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The sublimation processes of TeBr4 at 471(5) K and TeI4 at
373(5) K were studied with a combined gas-phase electron
diffraction and mass spectrometric technique (GED/MS). The
mass spectra and the analysis of the GED intensities showed
that a contribution of 40(3) mol-% TeBr2, 59(3) mol-% Br2,
and 1 mol-% TeBr4 was formed in the vapor over TeBr4(s).
Solid tellurium tetraiodide decomposes to form I2(g) and
Te(s). A very small contribution of 3.3�2.1 mol-% of gaseous
TeI2 was also determined by both GED and MS. The “met-
allic” Te accumulated in the solid phase vaporizes at above
ca. 670 K as the predominately Te2 molcular species. Refine-
ment of the GED intensities resulted in rg(Te–Br) = 2.480(5) Å

Introduction
Solid selenium and tellurium tetrafluoride and tetrachlo-

ride are known to sublime in vacuo at moderate tempera-
tures as monomeric EX4 gaseous species. In contrast, the
bromides and iodides of both chalcogens are less stable and,
therefore, decompose, at least, partially when transferred to
the gas phase.

The first gas-phase electron diffraction (GED) investiga-
tion of tellurium dihalides was performed in 1936 by
Grether,[1] who reported values of r(Te–C1) = 2.36�0.03 Å,
r(Te–Br) = 2.49�0.03 Å, �Br–Te–Br and �CI–Te–C l �
150°. A decade later Rogers and Spurr[2] re-determined the
structure of TeBr2 also by GED, and the r(Te–Br) distance
was found to be 2.51�0.02 Å, but the angle Br–Te–Br of
98�3° was much smaller than that predicted for the almost
linear structure reported by Grether.[1] In both studies, sam-
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and �gBr–Te–Br = 99.0(6)° for TeBr2 and rg(Te–I) = 2.693(9) Å
and �g(I–Te–I) = 103.1(22)° for TeI2. The small contribution
of TeBr4 observed in the mass spectra of the vapor over TeBr4

could not be observed in the GED data. Geometric param-
eters and vibrational frequencies for the tellurium dihalides
TeX2 with X = F, Cl, Br, and I were calculated with B3LYP,
MP2, CCSD, and CCSD(T) methods by using aug-cc-pVTZ
basis sets and various core potentials for the tellurium atom.
Bonding properties in tellurium dihalides are discussed on
the basis of natural bond orbital analyses.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

ples of TeX2 were used. Much later, Fernholt et al.[3] per-
formed a high level GED study of the vapor of a liquid
sample with the composition Te/Cl = 1:2 at 483 K and
found it to consist of TeCl2 molecules with a bond length
ra(Te–Cl) = 2.329�0.003 Å and a valence angle �aCl–Te–
Cl = 97.0�0.6°.

Basciani and Ferro[4] investigated the sublimation of tel-
lurium tetrabromide at 423–485 K by the torsion-effusion
method and found that TeBr4(s) decomposes predomi-
nantly to gaseous TeBr2(g) and Br2(g), with a minor contri-
bution of gaseous tetrabromide. D�Alessio et al.[5] studied
the sublimation of TeCl4 and TeI4 by the torsion-effusion
method and established that TeCl4 sublimes congruently,
whereas TeI4(s) decomposes in the temperature range 340–
396 K predominantly to Te(s) and I2(g), with a minor
amount of TeI2(g). Two vibrational frequencies, ν1 = 377
and ν2 = 125 cm–1, were reported by Beattie and Perry,[6]

which were observed in the gas-phase Raman spectra of
TeCl2.

Since solid TeBr4 and TeI4 are known to undergo con-
siderable decomposition upon evaporation it is necessary
to apply a special technique for accurately monitoring the
composition of the particular vapors under investigation.
In both early GED investigations of TeBr2, the values for
the Te–Br distance were reported with large (≈1%) uncer-
tainties[1,2] and with the bond angles contradicting each
other. Only two vibrational frequencies are known from the



A Study of The Sublimation Processes of TeBr4 and TeI4

Raman spectra of TeCl2 and none for other tellurium diha-
lides. Furthermore, to the best of our knowledge, no mass
spectrometric study was published for any of the tellurium
dihalides. In the present investigation, we employed a
unique apparatus which combines gas-phase electron dif-
fraction and mass spectrometry (GED/MS) to study the
molecular structure of TeBr2. Furthermore, we made an at-
tempt to find conditions at which the structure of TeI2

could be determined. In addition, we performed a series
of high-level quantum chemical (QC) calculations for TeX2

molecules, where X = F, Cl, Br, I, in order to explore the
tendencies and correlations in the geometry, vibration, and
electronic structure within this series.

