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Abstract—The structure of (-BuNH,),[TeBry] determined by X-ray crystallography reveals
the [TeBry*~ ion to be trigonally distorted with three long bonds of 2.761, 2.735 and
2.780 A and three short bonds of 2.609, 2.594 and 2.632 A. The longer set are involved in
hydrogen bonds to the -BuNH;{ cation. The symmetry of [TeBr¢]*~ is close to C,, and this
model fits the vibrational spectrum which contains Te—Br stretching frequencies of 148,
163, 180 and 201 cm™! active in both IR and Raman spectra. Solutions of TeCl, in HCl
yield, with t-BuNH,, the double salt (+-BuNH,),[TeCly] - 4-BuNH,Clin which the [TeClg}*~
ion is shown by the vibrational spectrum to have a regular octahedral (0,) structure
exhibiting the frequencies v, 287, v, 247, v, 230, v, 158 and v; 131 cm~"'. The spectra of
(dapH,)[TeX,] (dap = 1,3-diaminopropane ; X = CI or Br) are reported and examined in

relation to known structures.

Tellurium(IV) attains its highest coordination num-
ber of six in the halide complexes [TeX]*~ (X = Cl,
Br or 1).'? These complexes test the valence shell
electron pair repulsion (VSEPR) approach to the
explanation of structure®* having seven electron
pairs one of which can be regarded as a lone pair.
In association with simple cations the [TeX,]*~ ions
tend to be octahedral, although there are unusual
features of the electronic absorption and
vibrational spectra which demand special treat-
ment.’ It is now recognized that the structures of
the anions [SeClg]*~, [TeClg]*~, the analogous com-
plexes [SbCl¢]*~, and the corresponding bromides
and iodides of Se(IV), Te(IV) and Sb(Ill), depend
strongly on the counterion. Simple or highly sym-
metric cations enforce an octahedral structure in
the solid state, whereas the same anions partnered
by less symmetric cations may deviate from O,
towards lower symmetry.>*

The present note describes the crystal structure
and vibrational spectra of (--BuNH,),[TeBr,] in

* Author to whom correspondence should be addressed.
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which the complex anion shows trigonal distortion,
with three long and three short Te—Br bonds, giv-
ing near (;, symmetry. Although a distortion is
predicted by VSEPR theory, the present compound
is exceptional because most [TeX,]*~ salts (X = Cl,
Br or I) have octahedral structures. Another excep-
tion contains the cation derived from 1,3-di-
aminopropane, [H;N(CH,);NH;][TeCl], in which
the Te—Cl bonds are in three pairs so that the
anion has approximate C,, symmetry.” The spectra
of this compound and the corresponding [TeBrg]*~
salt are considered here.

EXPERIMENTAL

Preparative work

(-BuNH,),[TeBr4] was prepared by the addition
of +-BuNH,Br to a solution of TeBr, in hydro-
bromic acid. Crystals suitable for X-ray crys-
tallography formed upon cooling a warm solution
of the compound in concentrated HBr and were
identified by chemical analysis. Found: C, 12.8 ; H,
3.1; N, 3.7. Calc. for CiH,,BryN,Te: C, 12.7; H,
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3.2;N, 3.7%. (-BuNH,),[TeCl,] - 4:-BuNH,Cl was
obtained on combining -BuNH, and TeCl, in con-
centrated HCI. Found: C, 31.1; H,8.0; N, 9.1; Cl,
39.4. Calc. for C,,H,,Cl(\N¢Te: C, 31.1; H, 7.8;
N, 9.1; Cl, 38.2%. Crystals of (--BuNH;),[SnX]
(X = Br or Cl) were obtained by adding -BuNH,
to solutions of SnBr, or SnCl, in the appropriate
acid, and the literature method was used to prepare
(dapH,)[TeX] (dap = 1,3-diaminopropane ;
X = Br or Cl).” The compositions were confirmed
by C, H, N analysis.

