. (b) Magnified diffraction pattern focusing on the (440) reflection for samples
all acquired on the same day with the same collection parameters.



Table S1. Lattice parameters determined from Pawley refinements of both synchrotron and laboratory

PXRD measurements on Cs2TeBrs powders.

Metal

Solvent Lattice Parameter (A) X-Ray Source | Notes
Precursor

TeBrs MeCN 10.91803 +0.00002 Synchrotron ab
10.92138 +0.00006 Lab b
10.92162 +0.00004 Lab
10.92325 +0.00004 Lab

TeBr4 MeOH 10.93071 +0.00007 Synchrotron
10.93354 +0.00003 Lab

TeO2 HBr 10.919491 +0.000009 Synchrotron
10.92134 +0.00004 Lab

10.9217 +0.0002 Lab

TeO: HBr + MeCN 10.919473 +0.00004 Synchrotron
10.92115 +0.00009 Lab
10.92344 +0.00004 Lab

TeO: HBr + 10.919473 +0.000004 Synchrotron
10.92105 +0.00003 Lab
10.92781 +0.00007 Lab

TeO: HBr + EtOH 10.916167 +0.000007 Synchrotron
10.91911 +0.00005 Lab

TeO: HBr +iPOH 10.91976 +0.00003 Lab

TeO: HBr + MeOAc 10.91924 +0.00005 Lab b

TeO: HBr + EtOAc 10.92209 +0.00004 Lab

a — Reaction was stopped immediately rather than after 2 hours.

b — Some remaining CsBr.
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Particle Size Analysis: Particle sizes were imaged using scanning electron microscopy and then
manually measured (by approximating particles as circles and ovals) in Image]. Circle areas were
then used to calculate particle diameters, which are shown in the histograms in Figure S6. This
procedure generates the least accurate results for the Cs2TeBrs particles synthesized from TeO: in

HBr, which are definitively not isotropic in shape.
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Figure S6. SEM images and sizing analyses of Cs2TeBrs powders.
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Raman Spectroscopy: As a further means of probing structure (e.g. the Te—Br bonding
environment), we conducted Raman spectroscopy on Cs:2TeBrs powders synthesized in a variety
of conditions. As shown in Figure S7a, we observe the E; and A;,; modes that are characteristic
of 0, symmetry in the [TeBre]> clusters. The exact position of these vibrational modes varies
depending on the synthetic conditions; however, it does not correlate to the absorption band
edge. While vibrational frequencies provide an indication of bond strength and can be used to
estimate bond lengths and therefore lattice volumes,** we did not find a correlation between our
Raman spectral shifts and our PXRD lattice shifts. It is possible that, because of the isolated nature
of the [TeBrs]* octahedra, changes to the Te —Br bond length are not reflected in the overall lattice

parameter.
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Figure S7. Raman spectra of representative Cs:TeBrs powders. (a) Low frequency region featuring the E,
and A, vibrational modes of the [TeBr¢]> octahedra. (b) Extended Raman spectra indicating the lack of
any other spectral features, including any Te —O bonds or those corresponding to organic solvent.
We also searched the Raman spectra for any indication of oxygen or solvent that could
have an effect on the crystalline or electronic structure. As shown in Figure S7b, we found no
indication of Te—O bonding or solvent. Organic solvents would be observed around 1000 to 3000

cm; for example, methanol is characterized by two sharp features at 1030 cm™ and 1450 cm™ and
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two weaker features at ~1100 and 1150 cm™, while acetonitrile has two very sharp features at ~920

and 2250 cm™’. No features are observed past the A;; mode at ~176 cm™.
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Optical Data:

Table S2. Experimentally reported absorption edges and emission wavelengths/lifetimes for Cs2TeBres.

Unless otherwise noted (*), absorption edge values are based on those reported in the original reference.