Results and Discussion

Structural Analysis

Vapor Over TeBr4(s)

According to the mass spectra (Table 1) recorded simul-
taneously with the diffraction experiment, TeBr4 undergoes
a decomposition when heated in vacuo, and the vapor over
solid tellurium tetrabromide consists predominantly of the
dissociation products, TeBr2 and Br2. A least-squares analy-
sis of the experimental sM(s) function was performed with
a modified version of the KCED program.[18] A complex
vapor composition was taken into account by applying the
expression in Equation (1), where α is the coefficient that
gives the contribution of an individual sM(s) functions to
the total one.

(1)

Since this molecular intensity function is derived from
the total intensity in the way shown in Equation (1), the
real concentrations of the molecular species differ from the
α coefficients because of different atomic scattering func-
tions for the species with different atomic composition. The
procedure for transforming these coefficients to mol frac-
tions was described earlier by Girichev.[19] The following
parameters were refined independently: the α coefficient,
bond lengths r(Te–Br) and r(Br···Br), and vibrational am-

Table 1. Electron impact (Ui = 50 V) mass spectra of the vapors effused from the cell filled with solid TeBr4 recorded during the combined
GED/MS experiment.[a]

Ion L1 L2

Br+ 29.7�8.5 36.3�1.3
Te+ 36.0�3.5 38.8�1.7
Br2

+ 97.3�4.0 98.6�1.6
TeBr+ 100 100
TeBr2

+ 46.9�0.9 47.5�0.8
TeBr3

+ 4.5�0.6 4.3�0.1
Concentration [mol-%][b] 42.3�2.3;56.4�2.3; 1.3�0.2 41.1�0.9; 57.7�0.9; 1.2�0.1

[a] Relative peak intensities. The natural isotopic distributions were taken into account. The values of uncertainties are the statistical
errors of several mass spectroscopic runs obtained simultaneously with the diffraction patterns. [b] The concentrations calculated on the
basis of the atomic ionization cross-sections additive scheme are given in the sequence TeBr2, Br2, and TeBr4.
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plitudes l(Te–Br) and l(Br···Br) of TeBr2. The results of the
least-squares refinement of the sM(s) functions for long (L1

= 598 mm) and short (L2 = 338 mm) camera distances,
along with the results of joint refinement of both data sets
are given in Table 2. Structural parameters in terms of an
effective g structure of TeBr2 are presented in Table 3. Ra-
dial distribution functions are plotted in Figure 1.

Table 2. Results[a] of the least-squares refinement of the experimen-
tal sM(s) functions for the mixture of TeBr2 and Br2.

“TeBr2 + “TeBr2 + “TeBr2”[d]

Br2”[b] Br2”[c]

ra(Te–Br) 2.4789(2) 2.4790(2) 2.4570(14)
ra(Br···Br) 3.7641(20) 3.7641(20) 3.7660(148)
l(Te–Br) 0.0614(3) 0.0618(3) 0.0911(18)
l(Br···Br) 0.1611(16) 0.1614(16) 0.1794(117)
ra(Br–Br)Br2

[2.2895] 2.2875(6) –
l(Br–Br)Br2

[0.0531] 0.0535(6) –
α(TeBr2) 0.564(2) 0.565(2) [1.00]
mol-%(TeBr2)[e] 38.2(6) 38.3(6) [100]
Rf [%] 2.9 2.9 19.5

[a] Joint refinement of both short and long camera distances are
represented; internuclear distances and amplitudes in Å; standard
deviations σLS of the least-squares procedure are given in parenthe-
ses for the refined parameters (distances, amplitudes, and α), except
the mol% value for which the 3σLS is given; the minor amount of
TeBr4 was included into the refinement scheme in a separate analy-
sis (see Results and Discussion). [b] Refinement of all parameters;
those for molecular bromine were fixed. [c] Refinement of all pa-
rameters including those for molecular bromine; the amplitudes
l(Te–Br) in TeBr2 and l(Br–Br) in Br2 were refined in a group. [d]
Refinement performed under assumption that the vapor contains
the species TeBr2 only. [e] Conversion of the contribution α of the
molecular species to the sM(s) function [see Equation (1)] into the
mol fraction value was performed according to the procedure
described in Ref.[19]

The molecular parameters of Br2 are known from spec-
troscopic data and are readily available.[20] On the basis of
these data, the effective molecular parameters of bromine,
ra(Br–Br) = 2.2895 Å and l(Br–Br) = 0.0531 Å, and the
asymmetry constant (2.7�10–6 Å3) have been calculated for
the temperature at which the GED/MS experiment was per-
formed (471 K). The parameters for TeBr2 obtained in dif-
ferent least-squares analyses, in which the molecular param-
eters for Br2 were set to the above values (column 1 in
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Table 3. Experimental and calculated geometric and vibrational parameters[a] for tellurium dihalides.

