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Abstract

The discrete mixed [TeBryCle.x]* anions in their disordered crystal structures have been identified
by using the phases prepared by the reaction of 1-butyl-2,3-dimethylimidazolium halogenides
(bdmim)X with tellurium tetrahalogenides TeXs (X = Cl, Br) as examples. Homoleptic
(bdmim),[TeXs] [X = C1 (1), Br (2)] and mixed (bdmim),[TeBr2Cl4] (3), and (bdmim),[ TeBr4Cl:]
(4) are formed depending on the choice of the reagents, and their crystal structures have been
determined by single-crystal X-ray diffraction. The coordination environments of tellurium in all
hexahalogenidotellurates are almost octahedral. Because of the crystallographic disorder, the
mixed [TeBr.Cls]>" and [TeBrsCl2]* anions in 3 and 4 cannot be identified in their crystal
structures. Pawley refinement of the X-ray powder diffraction patterns of 1-4 indicates the
presence of single phases in all four products. The solid state Raman spectra of 1-4 were assigned
with help of DFT calculations that were performed both for the discrete anions in vacuum and for
the complete crystal structures employing periodic boundary conditions. The fundamental
vibrations of the homoleptic [TeXs]* (X = Cl, Br) anions could be well reproduced by the solid-
state DFT computations and enabled a complete assignment of the Raman spectra. While the
presence of cis-isomers in both [TeBr.Cls]*” and [TeBrsCl2]* could be inferred by the computed
fundamental vibrations, that of frams-isomers among the reaction product is, however, also
possible. The pathway of the formation of [TeX4Y>]*" isomers from TeXs and Y™ (X, Y = CI, Br)
was also explored by DFT calculations both in vacuum and in solution and indicated that both

reactions afforded 80 mol % of cis-isomers and 20 mol % of trans-isomers.



1. Introduction.

X-ray crystallography provides the most definite means to elucidate structures of different types
of materials at the molecular level. However, successful routine structure determinations require
crystalline material, which contains well-defined single crystals with ordered, periodically
repeating structures. In many cases this is not a case. For instance, disorder and twinning are
common occurrences, and the number of modular structures is continually growing. Various
techniques have been developed to deal with some of these problems, as exemplified in refs. 1-5,

though some types of disorder cannot be resolved by X-ray crystallography alone.

Spectroscopic methods have often been evoked to resolve the crystallographic disorder. For
instance, crystalline eight-membered Se,Ss-» ring molecules [6] or [TiCp2Se,Ss-,] complexes [7]
are solid solutions of 30 and 20 molecular species, respectively, taking the presence of isomers
into account. Consequently, each chalcogen-atom sites in both compounds are partially occupied
by sulfur and selenium atoms. In both cases, individual molecules have been identified by

dissolving the crystalline samples, and recording and assigning their "’Se NMR spectra [6, 7].

Vibrational spectroscopy is useful in the identification of individual species in disordered crystal
structures, as exemplified by the characterization of RbH(SO4)081(SeOa4)o.19 [8], 1,2,3-Se3Ss [9],
and 1,5-Se2SoNs [10], which are pure stoichiometric species or nearly so but which show
orientational disorder in the lattices. The interpretation of the vibrational spectra has often been
based on force-field calculations, but with the increase of computational efficiency the spectral
assignment has also been carried out by calculating fundamental vibrations with ab initio or DFT
MO methods in the gaseous state or solution (for some examples, see ref. 11-14). The

introduction of periodic boundary conditions for ab initio and DFT calculations has facilitated
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modeling of crystal structures in the solid state [15-17]. The method has recently also proven

powerful for the computation of fundamental vibrations [15, 18, 19].

While sufficiently high-level ab initio and DFT computations for the molecular species in the
gas-state or solution yield fundamental vibrations, which show close enough an agreement to
those observed in the IR or Raman spectra of the solid crystalline materials, the situation is not so
straight-forward for ionic substances containing polyatomic cations and anions. In the gas state
the multiply-charged polyatomic ions suffer from so called electronic instability [20] and
consequently the calculated wavenumbers in the gas state or solution show systematically too
low values. The electronic instability refers to inappropriately high orbital energies in discrete
negatively charged species in absence of anion-cation interactions. The HOMO orbitals may even
show positive values. At the worst case it is not possible to carry out the assignment of the
observed vibrational spectra. Solid-state DFT calculations with periodic boundary conditions,
which take ion-pair interactions into account, circumvent this problem and provide a promising
approach to characterize ionic disordered structures. Not only is the agreement between the
observed and calculated wavenumbers better, but the solid-state computations also take into

account the lower site symmetry in crystals compared to idealized geometries in vacuum.

Salts of the [TeBr,Cle.]> (x = 0-6) anions constitute a good system to explore the suitability of
solid-state DFT methods to calculate the vibrational spectra of compounds of polyatomic ions. A
large number of salts containing homoleptic [TeXs]> (X = Cl, Br) anions with different
counterions have been prepared and structurally characterized [21]. Their structures and
vibrational spectroscopic properties are well-known and they serve as benchmarks to establish
the level of reliability in the current DFT methods in identification and spectroscopic

characterization. By contrast, the information of mixed [TeCl,Brs..]* anions is much sparser
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describing mainly the preparation of the salts [21-31]. Only a few crystal structure determinations

are known. RbyTeBr3 5Clas has been reported to contain a disordered mixure of [TeBr;Cl3]* and
trans-[TeBrsCl2]* randomly distributed in the lattice [30]. The crystal structure of lithium-doped
[Lio.os(NHa)0.92]2[ TeBr2Cls] has also been inferred in terms of the disordered [TeBr.Cls]*" anion,
though no details of the disorder have been given [31]. It has recently been deduced that a
reaction of TeO, with cesium or ammonium bromide in concentrated hydrochloric acid leads to a
solid solution containing homoleptic [TeCls]* and [TeBrs]*> anions [32]. On the other hand, the
Mossbauer spectra of a number of mixed hexahalogenidotellurates have been interpreted in terms
of the formation of mixed anions rather than as a mixture of homoleptic anionic species [28]. The
most comprehensive characterization of the mixed [TeBr.Cls]* and [TeBrsCl2]* anions is based
on their vibrational spectra [24, 25, 30] combined with force-field calculations [24, 25], which

has also facilitated the identification of actual isomers of the [TeBr,Cls]* anions.