Crystallography

An orange crystal of (s-BuNH;),{TeBrs] mea-
suring 0.2 x 0.2 x 0.35 mm was mounted on a silica
fibre on an Enraf-Nonius CAD-4 diffractometer.
Unit cell parameters were obtained from a least-
squares fit to the four circle coordinates of 25
reflections using monochromatic Mo-K, radiation
(4 = 0.71069 A). Intensity data were collected using
w—20 scans with scan width 0.8 +0.35 tan @, giving
3044 unique reflections in the range 2° < 20 < 55°.
The data were corrected for Lorentz and pol-
arization effects and an absorption correction
applied using empirical phi scans.

Crystal data. CH»,Br,N,Te, M = 755.06, mono-
clinic, space group P2,/c, a=10.307(4),
b=15876(11), c¢=12.907(6) A. f=90.25(4)°,
U=21120 A’, Z=4, D,=233, D.=2374 g
cm™3, F(000) = 1392, y(Mo-K,) = 126.5¢cm ™",

The structure was solved by conventional Pat-
terson and difference-Fourier techniques and
refined by full-matrix least-squares. Non-hydrogen
atoms were assigned anisotropic thermal
parameters. Hydrogen atoms of the r-butyl-
ammonium group were included in calculated pos-
itions and allowed to ride on the atom to which
they were attached. The final R and R’ values were
0.052 and 0.059, respectively, for the 1833 observed
data (I>3¢{I}) and weights 1.0/[c(F?) +
0.002F?). Final atomic coordinates, thermal par-
ameters and tables of observed and calculated struc-
ture factors have been deposited with the
Cambridge Crystallographic Data Centre.

Spectroscopy

Far IR spectra were recorded as polythene
pressed discs on a Digilab FTS-60 Fourier transform
infrared spectrometer employing the FTS-60V vac-
uum optical bench with a 6.25 ym Mylar film beam
splitter, a mercury lamp source and a TGS detector.
Raman spectra were measured with a Jobin Yvon
U000 system using the 514 nm line of an Ar*
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laser, or a modified Cary 81 spectrometer using the
647 nm line of a Kr* laser as the excitation source.

RESULTS AND DISCUSSION

[TeBre)*~ complexes

The complex anion of (r~-BuNH,),[TeBr] is
shown in Fig. 1, and Table 1 gives the bond dis-
tances and angles for [TeBry)*~. The anion has a
distorted octahedral structure with three long Te—
Br bonds having an average length of 2.759 A and
three short bonds averaging 2.612 A ; the difference
between short and long sets amounts to 5.6%. The
angles between the long bonds average 89.6° and
those between the short bonds average 91.8°. All
these dimensions are within the ranges found in
previous crystallographic studies of hexa-
bromotellurate ions.® An irregular structure is
sometimes associated with the presence of a large
and unsymmetrical counterion. However, in this
case the distortion of [TeBrg)?~ is probably linked to
the charge distribution and capacity for hydrogen
bonding of the Me;CNH;{ ion. Detailed exam-
ination of the structure confirms the presence of
weak hydrogen bonds. The bromine atoms with
long Te—Br bonds make approaches to hydrogen
atoms of —NH,* groups of 2.47, 2.59 and 2.66 A.
The Br atoms with short Te—Br bonds come no
closer than 3.1 A to H atoms.

Most spectroscopic investigations of crystalline
solids containing [TeBrs]>~ have dealt with com-
pounds in which this ion is octahedral, or at least
close to O, in symmetry. These cases display the
familiar spectra from species of the MX type.? An
example 1s (HyO,),[TeBr¢], isolated as red crystals
from a solution of TeBr, in concentrated HBr.? X-
ray analysis has established that the anion has a

Fig. 1. The [TeBr]*~ anion showing distortion from reg-
ular octahedral symmetry.
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Table 1. Bond distances (A) and angles (°) for [TeBrg)*~