Method ECP on Te[d] r(Te–X) �X–Te–X l(Te–X)[e] l(X···X)[e] ν1(A1) ν2(A1) ν3(B2)

TeF2

B3LYP ECP–46 1.892 94.8 643 210 623
MP2 ECP–46 1.887 94.6 655 214 639
CCSD ECP–46 1.877 93.7 672 221 655
CCSD(T) ECP–46 1.886 94.0 654 214 639

TeCl2

B3LYP ECP–46 2.339 99.7 0.058 0.158 377 126 359
ECP–28 2.357 100.1 0.059 0.170 370 118 348

MP2 ECP–46 2.318 98.2 0.054 0.151 402 132 387
CCSD ECP–28 2.330 97.9 0.055 0.152 393 132 380
CCSD(T) ECP–46 2.331 98.3 0.056 0.154 389 129 376
Experiment
GED (rg, �g)[b] 2.331(3) 97.2(6) 0.070(2) 0.152(14)
Raman[c] 377 125

TeBr2

B3LYP ECP–46 2.496 101.1 0.061 0.168 256 82 250
MP2 ECP–46 2.470 99.1 0.057 0.162 273 85 269

ECP–28 2.474 98.9 0.057 0.162 272 85 268
CCSD ECP–46 2.482 99.3 0.058 0.162 267 85 265

ECP–28 2.487 99.0 0.058 0.162 267 85 265
CCSD(T) ECP–46 2.488 99.4 0.059 0.167 262 83 260

ECP–28 2.495 99.2 0.060 0.169 260 82 257
Experiment
GED (rg, �g)[f] 2.480(5) 99.0(6) 0.061(1) 0.161(5)

TeI2

B3LYP ECP–46 2.712 102.9 0.060 0.164 198 61 198
MP2 ECP–46 2.685 100.2 0.057 0.160 212 63 213
CCSD(T) ECP–46 2.709 100.6 0.059 0.166 201 61 203
Experiment
GED (rg, �g)[f] 2.693(9) 103.1(22) 0.059(6) 0.190(65)

[a] Distances and amplitudes in Å, angles in degrees, frequencies in cm–1. [b] The ra and �a values given in Ref.[3] (GED, T = 483 K)
were recalculated in this work to give the rg and �g values given here. [c] Raman spectroscopy, gas, Ref.[6] [d] See the section “Quantum
Chemical Calculations” for details and abbreviations. [e] The theoretical amplitudes calculated using the SHRINK program of Sipachev[21]

for the temperatures of the GED experiments (483 K TeCl2,[3] 471 K TeBr2, and 373 K TeI2) from a harmonic force field obtained in the
quantum chemical calculations. [f] The experimental GED data obtained in this work are supplied with the uncertainties that were taken
as: ∆r = [σscale

2+(2.5σLS)2]1/2, where σscale = 0.002r and σLS is a standard deviation in least-squares refinement; ∆l = 3σLS; ∆� was
calculated from the uncertainties in the internuclear distances.

Table 2) or refined (column 2 in Table 2), are the same
within their combined standard deviations. This demon-
strates that scale uncertainties of the apparatus or refine-
ment procedures are negligible. Practically no high corre-
lation between parameters occurred in the least-squares re-
finement. The strongest correlation coefficients were –0.41
for α/r(Te–Br) and 0.64 for α/l(Te–Br).

Since our MS data indicate the presence of a small
amount of TeBr4 in the vapor over solid tellurium tetrabro-
mide, in addition to TeBr2 and Br2, it seemed reasonable to
test the sensitivity of the least-squares refinement to this
minor species. In order to introduce TeBr4 into the least-
squares refinement, the MP2 data were used after calculat-
ing vibrational amplitudes and corrections by means of the
Sipachev’s program SHRINK.[21] Since the MP2 approxi-
mation reproduces the experimental parameters for TeBr2

better than the B3LYP method (see Table 3), it also appears
to be more suitable for TeBr4. Results of these least-squares
analyses are described below.
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Vapor Over TeI4(s)

Refinement of the data showed that the experimental
molecular intensities are perfectly described with the as-
sumption that the vapor over solid TeI4 consists only of I2

molecules with an agreement factor Rf = 2.9%. The effec-
tive parameters rg(I–I) = 2.672(5) Å and l(I–I) = 0.060(1) Å
and the asymmetry constant B = 5(9)�10–7 Å3 are in excel-
lent agreement with those obtained at 353 K by Ukaji and
Kuchitsu:[22] rg(I–I) = 2.672(3), l(I–I) = 0.061(5) Å, and B
= 39(84)�10–7 Å3.