In this work we report the characterization of homoleptic (bdmim),[TeXs] [(bdmim = 1-butyl-
2,3-dimethylimidazolium; X = CI(1), Br(2)], as well as mixed (bdmim);[TeBr,Cls] (3) and
(bdmim),[ TeBr4Cl2] (4) by using combined information from single crystal and powder X-ray
crystallography, Raman spectroscopy, and solid-state DFT calculations employing periodic
boundary conditions. In the case of mixed [TeBrCls]* and [TeBrsCl>]* anions, the DFT
calculations indicate that the disorder in the crystal structures can be resolved in terms of 80

mol % of the cis-isomers and 20 mol % of trans-isomers.

2. Experimental Section.

2.1 General Procedures
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Reactions were carried out in ambient conditions. 1-butyl-2,3-dimethylimidazolium halogenides

(bdmim)X (X = CI, Br) were prepared as previously reported [33]. Imidazolium halogenides are
hygroscopic solids and they were dried overnight under dynamic vacuum immediately before
use. TeX4 (X = Cl, Br) (Aldrich) were used without further purification. The elemental analyses
(CHN) were carried out by standard combustion techniques using a Perkin EImer 2400 Series |1

CHNS/O Elemental Analyzer.

2.2 Raman spectroscopy
Raman spectra of the solid samples were recorded by using a Bruker IFS-66 spectrometer
equipped with a FRA-106 Raman unit and Nd:YAG laser. The spectra were recorded at room

temperature with 500 scans and ca. 30% laser power.

2.3 X-Ray Crystallography. Single-Crystal Diffraction
Diffraction data of 1-5 were collected at 120 K on a Nonius Kappa CCD diffractometer using
graphite monochromated Mo Ko radiation (A = 0.71073 A). Crystal data and the details of the

structure determination are given in Table 1.

(Table 1 here)

The structures were solved using SIR-92 [34] and refined using SHELXL-97 [35]. After the full-
matrix least-squares refinement of the non-hydrogen atoms with anisotropic thermal parameters,
the hydrogen atoms were placed in calculated positions in the aromatic ring (0.95 A), methyl
groups (0.98 A) and methylene groups (0.99 A). In the final refinement, hydrogen atoms were
treated using a riding model in which the isotropic thermal parameters of the hydrogen atoms are

proportional to those of the carbon atoms to which they are bonded. The isotropic thermal
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parameters of the aromatic and methylene hydrogen atoms were fixed at 1.2 times, and the

methyl hydrogen atoms were fixed at 1.5 times to those of the corresponding carbon atoms. The

scattering factors for the neutral atoms were those incorporated with the programs.

The anions of (bdmim):[TeBr,Cls] (3) and (bdmim),[TeBrsClz] (4) are disordered with the
halogen atom positions statistically distributed over the atomic sites. Therefore, the site
occupation factors of chlorine and bromine were refined along with positional and displacement
parameters. Because of the correlation between the thermal parameters and the occupation
factors, the anisotropic displacement parameters of the disordered pair of atoms were constrained

to be equal.

2.4  X-ray Crystallography. Powder diffraction

X-ray powder diffraction patterns of 1-4 were acquired at room temperature by a Huber Imaging
Plate Guinier Diffractometer 670 in Guinier geometry (angle of incidence to the sample normal =
45 °) using continuous step-scan technique with position sensitive imaging plate detector and
incident beam germanium monochromator (radiation: Cu K1 A = 1.5406 A; 45kV and 25 mA).
Each sample was prepared on a thin film (Mylar) using petrolatum jelly as an adhesive and the
data were recorded using 20 range of 4-100 ° with recording time of 60 min and step resolution
of 0.005 °. In order to evaluate the structural consistency between a bulk powder and the single
crystals subjected to structure analysis, peak indexing of the diffraction patterns were made using
Pawley fitting method [36] in program DASH 3.2 [37]. Truncated data range of 6-45 ° and the
unit cell settings of the corresponding single crystal structure were used as a starting point for the

refinement of each pattern.

2.5  Syntheses of (bdmim):[TeXs] [X = CI (1), Br (2)]
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(bdmim)>[TeCls] (1) was prepared by adding 0.431 g (1.60 mmol) of TeCls to the CH>Cl> (30 mL)

solution of (bdmim)CI (0.604 g, 3.20 mmol). The mixture was refluxed for 4.5 h and the solution
was concentrated. The isolated precipitate was washed twice with CH>Cl> (5 mL). Yield 0.994 g
(96 %). Crystallization from MeCN afforded crystals of (bdmim),[TeCls]. Anal. Calcd. for

Ci18H34N4ClgTe (1): C 33.43 H 5.30 N 8.66. Found: C 33.35 H5.16 N 8.46.