Reference Synthesis Technique Absorption Edge Emission
Sedakova &
Miri)ch‘rlglé Solution synthesis, heated, 2.06 eV (300 K) -
TeO:2 and CsBr in HBr 2.30 eV (77 K) 680 nm (77 K)
(2016)
Lietal.® Hydrothermal synthesis at 110 °C b
. 2.09 eV *4
(2023) TeO:z and CsBr in HBr
Folgueras et al.” Antisolvent vapor diffusion
. 210eV* C
JCPP (2021) (single crystals) ¢ 670 nm
d
Huang et al.? Hydrothermal synthesis at 180 °C 11 eV %2 692 nm o
(2022) TeBr: and CsBr in HCI 211ev™ 71 = 0.35ns (35%)
7, = 1.82 ns (65%)
Peresh et al.? Bridgman growth (single crystals) 212 eV
(2001) TeBrs and CsBr e
Folgueras et al.?° Solution synthesis at 60 °C " .
Nano Lett. (2021) TeBrs in MeOH and solid CsBr 212eV 670 nm
Solution synthesis at RT
11 * -
Zhu et al.™* (2022) TeBrs and CsBr in LIBr 2.14 eV
. Solution synthesis at RT
12
]lnzz’;:l' TeBrs in EtOH + HBr 2.22eV -
( ) and CsBr in HBr
Zhou et al.®3 Hydrothermal synthesis at 180 °C ca _ o
(2024) TeBrs and CsBr in HCI 229eV™ Tay = 25315

* Extracted from reference absorption data using a Tauc plot.

4 A Tauc plot was provided in the original paper; however, it was based on a direct band gap. Cs2TeBrs is
well established to have an indirect band gap.

b These authors report emission at 519 nm; however, it looks to be the edge of the 484 nm excitation they
are using. Cs2TeBre has very weak emission that is difficult to detect in a fluorimeter.

€Aex =375nm*€ 1, = 360 nm

d Aex = 365 nm; Ay, = 465 nm. It is unclear how any lifetime was recorded given that the emission
spectrum that was recorded for Cs:TeBrs shows no emission at 465 nm.
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Table S3. Emission lifetimes of Cs2TeBrs powders at 77 K excited at 400 nm.

Metal Precursor Solvent .Em.lssmn
Lifetime (ns)
TeO: HBr + MeOH 7.16 £0.06
TeO2 HBr + EtOAc 7.35 +0.04
TeBra MeOH 8.35 +0.06
TeO2 HBr +iPOH 8.50 +0.05
TeO: HBr + MeCN 36.8 +0.3
TeO2 HBr 86.2 0.5

Table S4. Absorption edges as determined from indirect band gap Tauc plots (see Figure S8). Only the
conditions for which we saw relatively consistent results (0.01 eV) are reported here. For other samples
reported in this work, we either did not run enough trials to accurately report the absorption onset or there
was a significant variation in the observed absorption onsets between different synthesis trials.

Metal Precursor Solvent Absorption Edge (eV)
TeO: HBr + MeCN 2.14
TeBr4 MeCN 2.17
TeO: HBr + MeOH 2.18
TeO: HBr 2.19
TeO: HBr + EtOH 2.20
TeBr MeOH 2.20

(a- hv)1?

/ E;=213eV
0.0 — T T T T 0 T T T T T
1.8 2.0 22 2.4 2.6 2.8 3.0 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV) Energy (eV)

Figure S8. Examples of Tauc plots used to determine the band edge of the indirect band gap (y = 2)
semiconductor Cs2TeBrs synthesized from (a) TeO: in HBr and MeCN or (b) TeBrs in MeOH.
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Table S5. Band edges before and after grinding powders of Cs2TeBrs synthesized from TeO: in HBr and

MeCN.
Grinding Time Band Edge (eV)
0 min (as synthesized) 2.14
5 min 2.18
12 min 2.20
20 min 2.23

as synthesized
—— ground
2
"))
c
ﬁw
£
| | e e
T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Q(A™)

Figure S9. Powder XRD of Cs:TeBrs powders as synthesized from TeO: in HBr and MeCN and after
grinding for 5 minutes.