An attempt to determine the structural parameters of
TeI2 was complicated because of the fact that the bond
length r(I–I) in molecular iodine is very close to the bond
length r(Te–I) in TeI2. As can be seen from the results of
the QC calculations (Table 3), these values differ by less
than 0.03 Å. The (I···I) distance in tellurium diiodide, which
occurs far from the bonded distances in the radial distribu-
tion function, might, therefore, be refined independently.
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Figure 1. Radial distribution curves F(000)r of the gaseous mix-
tures “TeBr2 + Br2” and “I2 + TeI2”: experimental (dots), calcu-
lated (line), and the difference ∆F(r) between experiment and
theory.

However, this distance contributes poorly to the sM(s)
scattering intensities because of its large vibrational ampli-
tude, long internuclear distance, single multiplicity, and low
concentration (about 3% according to the MS data) of this
molecular species in the vapor phase. Nevertheless, a refine-
ment, at which the parameters of iodine were fixed at the
optimized values while the contribution coefficient, in-
ternuclear distances, and vibration amplitudes of TeI2 were
refined, was undertaken. The Rf value decreased slightly
from 2.9 to 2.5% and the least-squares procedure converged
to a contribution α(TeI2) = 0.049(7). This corresponds to a
mol fraction with a 3σLS value of 3.3�2.1 mol-% [as con-
verted by Equation (1)]. The optimized molecular param-
eters of TeI2 are rg(Te–I) = 2.693(9), rg(I···I) = 4.218(48),
l(Te–I) = 0.059(6), and l(I···I) = 0.190(65) Å. The �I–Te–I
angle is 103.1(22)°. Despite the low concentration of TeI2

in the vapor, the refinement of its parameters was possible
as a result of fixing the parameters for I2 and as a result of
the separated, although very weak, contribution of the I···I
distance in the radial distribution function. Because of the
low concentration, the standard deviations of all param-
eters are considerably larger than those for TeBr2 (see
Table 3).
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Vapor Composition

TeBr4(s)

Three possible net reactions may be considered for the
evaporation process of tellurium tetrabromide under vac-
uum [Equation (2), Equation (3) and Equation (4)].

TeBr4(s)�TeBr2(g) + Br2(g) (2)

TeBr4(s)�TeBr4(g) (3)

TeBr4(s) = Te(s) + 2Br2(g) (4)

The composition of the vapor over solid TeBr4, as deter-
mined by mass spectrometry (see Experimental Section), is
42.3:56.4:1.3 (L1) and 41.1:57.7:1.2 mol-% (L2) for TeBr2/
Br2/TeBr4. Taking into account the uncertainty of the inten-
sities in the mass spectra, we estimated an inferior limit of
uncertainties in the mol concentration, x(TeBr2) =
42.3�2.3 mol-% (L1) and 41.1�0.9 mol-% (L2). The value
determined from the GED least-squares refinement was
38.3(6) mol-%. Both methods yielded similar results, al-
though the values differ by slightly more than the combined
error limits. This minor discrepancy might be caused by the
fact that for conversion of α coefficients to mol concentra-
tions, a simplified formula was applied that uses the “nu-
clear charge value approximation” (see, for example,
Ref.[19]) for calculating the atomic scattering functions Iat(s).
Combination of the independent results from GED and MS
leads to a concentration and estimated uncertainty of
x(TeBr2) = 40(3)%.

Confirmation of the third gaseous product, TeBr4, is
given by the TeBr3

+ ion in the mass spectra, which possesses
very low intensity. This ion is supposed to be the most in-
tense in the mass spectrum of TeBr4, analogous to that
found for TeF4 and TeCl4.[23] When calculating the concen-
tration of the tetrabromide, the TeBr3

+ intensity was multi-
plied by a factor of two to take into account the contri-
butions from the fragmented ions parented by TeBr4. This
factor was estimated from the mass spectra of tetrafluoride
and tetrachloride. We performed a series of the least-
squares analyses of the GED data, in which a αTeBr4 contri-
bution to the sM(s) function [see Equation (1)] was consid-
ered in the refinement procedure. From the dependence of
the discrepancy factor Rf vs. the fixed mol-% (TeBr4) and
from Hamilton’s criterion approach,[24] the range for the
tellurium tetrabromide concentration in the vapor under in-
vestigation was estimated to be about 1 mol-% or less,
which does not contradict our MS data.