(bdmim)>[TeBrs] (2) was prepared in a similar fashion by refluxing a mixture of 0.748 g (3.20
mmol) of (bdmim)Br and 0.712 g (1.60 mmol) of TeBrs in 30 mL of CH>Cl> for 4 h. The workup
yielded an orange precipitate, which was washed twice with CH>Cl> (7 mL). Yield 1.439 g
(98 %). Crystallization from MeCN yielded orange-red crystals of (bdmim),[TeBrs] together with
a very small amount of yellow crystals that were identified by X-ray diffraction as
(bdmim)>[Te2Brio] (5). Anal. Calced. for Ci1sH34N4BreTe (2): C 23.67 H 3.75 N 6.13. Found: C

23.52 H3.94 N 5.94.

2.6  Syntheses of (bdmim);[TeBr:Cly] (3) and (bdmim):[TeBr,Clz] (4)

(bdmim)>[ TeBr2Cl4] (3) was prepared by adding 0.645 g (2.40 mmol) of TeCls to the CH2Cl, (45
mL) solution of (bdmim)Br (1.116 g, 4.80 mmol) and refluxing the mixture for 2 h. The solution
was concentrated and the isolated precipitate was washed twice with CH2Cl> (10 mL). Yield of 3
1.522 g, (86 %). Crystallization from MeCN yielded orange-yellow crystals. Anal. Calcd. for

Ci8H34N4Br2ClsTe (3): C 29.39 H 4.66 N 7.62. Found: C 29.25 H 4.63 N 7.59.

The related synthesis of (bdmim)>Cl (0.605 g, 3.20 mmol) with TeBrs (0.719 g, 1.60 mmol)
afforded 1.259 g (95 %) of (bdmim);[TeBr4Cl2]. Crystallization from MeCN yielded orange-
yellow crystals. Anal. Caled. for C1sH34N4BrsClTe (4): C 26.22 H 4.16 N 6.79. Found: C 26.31

H4.01 N 6.83.



3. Computational Details

Gas phase optimizations of all isomers of different [TeX,Ye-»]> (X = Cl, Y = Br) anions were
carried out using the PBEO density functional [38-41] and correlation consistent basis sets of
triple-C-valence quality (aug-cc-pVTZ for Cl and Br, and aug-cc-pVTZ-PP for Te) [42-44]. The
optimized Cartesian coordinates of the atoms in all [TeBr,Cls-«]* (x = 0-6) anions are given in
Supporting Information in the form of xyz-files. Frequency calculations were performed for all
stationary points to ensure that the ions are minima on the potential energy surface and to
calculate their IR and Raman spectra. The calculations were performed with the Gaussian 09

program package [45].

Solid state DFT calculations on 1-4 were carried out using the PBEO functional and localized
atomic basis sets composed of Gaussian-type functions. All calculations were performed with the
CRYSTALOQ9 software package [46, 47]. The X-ray structures were used as starting points in the
structural optimizations. The ordered cis- and frans-models of 3 and 4 were derived from the
disordered X-ray structures in accordance with the observed site occupancies. For all structures,
the atomic positions were fully optimized while the lattice parameters were kept at the
experimentally observed values (see Supporting Information for optimized fractional
coordinates). The Karlsruhe triple-C- valence + polarization basis set was applied for Te, Br, and
Cl atoms [48, 49], while the counterions were described using split-valence + polarization (SVP)
basis sets (see Supporting Information for basis set details). Monkhorst-Pack-type grids of k-

points in the reciprocal space were generated using a shrinking factor (SHRINK) of 2 [50]. For
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the evaluation of the Coulomb and exchange integrals (TOLINTEG), tight tolerance factors of 8§,

8, 8, 8, and 16 were used. Default optimization convergence thresholds and an extra-large
integration grid for the density-functional part were applied in all calculations (XLGRID). The
Raman frequencies were obtained by using the computational scheme implemented in
CRYSTALO09 [51, 52]. The atomic masses, which were used for the calculations, were those of

the most abundant isotopes in the case of each element.

4. Results and Discussion

4.1 General

Hexahalogenidotellurate(2-) anions can generally be prepared by the reaction of halogenide ions
with tellurium tetrahalogenides [21, 22]. We treated two equivalents of 1-butyl-2,3-
dimethylimidazolium chloride (bdmim)Cl and bromide (bdmim)Br with one equivalent of
tellurium tetrachloride and -bromide, respectively, to yield (bdmim),[TeXs] [X = CI (1), Br (2)] in
excellent yields. (bdmim)X was chosen as a starting material in order to have an unsymmetrical

cation together with homoleptic octahedral [TeXs]* anions.

The related reactions of (bdmim)Br with TeCls and (bdmim)Cl with TeBrs afford salts containing

mixed bromidochloridotellurate anions (bdmim);[ TeBr>Cls] (3) and (bdmim),[TeBrsClz] (4).

4.2 Crystal Structures
The structures of (bdmim);[TeXs] [X = Cl (1), Br (2)], (bdmim);[TeBr.Cl4] (3), and
(bdmim),[TeBr4Cl2] (4) are shown in Figure 1 together with the numbering of the atoms.

Selected bond lengths are shown in Table 2.
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(Figure 1 here)

(Table 2 here)

All lattices of 1-4 consist of discrete [TeXs]* anions and (bdmim)* cations. The asymmetric units
of all compounds are composed of one cation and half of the anion. Interestingly, 2-4, which are
mutually isomorphic, are also almost isomorphic with 1. The packing of the anions in all four
salts is virtually the same, but the packing of the (bdmim)" cations in 1 differs from that in 2-4

(see Figures 1 and 2).