Te—Br(l)  2.761Q2) Br(2)—Te—Br(1) 88.8(1) Br(5)—Te—Br(4) 90.7(1)
Te—Br(2)  2.735(2) Br(3)—Te—Br(l) 91.1(1) Br(6)—Te—Br(1) 86.4(1)
Te—Br(3)  2.780(2) Br(3)—Te—Br(2) 89.5(1) Br(6)—Te—Br(2) 174.2(1)
Te—Br(4)  2.609(2) Br(4)—Te—Br(1) 176.6(1) Br(6)—Te—Br(3) 87.3(1)
Te—Br(5)  2.594(2) Br(4)—Te—Br(2) 92.5(1) Br(6)—Te—Br(4) 92.4(1)
Te—Br(6)  2.632(2) Br(4)—Te—Br(3) 92.0(1) Br(6)—Te—Br(5) 92.2(1)

Br(5)—Te—Br(1) 86.1(1)
Br(5)—Te—Br(2) 90.7(1)
Br(5)—Te—Br(3) 177.3(1)

regular octahedral structure and the Raman spec-
trum reveals three bands, 71 w, 151 m, 172 s, in
agreement with the aqueous solution frequencies of
73 m, 146 s, 167 s, polarized, cm~'.° This spectrum
can be assigned with confidence to [TeBr¢]*~ of O,
symmetry. In dichloromethane solution, [TeBrg]*~
displays the Raman frequencies 170 (v,), 148 (v,)
and 96 (vs), along with 180 cm ™' (v;) in the infrared
spectrum.'®

Against this background the interpretation of the
spectrum of the distorted [TeBrg)*~ ion found in
(t-BulNH,),[TeBr¢] requires a different treatment.
Strictly speaking, the symmetry of the ion in this
compound is C; and therefore 15 vibrational modes
could arise, all of them Raman and IR active. A

more realistic approach is to regard the symmetry as
C,, which it matches quite closely. The vibrational
representation then becomes 44, + 4, + 5E. The A4,
vibration is inactive, and the other nine modes
should appear in both Raman and IR spectra. The
Raman spectrum of [TeBr¢]*~ (Fig. 2) contains six
bands. The intense features at 163 and 201 cm™!
can be assigned to symmetric Te—Br stretching
vibrations (A4, species) of which the one of lower
energy is associated with the set of longer (and
hence weaker) bonds, and the other with the stron-
ger bonds. The accompanying bands at 148 and 180
cm™! can be attributed to the degenerate Te—Br
stretching modes (E species) of the respective
“TeBr,’ units, while the bands at 69 and 91 cm ™' no
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Fig. 2. Raman and far IR spectra of (a) (+-BuNH,), [TeBr¢] and (b) (+-BuNH,),
[TeCly). Bands due to the cation are marked by @.
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doubt comprise bending modes of the [TeBrg*~
ion. This interpretation is supported by the fact that
the absorbtion frequencies of the far IR spectrum
141, 165, 185 and 201 cm ! are close to those of the
Raman spectrum, while the intensities in the two
spectra are complementary to one another.

Shown for comparison are the vibrational spectra
of (dapH,)[TeBry] (Fig. 3). The distortion of the
halogenotellurate complex in association with this
particular cation is considered later, in relation to
the spectrum of the [TeClg}*~ salt.

[TeCl)*~ complexes

The product to crystallize from a solution of
TeCl, in concentrated HCl on adding +~-BuNH, had
been expected to be a simple salt of [TeClg}*~, but
turned out upon analysis to be a double salt (¢-
BuNH,),[TeCl¢]- 4¢-BuNH,Cl. The vibrational
spectra of this compound are shown in Fig. 2 and,
in contrast to (+~-BuNH;),[TeBr,], suggest that the
octahedral structure of [TeClg|*~ is preserved. The
Raman spectrum has an intense band at 287 cm ™'
and two other bands at 247 and 131 cm™', and is
analogous to that of (Me,N),[TeCl;] which displays
the Raman frequencies 281 (v,), 242 (v,) and 136
cm™~! (vs)."! The IR spectra also correspond with
bands at 230 (v;) and 158 cm~' (v,) in the present
compound and similar bands in the previous
work."" X-ray crystallographic examination of

Raman
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(Me,N),[TeCl] shows the ion to be undistorted.?
The close similarity with the vibrational spectra of
this solid, as well as compliance with the selection
rules of O, symmetry, provides firm evidence of
the presence of octahedral [TeCls)?~ ions in the
compound investigated here. Other formulations
containing the [TeCls]~ ion,"* or condensed struc-
tures like [Te,CL):~ found in the crystals which
separate from TeCl,/HCI solutions," can be ruled
out.