Absorption Coefficients: Absorption coefficients as a function of energy were determined from
diffuse reflectance spectra of Cs2TeBre powders diluted in a BaSOs matrix in a 1:4 ratio. The

Kubelka-Munk transform was applied to obtain F(R):

K (1-Ry)?
FRo) =5 =",

where K and S are absorption and scattering coefficients, respectively. The absorption coefficient
K was then isolated by multiplying by the known scattering S of the BaSOs standard; recall that
dilution with a white standard such as BaSOs helps ensure that scattering is dominated by the
standard."* The absorption coefficient K was then converted to the instrinsic absorption

coefficient @ according to:
K = 2va

where v = 0.2 is the volume fraction of Cs2TeBrs in the sample."14
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Solvent Properties:

Table S6. Reaction yield for the synthesis of Cs2TeBre.

PrIZIce::slor Solvent Yield
TeBra MeCN 51 % *
TeBra MeOH 87 %
TeO: HBr + MeCN 93 %
TeO: HBr + 92 %
TeO:2 HBr 92 %

* Product also contained CsBr; actual yield was lower.

The reactions in the text are discussed in the context of solvent polarity and coordination strength.
The quantification of these two properties is a non-trivial task, as reviewed previously in several
textbooks and articles. While one may intuitively understand the chemical concept described by

e.g. chemical polarity, a precise quantitative description is difficult, as it requires capturing many

difficult electronic phenomena.
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Table S7 quantifies some of these electronic phenomena using different metrics.

Gutmann’s donor number, —AHp_gpc), (kcal/mol), the enthalphy of formation for the
adduct between an electron donor and SbCls in a dilute solution of 1,2-dichloroethane.!5-
17 Protic solvents, such as alcohols, react with SbCls (rather than forming an adduct); as
such, it is not possible to directly measure their donor numbers.

f, a normalized value that quantifies the ability of a donor solvent to accept a hydrogen
bond based on the absorption peak shifts of 4-nitroaniline.!s

Dielectric constant.!20

Polarity, as determined by the solvatochromic shift of the UV/vis charge transfer band of
two different pyridinium N-phenolate betaine dyes dissolved in the various solvents

(normalized to a reference value of 1 for water)."”
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Table S7. Properties of the solvents used in this study.

Donor B Dielectric = Dielectric Polarity
Solvent Number Constant, | Constant,
(kcal/mol) 25°C 60 °C
Methanol (MeOH) - 0.615 31.5 26.0 0.762
Ethanol (EtOH) - 0.773 24.3 19.6 0.654
Isopropanol (iPOH) - 0.949 18.0 14.0 0.546
Acetonitrile (MeCN) 14.1 0.310 35.9 31.1 0.460
Methyl acetate (MeOAc) 16.3 0.456 6.6 - 0.253
Ethyl acetate (EtOAc) 171 0.446 6.0 - 0.228
Water 18.0 0.181 78.6 69.9 1

Table S8. Absorption edge contextualized in terms of various solvent properties, accounting for the 3:10
ratio of HBr (water) to organic solvent in the indicated reactions.

Metal Absorption Dielectric Dielectric .
Precursor Solvent Edge (eV) B Constant, Constant, 60 = Polarity
25 °C °C

TeO2 HBr + MeCN 2.14 0.280 442 38.2 0.585
TeBrs MeCN 2.17 0.310 35.9 31.1 0.460
TeO2 HBr + 2.18 0.515 41.7 33.9 0.817
TeO2 HBr 2.19 0.181 78.6 69.9 1

TeO: HBr + EtOH 2.20 0.636 34.4 27.7 0.734
TeBra MeOH 2.20 0.615 31.5 26.0 0.762
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(a) HBr only
g "H—Eg
AR 10" 15

(C) Me0H+HBr (d) MeOAc + HBr

s: TEFES
05 10

III - s

Figure S10. pH of (a) concentrated hydrobromic acid or mixtures of (b) acetonitrile, (c) methanol, and (d)
methyl acetate with HBr in a 3:1 ratio.

(a) no acid (b) 0 min

Figure S11. Progression of TeO: dissolution in 3 mL HBr vs. 10 mL MeCN, MeOH, or MeOAc with 3 mL
HBr. (a) TeO:2 prior to the addition of HBr. The solid remains undissolved in all three organic solvents. (b-d)
TeO: immediately after the addition of HBr (b) and after 2 min (c) and 8 min (d) of heating and stirring.
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