(Figure 2 here)

4.2.1 (bdmim):[TeXs] [X = Cl (1), Br (2)]

The coordination environment of tellurium in the homoleptic [TeCls]*” and [TeBre]* anions of 1
and 2 is expectedly nearly octahedral. The X-Te-X bond angles span a narrow range of 88.72(4) -
91.28(4) °and 88.19(2) - 91.81(2) ° for [TeCls]* and [TeBrs]*, respectively. The respective Te—Cl
and Te-Br bond lengths of 2.5241(9)-2.5569(11) and 2.6845(7)-2.7161(8) A in 1 and 2 are longer
than the single bond lengths (2.36 and 2.51 A, respectively [53]) but quite typical for the
octahedral [TeXe]* anions. The observed regular octahedral geometry in the seven electron pair
AX6E anions have been attributed to the presence of the tellurium lone pair in the
stereochemically inactive 5s orbital [54-56]. The observed long bonds can then be rationalized as
3c-4e bonds in which only the tellurium Sp orbitals participate. There is, however, significant
variation in the bond lengths of the [TeXe]* salts for which the crystal structure is known. The
Te-Cl distances range 2.38-2.78 A [average 2.54(7) A; median 2.53 A], and those for the

[TeBrs]* salts range 2.55-2.91 A [average 2.70(6) A; median 2.70 A] [23]. The longest outliers
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and the largest deviations from the octahedral symmetry of the anions have been associated with

the presence of a hydrogen bonding network [57, 58]. The current anions of 1 and 2 show almost
regular octahedral geometry with each halogen atom participating only in a very weak hydrogen
bonding network between the anions and the cations. The Cl~H contacts in 1 and the HBr

contacts in 2 span the range 2.708(1)-2.975(1) and 2.748(6)-2.993(6) A, respectively.

A very small amount of (bdmim)[Te>Brio] (5) was observed in the reaction product containing
mainly (bdmim);[TeBrs]. The crystal structure together with the numbering of atoms is shown in
Figure 3 together with selected bond lengths and angles. The terminal Te-Br bond lengths span a
range of 2.5430(12)-2.6944(13) A and the bridging Te-Br distances are 2.8920(16) and
2.9862(12) A. There is a clear trans-influence in the bond lengths. The terminal bonds Tel-Br3
and Tel-Br4, which are in trans-position to the weaker bridging bonds [Tel-Br5 and Tel-Brs?,
for the symmetry operation a, see Figure 3], are shorter than the terminal bonds Tel-Brl and Tel-

Br2, which are mutually in trans-positions.

(Figure 3 here)

The bond parameters agree well with those in other related salts of [Te2Brio]* [59-63].

4.2.2  (bdmim),[TeBr:Cly] (3) and (bdmim)>[TeBr.Clz] (4)

Two of the three halogen atom sites in the anion of 3 and all halogen atom sites in the anion of 4
are disordered [see Figures 1(c) and 1(d)]. The refined site occupation factors are shown in Table
S1 in Supporting Information. The positions of the disordered bromine and chlorine atoms could,
however, be individually refined and resulted in reasonable Te-Br and Te-Cl distances for both 3

and 4 (see Table 2). Both salts are isomorphic with (bdmim),[TeBrs] (2) and show similar
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hydrogen bonding networks.

Because of the halogen atom disorder, single crystal X-ray structures cannot be used to deduce,
whether the anions in 3 and 4 are single species, which can adopt several different orientations, or
if the lattice is a solid solution of several different anionic species. It can, however, be inferred
from the variation in the site occupation factors of bromine and chlorine (see Table S1 in
Supporting Information) that these phases cannot be solid solutions of [TeBrs]* and [TeCls]*.
The co-existence of several [TeBr,Cls-<]* anions as well as their different isomers to exhibit the
respective overall compositions [TeBr.Cls]*>" and [TeBrsCL]* in 3 and 4 is, however, possible.
Furthermore, polycrystalline reaction products need not contain only one phase. Therefore,

additional information has to be sought for.

4.3  X-Ray Powder Diffraction

The X-ray powder diffraction data were recorded for compounds 1-4 in order to confirm the
homogeneity of the bulk material. This is especially important for the compounds 3 and 4
containing mixed halogenidotellurate anions. The Pawley refinement of the X-ray powder
diagrams of 1, 3, and 4 resulted in the full indexing of the data and a good agreement between the
recorded and calculated peak profiles, indicating that the powder samples of the compounds 1, 3,
and 4 indeed constitute a single phase, as shown in Figures 4(a,c,d). The powder sample of 2 [see
Figure 4(b)] can also be indexed in terms of (bdmim),[TeBrs], with the exception of three very
weak diffraction peaks observed at low 20 range (peaks at 9.88, 13.92 and 14.61 °). These three
peaks, however, match very well with the three strongest diffraction peaks in the diffraction
pattern, which was calculated from the single-crystal X-ray structure of (bdmim):[Te2Brio] (5),
the small amount of which was found in the reaction product containing mainly 2 as the main

component.
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(Figure 4 here)

Taking in to account the temperature difference in recording the single crystal and powder data
(120 K and 293 K, respectively), the Pawley refinement of each diffraction pattern of 1-4 resulted
in the unit cell parameters that are in good agreement (generally < 1 % thermal expansion of the
unit cell axes) to that of determined from the corresponding single crystal data (see Table S2 in
Supporting Information). Based on the power diffraction analyses, it can be deduced that each
salt 1-4 is composed of a single phase. However, while 1 and 2 represent single compounds, there
is a possibility that even though the overall compositions of 3 and 4 are consistent with the
molecular formulae (bdmim);[TeBr:Cls] and (bdmim);[TeBrsCl2], respectively, they are

composed of solid solutions of several different hexahalogenidotellurate anions.

4.4  Raman Spectroscopic Characterization

The chemical identity and structure of the four anions were inferred on the basis of combined
information from Raman spectroscopy and DFT calculations of the fundamental vibrations both
in the gaseous and solid state (A full listing of fundamental vibrations of all isomers of every

[TeBr.Cle-x]*" (x = 0-6) anion in vacuum is presented in Table S3 in Supporting Information).