Basciani and Ferro[4] concluded from the torsion effusion
method that the vaporization process at 423–485 K is de-
scribed by (x + y)TeBr4(s) = xTeBr4(g) + yTeBr2(g) +
yBr2(g), where x = 0.06 and y = 0.47. This implies that 6%
TeBr4 is present in the vapor over solid TeBr4, while TeBr2

and Br2 are the major molecular species with equal contri-
butions. These results are similar to our MS and GED data
at 471 K, although quantitatively slightly different.
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TeI4(s)

Both the GED and MS methods agree that at 373 K the
vapor effusing from a cell filled with TeI4(s) consists pre-
dominantly of I2 with a minor contribution, about 3 mol-
%, of TeI2. This result is in agreement with the studies of
Oppermann et al.[25] and D�Alessio et al.[5] that involve sub-
limation and decomposition of TeI4. Therefore, two main
processes take place on heating solid TeI4 in vacuo [Equa-
tion (5) and Equation (6)].

TeI4(s)�2I2(g) + Te(s) (5)

TeI4(s)�TeI2(g) + I2(g) (6)

“Metallic” tellurium, as a possible decomposition prod-
uct, can probably be excluded in the gas phase in both
TeBr4 and TeI4 GED/MS experiments described in this
work, since it is rather nonvolatile, as known from the lit-
erature. Tellurium possesses a saturated vapor pressure of
0.001 Torr at 595 K and 0.01 Torr at 647 K.[26] The tem-
perature applied in the GED/MS experiment for TeBr4

(471 K) and, even more so, that in the MS decomposition
study of TeI4 (373 K) are much lower. In case of TeI4, an
additional mass spectrometric study showed that only at
temperatures above ca. 670 K did the ions Te+ and Te2

+

(the latter is most abundant) start to appear in the mass
spectra. This is typical for chalcogens that are known to
sublime as oligomers, Ten, which first occurs as the dimer
Te2.

Geometric and Vibrational Parameters

The bond length rg(Te–Br) = 2.480�0.005 Å in TeBr2

obtained in this study (Table 2) is consistent with the value
r(Te–Br) = 2.49�0.03 Å found by Grether[1] and close, but
not consistent within the combined error limits, with the
value of 2.51�0.02 Å, reported by Rogers and Spurr.[2]

With regard to the valence angle, it should be pointed out
that in the first study the Br–Te–Br angle was estimated to
be �150°,[1] and a value of 98�3° was reported in the sec-
ond study.[2] The latter agrees with our value of 99.0�0.6°.

Although samples of TeX2 (not TeX4 as in our study)
were used by Grether[1] and by Rogers and Spurr,[2] no di-
rect evidence with regard to the vapor composition was
available in those early GED works. It cannot be excluded
that the vapor of TeBr2 was “contaminated” with, for in-
stance, molecular bromine or some other gaseous species.

The geometric and vibrational parameters of TeBr2 de-
termined in this work from analysis of the GED data may
be used for testing the quality of various approximations
applied in the quantum chemical (QC) calculations. In this
work, we applied various combinations of methods and ba-
sis sets at levels higher than those published before. The
results of QC calculations along with available experimental
data are presented in Table 3. When the experimental and
calculated bond lengths are compared, the systematic differ-
ence between the thermally averaged rg and the equilibrium
re distances has to be considered. Generally, re bond lengths
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are smaller than rg values by a few thousandths of an Å.
The difference between rg and re distances can be estimated
by the diatomic approximation of Kuchitsu,[27] re = rg –
(3/2)a3l2, which implies the neglecting of the perpendicular
vibrations (according to the second approximation used in
the SHRINK program), where a3 is the asymmetry param-
eter and l the vibrational amplitude of the bond. Since no
a3 value for Te2 is given,[27] we estimated it from the values
for Se2 (1.518 Å–1), Br2 (1.562 Å–1), and I2 (1.468 Å–1).[27]

Since Te is below Se in the periodic table and I below Br
and a3 for I2 is slightly smaller than that for Br2, we can
estimate that a3 for Te2 should also be slightly smaller than
that of Se2, i.e. about 1.40 Å–1. By using mean values of a3

for Te2 and X2, the differences (re – rg) and their uncertain-
ties are estimated to be –0.008(2) Å for the Te–Cl and Te–Br
bonds and –0.007(3) Å for the Te–I bond. For this estimate,
experimental vibrational amplitudes were used for the Te–
Br and Te–I bonds and an average of the calculated ampli-
tudes for the Te–Cl bond [see Table 3, l(Te–Cl) = 0.057 Å].
With these corrections, experimental equilibrium distances
of re(Te–Cl) = 2.323(4) Å, re(Te–Br) = 2.472(6) Å, and
re(Te–I) = 2.686(10) Å are obtained. Comparison of these
experimental re bond lengths with calculated values in
Table 3 demonstrates that the MP2 method best reproduces
these values, the CCSD and CCSD(T) methods slightly
overestimate the experimental values, and the B3LYP
method strongly overestimates them.