A crystallographic investigation of the dapH2+*
salt, [H;N(CH,);NH;}[TeCls], has revealed dis-
torted [TeClg]*~ ions (with Te—Cl distances 2.426
(two), 2.492, 2.558, 2.672 A (two) giving approxi-
mate C,, symmetry).” We have prepared this com-
pound and the spectra are given in Fig. 3. [TeCl¢]*~
salts in which the anion is octahedral exhibit three
Raman frequencies with v, in the range 280-300
cm™' (and tending to be smallest when the
accompanying cation is large)."" In the present case,
since the point group permits no degeneracy, six
Te—Cl stretching frequencies might be observed.
There are Raman bands at 279 and 313 with a
broad shoulder at 240 cm™! and it is natural to
associate the band at 313 cm™' with symmetric
stretching of the short Te—Cl bonds. The IR spec-
trum contains intense absorbtion centred at 210
cm ' and extending from 330 to 140 cm™'. Shoul-
ders at 280 and 315 cm™' are close to the Raman
values and, although the number of frequencies falls

b)
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Fig. 3. Raman and far IR spectra of (a) (dapH,),[TeBry] and (b) (dapH,),[TeClq]
(dap = 1,3-diaminopropane).
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short of the predicted tally, the spectra are in fair
agreement with the C,, model of [TeCl}*~.

The spectra of [TeBrg]*~ in its dapH3™ salt (of
unknown crystal structure) are in Fig. 3. The
Raman bands at 146, 164 and 189 cm™!, which
are the possible candidates for symmetric Te—Br
stretching frequencies, lie outside the range of 168—
180 cm ' where v, of octahedral [TeBrg}*~ has been
observed '>!¢ and the pattern is not that of an O,
species. IR absorbance features occur at 140, 165sh
and 190 cm™~' and the close registration of these
with the Raman values reinforces the view that the
ion has lower than octahedral symmetry.

Concluding remarks

Several previous workers™'® have compared the
structures and spectra of [TeXy)*~ salts with those
of the [SnX¢]*~ ions partnered by the same cation.
We have made a similar comparison by examining
the vibrational spectra of (-BulNH,),[SnX(]
(X = Cl or Br). The Raman bands of [SnCl]*~
146m, 232w, 310s, and [SnBr¢]*~ 97m, 147m, 185vs
cm™! are those of the regular octahedral Sn(IV)
complexes. The far infrared spectra exhibit split v,
bands due to [SnCl¢]*~ 158, 175sh; 291, 310sh and
[SnBre}*~ 115, 125sh; 211, 220sh. The slight split-
ting can be attributed to the influences of hydrogen
bonding to the [--BuNH,]* counter-ion on the T,
modes of the anions. In contrast to the behaviour
of [SnX ]*~ which is consistently octahedral, the
[TeX]?~ ions can exhibit octahedral, trigonal or
less regular shapes and there are no simple rules
to predict which structure will occur in a given
compound.

Recent ab initio calculations on [SeClg)*~ and
[TeClg)*~ favour O, symmetry for the electronic
ground states of these ions."” Earlier attempts have
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been made to interpret the structural and spec-
troscopic behaviour of the six-coordinate com-
plexes of Se(IV), Te(IV), Sb(III) and Bi(IIl).**
However, the ease with which the vibrational spec-
tra and structure of the hexahalotellurates respond
to their environment is a remarkable feature of their
chemistry which remains to be fully explained.
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