The homoleptic [TeXs]*" anions have an ideal octahedral symmetry (point group Oj), and the
irreducible representations of the 15 fundamental vibrations are A1g+EgtT2e+2T1,+124. The Aig,
Eg, and T>, modes are Raman active, the two 71, modes are IR active, and the 7>, mode is
inactive. Therefore, three Raman peaks are expected for both [TeCls]*” and [TeBrs]* anions, as is
indeed observed in case of both 1 and 2 (see Figure 5). The observed wavenumbers of these

fundamental vibrations together with those calculated for the gaseous [TeCls]* and [TeBre]* ions
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at the PBEO/aug-cc-pVTZ level of theory are presented in Table 3.

(Table 3 here)

(Figure 5 here)

It can be seen from Table 3 that the computed wavenumbers and intensities agree reasonably well
with the Raman spectroscopic information for both [TeClg]> and [TeBrs]*, though in both cases
the computed wavenumbers are systematically smaller than those of the observed Raman peaks.
This systematic disagreement between the calculated and observed wavenumbers of the multiply-
charged anions such as [TeXs]* have been explained to be due to their electronic instability in the
gas phase [20]. The energy of HOMO is indeed positive (+0.00965 a.u.) in [TeCls]*” and only
slightly negative (-0.00215 a.u.) in [TeBrs]*. The reduced stability of these dianions in the
gaseous state is consistent with the observation that the optimized PBEO/aug-cc-pVTZ bond
lengths of 2.571 and 2.739 A for [TeCls]* and [TeBrs]*, respectively, are somewhat longer than

those obtained from crystal structure determinations (see Table 2).

As seen from Figure 5(a), the Raman peak at 255 cm ™! exhibits a shoulder at 245 cm™.. In the
crystal of the space group P2i/c, the gas phase symmetry of O of the [TeXs]* ions is lowered to
the site symmetry of C;,. Due to the lowered site symmetry, the degeneracy of the two-
dimensional E, mode is lifted and the corresponding Raman peak is split. The corresponding
splitting of the T», mode at 133 cm™! is seen as a broadened peak. The two shoulders which are
seen in Raman spectrum at 110 and 92 cm™ are probably due to lattice vibrations. The similar
lowering of site symmetry is also seen in the Raman spectrum of [TeBrs]*" [see Figure 5(b)],

though in this case the splittings of both the £, and 72, modes exhibit only broadened peaks.
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Because of the gas-state instability and the lowering of the site symmetry, the computation of

fundamental vibrations to assist the assignment of the solid state Raman spectra of 1-4 were
carried out in the crystalline state at PBEO/TZVP level of theory employing periodic boundary
conditions. The geometry optimization resulted in a good agreement between the calculated and
observed unit cell parameters and metrical bond parameters (The difference between the
calculated and observed bond lengths in both [TeCls]* and [TeBrs]* is less than 1 %). As seen
from Table 3, the fundamental vibrations calculated for the crystal structures of 1 and 2 are in
much better agreement with the observed Raman lines than the values calculated for the anions in
vacuum. Raman intensities could unfortunately not be obtained from the solid-state calculations.
It can, however, be concluded that Raman spectroscopic information coupled with both gas phase
and crystalline phase DFT calculations serves well in the characterization of the homoleptic

anions [TeClg]*" and [TeBrs]*.

The application of Raman spectroscopy for the identification of the anionic species in 3 and 4 is
more critical, because due to disorder the presence of individual anions cannot be inferred by X-
ray diffraction. As discussed above, while the elemental analyses of 3 and 4 indicate that the
anions have the respective compositions of [TeBr.Cls]*> and [TeBrsCl>]* and the X-ray powder
diffraction data indicated the presence of only one phase in the case of both products, it is
possible that several different [TeBr.Cle.x]*> anions form solid solutions. This should, however, be
seen in the Raman spectra of 3 and 4 by the presence of several shoulders or even close-lying
discrete Raman lines in the regions of both stretching and deformation vibrations (see Table S3 in
Supporting Information). The Raman spectra of neither 3 nor 4 indicate the presence of several

different anionic species, as shown in Figure 6.

(Figure 6 here)
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There are two possible isomers in case of both [TeBr2Cls]*” and [TeBraClo]*: cis-[TeX2Y4]* (Ca)
and trans-[TeX2Y4]* (Da). All 15 fundamental vibrations are Raman-active in the former case
(6411242+3B1+4B2). In the latter isomer, six fundamental vibrations are Raman-active
(2414 B1g+BogtEg). The fundamental vibrations of the cis- and trans-isomers of [TeBr.Cls]*” and
[TeBraCl2]* have been computed for the optimized geometries both in the gaseous state and in
the crystalline lattice, as shown in Tables 4 and 5. Because of the electronic instability of the
dianions [20], the Te-Cl and Te-Br bond lengths in both cis- and trans-isomers of [TeBr.Cls]* and
[TeBrsCl2]* in the gaseous state are somewhat longer than what is expected experimentally based
on the crystal structures of [TeCls]*” and [TeBrs]*". The solid-state DFT optimization, however,
reproduced well the experimental bond lengths (the difference between the optimized and
experimental bond lengths is ca. 1.3 %). Consequently, while the vacuum wavenumbers show
systematically too small values, the fundamental vibrations in the crystalline state seem to be in
good agreement with the observed Raman wavenumbers (see Tables 4 and 5) and enable the
inference of the presence of cis-[TeBroCls]* and cis-[TeBrsCl2]* in 3 and 4, respectively, as

described below.