The valence angles predicted by the B3LYP method are
by 1–2° larger than the experimental values, with the excep-
tion of that in TeI2, which possesses a large uncertainty.
All other methods applied reproduce the GED values more
closely. The covalent radii of the elements constituting the
molecules of interest possess values of 1.35 for Te and 0.64,
0.99, 1.14, and 1.33 Å for the halogens F, Cl, Br, and I,
respectively.[28] The sum of the covalent radii gives an esti-
mation of the Te–X bond lengths, r(Te–F) = 1.99 Å, r(Te–
Cl) = 2.34 Å, r(Te–Br) = 2.49 Å, and r(Te–I) = 2.68 Å.
These estimates are very close to the experimental and QC
values for chloride, bromide, and iodide, which confirms a
practically pure covalent character of the chemical bonds
in these tellurium dihalides. The exception is fluoride, for
which this sum overestimates the bond length by about
0.1 Å relative to the quantum chemical values. Qualitatively,
the large difference between the sum of the covalent radii
and QC predictions can be rationalized by a high ionic (or
polar) contribution, Te+–F–. A strong increase in the posi-
tive atomic charge at the Te atom from TeI2 to TeF2 is
shown in Figure 2. A similar situation is also observed for
SeF2, where the sum of the covalent radii is larger than the
predicted value by 0.07 Å. These discrepancies make GED/
MS experiments for the chalcogen difluorides highly desir-
able.

The results of this study and of our recent work on sele-
nium dihalides[29] strongly supplement the experimental
and theoretical data on the structural parameters of chal-
cogen dihalides compiled previously.[28] In this context it
should be pointed out that the stepwise decrease in the val-
ence angle X–E–X in chalcogen dihalides in the series
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Figure 2. Natural charges on the Te atom in TeX2 molcules (X = F,
Cl, Br, I) as calculated in the NBO analysis by different theoretical
approaches.

S�Se�Te is now more evident and is confirmed. The step
is about –2°, independent of the halogens. A very similar
trend has been observed for other ligands, such as CH3 and
CF3.

A comparison between the experimental and calculated
vibrational parameters can be performed only in the case
of TeCl2, the only chalcogen dihalide for which gas-phase
vibrational frequencies from Raman spectroscopy have
been reported[6] (see Table 3). This comparison demon-
strates that MP2 overestimates the symmetric stretching fre-
quency by about 8%, whereas all other approximations re-
produce the experimental value closely. The frequency for
the symmetric deformation is less sensitive towards the
computational method. It should be pointed out that the
B3LYP method in combination with ECP-46 on Te per-
fectly reproduces the ν1 and ν2 values of the Raman spectra.
A set of frequencies[30] based on MP2/6-31G* calculations
(381, 132, and 367 cm–1) and scaled frequencies (378, 121,
and 364 cm–1) using scaling factors from TeCl4 reproduces
the experimental values very well.

In addition to the comparison of experimental and calcu-
lated frequencies, we can compare vibrational amplitudes
derived by GED with those calculated from quantum chem-
ical force fields by using the SHRINK program of Sipa-
chev.[21] This comparison allows an estimate of the quality
of the force fields calculated by the different QC methods.
In Table 3, vibrational amplitudes l(Te–X) and l(X···X) ob-
tained by experiment and QC calculations are listed for X
= Cl and Br. In the case of Br, good agreement with theo-
retical predictions exists for both amplitudes. For TeCl2, the
(Cl···Cl) amplitude from GED is reproduced well by theory,
but all calculated l(Te–Cl) values of 0.054 to 0.059 Å are
considerably smaller than the GED result [0.070(2) Å].[3]

This experimental value seems to be too large for some
reason; this is also the case for TeBr2 and TeI2, and there-
fore a mean calculated amplitude was used above to esti-
mate the (rg – re) correction.