(Table 4 here)

(Table 5 here)

It can be seen from Tables 4 and 5 that the observation of strong Raman lines at 178 in 3 and 174
cm’! in 4 verifies the presence of the cis-isomers, since the trans-isomers are not expected to
exhibit Raman lines in the wavenumber region 160-180 cm™. The 42, mode in 3 calculated at 190
cm’! and the E, mode of 4 calculated at 186 cm™! are both Raman inactive in the point group Daj.

It is, however, not possible to rule out the presence of the trans-isomers of [TeBr.Cls]*" and
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[TeBrsCl2]* by Raman spectroscopy, since all fundamental vibrations that should be observed in

the Raman spectra of trans-[TeBr.Cls]* and -[TeBrsCl]*> coincide with the fundamental

vibrations of the corresponding cis-isomers.

The PBEO/aug-cc-pVTZ energetics of all possible isomers of the [TeClBre.]* anions are
consistent with the conclusions discussed above (the total Gibbs’ energies of the anions have been
presented in Table S4 of Supporting Information). It is interesting to note that for the
compositions [TeBr.Cls]*, [TeBr;Cl3]*, and [TeBrsCl2]*", which each show two different isomers,
the isomer with a smaller number of homoleptic X-Te-X (X = Cl, Br) trans-arrangements and a
larger number of heteroleptic X-Te-Y trans-arrangements is more stable. Thus, cis-[TeX4Y2] is
more stable than trans-[TeX4Y2] and fac-[TeX3Y3] is more stable than mer-[TeX3Y3]. The energy
difference, though small, seems to be cumulative (see Table 6). This would render it somewhat
more likely that the cis-[TeBr.Cls]* and cis-[TeBrsCl2]* are more favorable than the trans-

isomers.

(Table 6 here)

4.5  Formation of The Mixed Anions

Whereas tellurium tetrachlorides and tetrabromides exist as tetramers in the solid state [64-66],
they are likely to be monomeric in solution [67-69]. Ozin and Vander Voet [25] have suggested
that in the reaction between TeX4 and Y~, TeX4 acts as a Lewis acid and Y™ as a base undergoing a

nucleophilic attack on tellurium.

Our DFT (PBEO/aug-cc-pVTZ) calculations have shown that the uptake of Y™ by TeX4 to form a

[TeX4Y] monoanion takes place without energy barrier both in the gas phase and in solution
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[The solvent (dichloromethane) effects were taken into account using the PCM model as

implemented in Gaussian 09. For a recent review, see ref. 70]. It has been reported that the
initially formed five-coordinate square pyramidal (sp) species can undergo apical/basal ligand
exchange through hemidirected and/or holodirected transition state [71]. Our analysis of the
potential energy surface of the [TeClsBr]” monoanion shows, however, that the only viable
pathway for this anion involves the holodirected trigonal bipyramidal (tbp) transition state (see
Scheme 1). This process has a very low activation barrier of 33 kJ mol™! in solution (24 kJ mol!
in the gas phase) and the resulting sp structure with a Br ligand (atom Y) on an apical site is
energetically on par with the starting isomer. The energetics of the ligand exchange in [TeBrsClI]

is very similar.

(Scheme 1 here)

The apical/equatorial ligand exchange in [TeX4Y] is therefore very rapid and each ligand has an
equal probability to occupy any of the four basal and one apical position in the sp monoanion.
Consequently, because all of the five ligands are nominally equivalent, any one of them has 80 %
probability to occupy a basal position and 20 % probability to occupy an apical position, as
shown in Scheme 1. The subsequent reaction of [TeX4Y] with a second halide ion Y~ leads to an
80:20 mixture of cis- and trans-[TeX4Y2]*, as shown in Scheme 2. Our calculations show that in
the case of [TeClsBr], the addition of second Br™ also proceeds without an energy barrier (like the

first addition) both in the gas phase and in solution.

(Scheme 2 here)
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5. Conclusions

Discrete mixed [TeBryCle.«]*" anions in their disordered crystal structures have been identified by
using the phases prepared by the reaction of 1-butyl-2,3-dimethylimidazolium halogenides
(bdmim)X with tellurium tetrahalogenides TeXs (X = Cl, Br) as examples. Depending on the
choice of reagents, either homoleptic [TeCls]*" or [TeBrs]*, or mixed [TeBr2Cls]* or [TeBraCl]*
anions are obtained. All products were characterized with single crystal and powder X-ray
diffraction, as well as Raman spectroscopy. The interpretation of structural and spectroscopic data
was assisted by high-level DFT calculations, which were performed both on gas phase species
and on actual crystalline phases employing periodic boundary conditions. The computations
reproduced well the structural and spectroscopic information for the homoleptic salts
(bdmim)>[TeCls] and (bdmim);[TeBrs] and thus gave confidence in the utilization of the DFT

results in the identification of the mixed bromidochloridotellurates.

The DFT modeling of the reaction of TeXs with Y™ (X, Y = Cl, Br) leads to the conclusion that the
reactions of TeCls with (bdmim)Br and that of TeBrs with (bdmim)CI afford mixtures, which

contain 80 mol % of cis-[TeX4Y2]* and 20 mol % of trans-[TeX4Y2]* in both cases.

6. Supporting Information

Crystallographic information for 1-5 (excluding tables of structure factors) have been deposited
with the Cambridge Crystallographic Data Center as supplementary publication numbers CCDC
929106 - 929110, respectively. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Supporting Information



http://www.ccdc.cam.ac.uk/data_request/cif
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also includes refined site occupation factors of chlorine and bromine in the disordered crystal

structures of 3 and 4, unit cell parameters from Pawley refinement of powder data of 1-4, PBEO/

aug-cc-pVTZ fundamental vibrations of the [TeBriCle.]* ions in vacuum, total energies of the

[TeBr,Cle«]*-isomers, CRYSTALO9 solid state calculations, and optimized atomic coordinates of

[TeBr,Cle]* anions in the form of xyz-files.
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Figure Captions

Figure 1. Crystal structures together with the numbering of the atoms of (a) (bdmim)>[TeCle] (1),
(b) (bdmim)>[TeBrs] (2), (¢) (bdmim):[TeBr,Cls] (3), and (d) (bdmim):[TeBrsCl2] (4). The

thermal ellipsoids have been drawn at 50 % probability level.

Figure 2. The packing of ions in the crystal structure of (a) (bdmim);[TeCls] (1) and (b)
(bdmim)>[TeBrs] (2), which is isomorphic with (bdmim);[TeBr2Cls] (3) and (bdmim)[TeBrsCls]

(4).

Figure 3. Crystal structure of (bdmim)>[Te2Brio] (5) indicating the numbering of the atoms. The
thermal ellipsoids have been drawn at 50 % probability level. Selected bond lengths (A) and
angles (°): Tel-Brl 2.6944(13), Tel-Br2 2.6758(13), Tel-Br3 2.5705(14), Tel-Br4 2.5430(12),
Tel-Br5 2.8920(16), Tel-Br5¢ 2.9862(12); Brl1-Tel-Br2 176.15(4), Br1-Tel-Br3 90.45(4), Brl-
Tel-Brd 86.83(4), Brl-Tel-Br5 91.96(4), Brl-Tel-Br5 91.23(4), Br2-Tel-Br3 89.89(4), Br2-
Tel-Br4 89.33(4), Br2-Tel-Br5 88.22(4), Br2-Tel-Br5¢ 92.61(3), Br3-Tel-Br4 93.33(4), Br3-
Tel-Br5 171.99(4), Br3-Tel-Br5“ 87.05(4), Br4-Tel-Br5 94.43(4), Br4-Tel-Br5¢ 178.02(4), Br5-

Tel-Br5“ 85.26(4), Tel-Br5-Tel“ 94.74(4). The symmetry operation a: -x, -y, -z.

Figure 4. Observed and calculated X-ray powder diffraction patterns of (a) (bdmim);[TeCls] (1),
(bdmim)>[TeBrs] (2), (bdmim);[ TeBr2Cls] (3), and (bdmim);[TeBr4Clz] (4). The three very weak

diffraction peaks indicated with a ¢ ’ can be indexed in terms of (bdmim),[Te2Bri0] (5).

Figure 5. Raman spectra of (a) (bdmim),[TeCls] (1) and (b) (bdmim)[TeBrs] (2) displayed in the

region of the fundamental vibrations of the [TeXs]* anion.
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Figure 6. Raman spectra of (a) (bdmim)>[ TeBr2Cl4] (3) and (b) (bdmim);[TeBrsClz] (4) recorded

at room temperature.
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Schemes

Scheme 1. The formation of square pyramidal [TeX4Y] monoanion and the apical/basal ligand

exchange through holodirected trigonal bipyramidal transition state.

Scheme 2. The formation of cis- and trans-[TeX4Y2]* from the different isomers of [TeX4Y]".
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Table 1. Details of the structure determination of (bdmim)[TeCls] (1), (bdmim),[TeBrs] (2), (bdmim)2[ TeBr2Cl4] (3), (bdmim)[TeBrsCls]
(4), and (bdmim),[Te2Brio] (5).

1 2 3 4 5
Formula Ci1sH34N4ClsTe C1sH34N4BrsTe C18H34N4Br16sClaz2Te  CigH3aNaBras:CliesTe CigHasNsBrioTe:
Fw 646.80 913.55 724.13° 837.84° 1360.79
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2i/c P2i/c P2i/c P2i/c P21/n
a, A 10.527(2) 10.553(2) 10.323(2) 10.444(2) 10.662(2)
b, A 12.968(3) 14.037(3) 13.938(3) 13.995(3) 15.482(3)
c, A 10.535(2) 10.763(2) 10.623(2) 10.708(2) 12.086(2)
B, deg 112.32(3) 117.72(3) 117.39(3) 117.58(3) 115.67(3)
Vv 1330.4(5) 1411.4(5) 1357.1(5) 1387.4(5) 1798.1(6)
z 2 2 2 2 2
Pealed, § cM 1.615 2.150 1.772° 2.006 ° 2.513
u(MoKa), mm?t  1.734 9.560 4,090 ° 7.439° 12.750
F(000) 648 864 710.6° 802.7° 1248
crystal size (mm®)  0.30x0.15x0.10 0.20x0.20%0.20 0.15x0.10x0.08 0.20%x0.15x0.15 0.30%x0.15x0.10
0 range (°) 2.61 - 26.00 3.61 - 25.00 2.92 - 26.00 3.62 - 26.00 2.51-25.00
refins collected 9811 9411 10665 9997 10414
unique reflns 2591 2380 2621 2705 3088
Rint 0.0850 0.0944 0.0620 0.0744 0.1060
Ri1¢ 0.0448 0.0532 0.0338 0.0335 0.0705
WR ¢ 0.1278 0.1425 0.0908 0.0779 0.2079
GOF on F? 1.030 1.141 1.019 1.031 1.034

@ T =120(2) K. ® The formulae and some crystal data of 3 and 4 are based on the sums of the refined site occupation factors. Ry = [Z||Fol|-
\F|V[ZIFol] [I > 20 (D)]. ¢ WR2 = {[EW(Fo2-F)?/[Ew(F.2)?]}” [all datal.



Table 2. Tellurium-halogen bond lengths (A) in (bdmim)z[TeCls] (1), (bdmim)z2[TeBrs] (2),
(bdmim),[ TeBr2Cl4] (3), and (bdmim)>[ TeBr4Cl] (4).