Natural Bond Orbital (NBO) Analysis

We performed an analysis of the electron density distri-
bution in terms of natural bond orbitals (NBO)[17] for the
molecules TeX2 (X = F, Cl, Br, I). According to the NBO
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analysis, the electron lone pairs of tellurium in TeX2 are
nonequivalent and possess different energies. The first pair,
LP1(Te) = spz

0.12 (symmetry a1), represents the 5s atomic
orbital (AO), partially polarized along the symmetry axis z.
The second pair, LP2(Te) = px (symmetry b1), represents the
AO in which the electron density maxima are symmetrically
localized above and below the yz molecular plane and has
no influence on the orbitals in the yz plane. Thus, the mut-
ual orientation of the three electron density domains in the
yz plane, the LP1(Te) and the two hybrid h(Te) AOs taking
part in the formation of the localized σ(Te–X) molecular
orbitals (MOs), determines the value of the valence angle,
rather than the orientations of the four electron density do-
mains on Te discussed in the VSEPR model.[28] This sugges-
tion was recently discussed by Haaland.[31]

The valence angle depends primarily on the composition
of the h(Te) hybrid AOs and LP1(Te). These compositions
are almost equal in all TeX2 (X = F, Cl, Br, I) molecules
(Table 4). The area which LP1(Te) occupies in the yz plane
is significantly larger than that of the h(Te) orbitals. There-
fore, the valence angle X–Te–X is close to 100° and is signif-
icantly smaller than the ideal angle of 120° between three
equivalent domains in a plane. The slight increase in the
X–Te–X valence angle in the series TeF2–TeI2 (see Table 3)
cannot be attributed to an increase in repulsion between the
halogen atoms. The r(X···X) distances in all dihalides ex-
ceed the corresponding sum of “one-angle”-nonbonded ra-
dii (r1–3) equal to 1.08, 1.44, 1.59, and 1.86 Å for F, Cl, Br,
and I, respectively.[28] Therefore, we suggest that this trend
in the valence angles is due to different electronegativities
(EN) of the ligands. A decrease in the EN of the substituent
is accompanied by a decrease in the coefficient at the h(X)
hybrid orbital and by a simultaneous increase in the coeffi-
cient of the h(Te) hybrid in the σ(Te–X) bonding MO. As a
consequence, the volume occupied by two h(Te) hybrid or-
bitals at the valence shell of the central atom increases,
which leads to an increase in the X–Te–X angle as the EN
of the ligand decreases. This is in agreement with the
VSEPR model.[28] According to this model, a ligand with a
higher EN attracts the electron density of the shared bond-
ing pair, which then decreases the volume of the electron
density in the valence shell of the central atom, and, thus,
decreases the repulsion between the shared pairs. This fi-
nally leads to a decrease in the valence angle. This statement
of the VSEPR model is clearly demonstrated by the coeffi-

Table 4. Localized two-centered MOs σ(Te–X) and the composi-
tion of the hybrid AOs for Te and X (X = F, Cl, Br, I) according
to CCSD(T)/ECP-46 calculations.

Localized two-centered MOs Hybrid AO composition

TeF2 σ(Te–F) = 0.37h(Te)+ 0.93h(F) h(Te) = s0.06p1

σ*(Te–F) = 0.93h(Te)–0.37h(F) h(F) = s0.24p1

TeCl2 σ(Te–Cl) = 0.54 h(Te)+0.84h(Cl) h(Te) = s0.06p1

σ*(Te–Cl) = 0.84h(Te)–0.54h(Cl) h(Cl) = s0.13p1

TeBr2 σ(Te–Br) = 0.59h(Te)+0.81h(Br) h(Te) = s0.06p1

σ*(Te–Br) = 0.81h(Te)–0.59h(Br) h(Br) = s0.09p1

TeI2 σ(Te–I) = 0.65h(Te)+0.76h(I) h(Te) = s0.06p1

σ*(Te–I) = 0.76h(Te) – 0.65h(I) h(I) = s0.07p1
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cients of the h(Te) and h(X) AOs in the linear combination
of localized σ(Te–X) MOs (see Table 4). Decrease in the
EN of the substituent is accompanied by a decrease in the
coefficient at the h(X) hybrid orbital and by a simultaneous
increase in the coefficient of the h(Te) hybrid in the σ(Te–
X) bonding MO. As a consequence, the volume occupied
by two h(Te) hybrid orbitals at the valence shell of the cen-
tral atom increases, which leads to an increase in the X–Te–
X angle as the EN of the ligand decreases.

Experimental Section
GED/MS

TeBr4: The combined GED/MS experiment was carried out by
using the technique described earlier.[7] The vapor effused from a
graphite cell; the orifice had internal dimensions of
0.6 mm�1.2 mm (diameter� length). The ratio of the evaporation/
effusion areas exceeded 500. The temperature as measured by a
W–Re (5/20) thermocouple was 471(5) K. All operations with the
sample TeBr4 (a yellow–orange fine-grained powder, Aldrich,
99.999%, anhydrous, m.p. 653 K) were carried out in a glove box
dried by P2O5.