Bond 1 2 3 4
Tel-Cl1 2.5351(9) 2.5641(9) 2.539(8)
Tel-Cl2 2.5569(11) 2.572(8) 2.551(10)
Tel-CI3 2.5241(9) 2.558(8) 2.541(10)
Tel-Brl 2.6845(7) 2.673(4)
Tel-Br2 2.7161(8) 2.714(4) 2.7151(9)

Tel-Br3 2.7083(9) 2.709(5) 2.7095(11)
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Table 3. The observed Raman wavenumbers and the calculated Raman-active fundamental vibrations of [TeClg]? and [TeBrs]* (in cm™).

[TeCls]* [TeBrs]*

Obsl?  Obs2P® Obs3 ¢ DFT(g) ¢ DFT(c) 2¢ Obs1 2 Obs2 ® DFT(g) ¢ DFT(c) ¢

288 s 300 287 270 (47) Ayq 300 Ag 173's 180 164 (38) 182 Aq

255 s 251 247 219 (30) Eg 250 Aq 153 s 154 137 (21) 156, 149 Ag+Aq
245 sh 238 Aq 91w 90 70 (7) 95 By

133s 141 131 111 (9) Tzq 143 By 89 Bg

110 sh 141 By 86 Aq

92 shf 139 Aq

“ This work. ? Ref. 10g. ¢ Ref. 26b. ¢ Single species in the gaseous state. Molecular symmetry Ox; PBEO/aug-cc-pVTZ level of theory. ¢ Anion
in the crystal structure. Site symmetry Ca;; PBEO/TZVP level of theory./ Attenuated by the Rayleigh-line filter.
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Table 4. The observed Raman wavenumbers and the calculated Raman-active fundamental vibrations of [TeBr2Cls]* (in cm!).

(bdmim)z[TeBrzCl4] 2 Cs2[TeBr2Cla]®  (EtsN)2[TeBr2Cla] ®

Raman lines DFT(g) ¢ DFT(c) ¢ Raman lines Raman lines
cis- trans- cis- trans- cis- cis-
[TeBrzCls]* [TeBrzCls]* [TeBrzCls]* [TeBr2Cls]* [TeBrzCls]* [TeBr2Cls]*
270s 262 (39) A1 259 (41) Axg 283 A 284 Ag 285 s As 282 s A
276 ms B>
239s 237 (17) B2 223 (29) Byg 264 A 249 Ag 243 s Ay 242 s Aq
232 (<1) B2 235 ms By
231 (23) A1
178 s 168 (14) A1 188 A 186 s A1 175w B>
175 m B>
155s 159 (12) B> 139 (26) Axg 176 B 156 Ag 163 s
152 vw
128 s 115 (5) B: 113 (8) Bag 142 B+B 149 Aq 134 s 124 s
107 sh 109 (7) A2 92 (7) Eg 97 A 124 By4+By 114 vw
99 sh 106 (4) As 90s
81 (1) Ax 85m
80 (1) B2 65 w
75 (3) B1 52m
67 (<1) B2
56 (1) A2
54 (3) A1

 This work ? Ref. 10b ¢ Single species in the gaseous state. PBE0/aug-cc-pVTZ level of theory ¢ Anion in the crystal structure. PBEQ/TZVP

level of theory.



Table 5. The observed Raman wavenumbers and the calculated Raman-active fundamental vibrations of [TeBraCl2]? (in cm™).

(bdmim)2[TeBr4Cl2] @

Cs[TeBr4Clz2] P

Raman lines DFT(g) ¢ DFT(c) ¢ Raman lines
cis- trans- cis- trans- cis-
[TeBr4Cl2)* [TeBr4Cl2]* [TeBr4Cl2]* [TeBr4Cl2]* [TeBr4Cl2]*
264 s 251 (28) A1 247 (35) Ayg 261 A 261 Aq 268 vw
248 s 238 (16) B2 242 B 243 s
232 sh 230 sh
222's
183 sh 185 (<1) B: 185 sh
174 s 172 (16) A1 150 (31) Agg 182 A 166 Ag 173s
153s 158 (12) B> 155s
140 (23) A1 135 (22) Byg 153 A 152 Ag

119s 106 (4) A1 93 (6) Eq 127 A 127 By+Bg 110 m
97 m 93 (3) B2 89 B+B 92 Aq 92s
85m 90 (4) A2 68 (7) Bag 70s

75 (<1) As

66 (2) B2

62 (3) Bz

54 (2) B2

53 (<1) A2

49 (1) A1

“ This work ” Ref. 10b ¢ Single species in the gaseous state. PBEO/aug-cc-pVTZ level of theory ¢ Anion in the crystal structure.

PBEO/TZVP level of theory.
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Table 6. The number of the homo- and heteronuclear trans-X-Te-Y arrangements and the relative energies in cis- and trans-isomers of

[TeX2Y4]* and fac- and mer-isomers of [TeX3Y3]>".

Anion X-Te-X, Y-Te-Y X-Te-Y Era. (kJ mol )
|
X
. ) Yo |~
cis-[TeBr2Cla]? , /T|e-..,v 1 2 0.0
Y
|
Y
trans-[TeBraCls]* ‘:;Tleiv 3 0 3.8
X
|
X
- x-'-..._ -
fac-[TeBr;Cls]? , /T|e-....Y 0 3 0.0
Y
|
Y
N Yo .~
mer-[TeBr;Cls]? , (Tle-....,x 2 1 0.8
X
|
X
. ) Y|~
cis-[TeBrsClo]? , /T|e-..,v 1 2 0.0
Y
|
Y
trans-[TeBrCl]> "~re 3 0 3.7

ST
X
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