The scattered electrons were collected on Kodak Electron Image
films of 9�12 cm. Six films from each of the two camera distances,
L1 = 598 and L2 = 338 mm, were taken for analysis. The optical
densities were measured by a computer-controlled MD-100 (Carl
Zeiss, Jena) microdensitometer.[8] The molecular scattering func-
tion was evaluated as sM(s) = [I(s)/G(s) – 1]·s, where I(s) is the total
electron scattering intensity and G(s) the experimental background.
For the vapor over solid TeBr4, the experimental and theoretical
radial distribution curves F(r) along with their difference curve
∆F(r) are shown in Figure 1.

After crossing the electron beam, the molecular beam effusing from
the cell enters directly into the ionization chamber of a monopole
mass spectrometer attached to the GED unit. This provided a real-
time monitoring of the vapor composition by recording of the mass
spectra simultaneously with the taking of the diffraction patterns.
The mass spectra (Table 1) demonstrate that the sample of TeBr4

evaporates incongruently, decomposing to tellurium dibromide,
TeBr2, and molecular bromine, Br2, along with a small amount of
tellurium tetrabromide, TeBr4.

TeI4: A sample of TeI4 was purchased from Aldrich, no grade indi-
cated, black crystals of 0.5–2.5 mm size, with metallic shining. The
crystals appeared to be insoluble in water and slowly soluble in
ethanol. All operations with the sample were carried out in a glove
box dried by P2O5. The same graphite effusion cell, as used for
TeBr4, was kept at 373 K during the recording of the diffraction
patterns. Conditions of the combined apparatus operations were
similar to those for TeBr4.

Mass spectra (Ui = 50 V) of the vapor over solid TeI4 consisted of
the following peaks: 48 (I+), 100 (I2

+), 4 (TeI+), 2 (TeI2
+); the rela-

tive intensities take the natural isotopic abundances into account.
This demonstrates that almost complete decomposition into I2

takes place with a minor amount of TeI2 at a “trace” level. For
the vapor over solid TeI4, the experimental and theoretical radial
distribution curves F(r) along with their difference ∆F(r) are shown
in Figure 1.

Analyses of the mass spectra for the both compounds showed no
peaks other than those mentioned in Table 1 (TeBr4) and in the
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text above (TeI4), which guarantees, in our case, a purity of 99%,
at least.

Quantum Chemical Calculations

All quantum chemical calculations were performed with the pro-
gram set GAUSSIAN 03.[9] The density functional theory method
(DFT-B3LYP), the Møller-Plesset perturbation theory of the sec-
ond order (MP2), and the coupled-cluster method with all single
and double excitations (CCSD) and a perturbative estimate of the
triple excitations [CCSD(T)] were applied. The MP2, CCSD, and
CCSD(T) calculations were carried out by using the chemical “fro-
zen” core approach.

For tellurium the large, 46 electron (1s22s22p63s23p63d104s24p6

4d10),[10] and small, 28 electron (1s22s22p63s23p63d10),[11] core shells
were described by the relativistic effective core potentials, abbrevi-
ated onward as ECP–46 and ECP–28, respectively. The
(15s,11p,3d,1f)/[3s,3p,2d,1f][12] and (12s11p9d1f)/[5s4p3d1f][11] basis
sets (cc-pVTZ) were used for the outer shell description sup-
plemented by diffuse s, p, d, and f functions (aug-cc-pVTZ), in
combination with the ECP–46 and ECP–28 effective potentials,
respectively.

The (11s6p3d2f)/[5s4p3d2f][13] and (16s10p3d2f)/[6s5p3d2f][14] full-
electron correlation consistent polarized valence basis sets aug-
mented by diffuse functions (aug-cc-pVTZ) were applied for the F
and Cl atoms, respectively. For bromine and iodine, the core shells
[(1s22s22p63s23p63d10) for Br and (1s22s22p63s23p63d104s24p64d10)
for I] were described by relativistic effective core potentials,[10] and
(14s10p2d1f)/[3s3p2d1f] basis sets supplemented by diffuse s, p, d,
and f functions[12] were used for the description of the valence
shells.

The parameters of pseudopotentials and basis sets were taken from
the database,[15] with the exception of the ECP–28 pseudopotentials
on the Te atom and the corresponding basis set, which were taken
from the database.[16]

The most extensive calculations were performed for TeBr2 in order
to compare results of various theoretical approximations with those
from our GED/MS study. Since TeBr4 has been detected in the
vapor over solid tellurium tetrabromide, although in quite small
amounts, quantum chemical calculations were performed for this
molecule, including those at the B3LYP and MP2 levels with ECP-
46 combination of core shell and basis sets. In addition, an electron
density distribution analysis in terms of natural bond orbitals
(NBO)[17] was performed by using the option implemented into the
Gaussian package.
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