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Force fields and vibrational frequencies were calculated for the molecules SOX2 and SeOX2, with
X = F, Cl, Br, using DFT techniques. The previously available experimental data and assignments
for the six molecules were confirmed by the theoretical results. These data were subsequently used
in the definition of the corresponding scaled quantum mechanics (SQM) force fields. A comparison
of the obtained internal force constants is made with results reported by other authors for the studied
species.
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Introduction

The force fields of the sulfuryl halides of formula
SO2X2 and SO2XF were studied a few years ago in this
laboratory [1, 2]. The thionyl and selenyl halides are
now considered with the purpose of a revision of the
published vibrational data and to calculate the corre-
sponding sets of force constants, appropriately scaled
to reproduce the experimental frequencies.

This kind of calculation should be based prefer-
ably on frequency data obtained for the substances in
the gas phase, in order to minimize molecular inter-
actions. This is particularly important for the SeOX2
species, where the tendency of Se(IV) to increase its
coordination number by forming oxygen and/or halo-
gen bridges causes a frequency lowering of the stretch-
ing modes in the condensed phases [3].

Infrared and Raman spectra of gaseous SOF2 were
reported by Pace and Samuelson [4], whereas the in-
frared spectrum of gaseous SOCl2 was measured by
Hopf and Paetzold [5]. Only the Raman spectrum of
liquid SOBr2 is known [6].

The selenyl halides have melting and boiling
points considerably higher than those of the thionyl
halides [7]. Therefore, relatively high temperatures are
necessary to record the spectra of the gaseous sub-
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stances. In that way were obtained for SeOF2 the in-
frared spectrum (at 100 ◦C, [5]) and Raman spectrum
(at 120 ◦C, [8]), and for SeOCl2 the infrared spec-
trum (unknown temperature, [5]). No data were found
for gaseous SeOBr2 and therefore the frequencies ob-
tained from a solution of the substance in acetonitrile
[3] were taken for the calculations.

Calculations

Optimized structures and vibrational frequencies for
SOX2 and SeOX2were obtained at the Hartree-Fock
level using the 6-31G∗ basis set, or with density func-
tional theory (DFT) methods by means of the B3LYP
[9, 10] and B3PW91 [9, 11] functionals and using the
6-31G and 6-311G basis sets alone or augmented with
diffuse and/or polarized functions. The calculations
were made in all cases with the GAUSSIAN 03 set of
programs [12]. The results of these calculations are
available from the authors. These exploratory calcula-
tions showed that the B3PW91/6-31G∗ combination,
which was selected before for the studies made on the
SO2X2 [1] and SO2XF [2] molecules, allowed a rela-
tively good reproduction of the experimental frequen-
cies of the SOX2 molecules. Such calculation level was
therefore adopted for the thionyl and also for the se-
lenyl molecules, in order to have comparable results.
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Table 1. Calculateda and experimental geometrical parameters for the series SOX2 and SeOX2 (X = F, Cl, Br).
SOF2 SOCl2 SOBr2 SeOF2 SeOCl2 SeOBr2

calcd. exp. [20] calcd. exp. [21] calcd. exp. [22] calcd. exp. [23] calcd. exp. [24] calcd.

Bonds (Å)
S(Se)=O 1.443 1.420 (3) 1.458 1.443 (6) 1.464 1.45b 1.596 1.576 (3) 1.610 1.612 (5) 1.617
S(Se)–X 1.621 1.583 (3) 2.122 2.076 (6) 2.277 2.27 (2) 1.746 1.7295 (45) 2.228 2.204 (5) 2.376
Angles (◦)
X–S(Se)=O 107.0 106.2 (2) 108.0 106.3 (6) 108.8 108 (3) 105.04 104.82 (1) 105.34 105.8 (7) 106.03
X–S(Se)–X 92.6 92.2 (3) 98.8 96.1 (7) 98.3 96 (2) 92.30 92.22 (10) 97.81 96.8 (7) 98.17
a B3PW91/6-31G∗ calculations; b assumed distance.

Fig. 1. The molecular structures and NBO atomic charges of
the SOX2 species.

The harmonic force field in Cartesian coordinates
given by the theoretical calculation was transformed
to natural (local symmetry) coordinates [13] through
the corresponding B matrix [14], calculated with a
standard program. The resulting force field was sub-
sequently scaled using the scheme of Pulay et al. [15],
in which the diagonal force constants are multiplied by
scale factors fi. f j, . . . and the corresponding interac-
tion constants are multiplied by ( fi, f j)1/2, adjusting
the scale factors by a least squares procedure to re-
produce as well as possible the experimental frequen-
cies. The potential energy distribution (PED), which
gives the participation of each defined coordinate to
each normal mode of vibration, was calculated with
the resulting SQM (Scaled Quantum Mechanics) force
field.

Fig. 2. The molecular structures and NBO atomic charges of
the SeOX2 species.

The force field transformation, scaling and PED
calculation were performed with the program
FCARTP [16]. The atomic displacements given by the
GAUSSIAN 03 programs for each vibrational mode,
represented graphically by means of the program
MOLDRAW [17], served to understand qualitatively
the nature of the molecular vibrations.

Atomic charges and Wiberg bond indices [18] of
the studied molecules were calculated by means of the
Natural Bond Orbitals (NBO) approach [19], as imple-
mented in the GAUSSIAN 03 package, using also the
B3PW91/6-31G∗ combination.

Structural Results

The geometry optimization procedures predicted in
all cases the expected pyramidal structures of Cs sym-
metry shown in Figs. 1 and 2. The obtained geo-
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Table 2. Natural internal coordinates for the series S(Se)OX2.
Definition (according to Fig. 1) Descriptiona

A0
S1 = d(1−2) ν S(Se)=O
S2 = r(1−3)+ r(1−4) ν SX2 symm.
S3 = α(3−1−2)+α(4−1−2) wag. SX2
S4 = β(3−1−4) δ SX2

A00
S5 = r(1−3)− r(1−4) ν SX2 antisymm.
S6 = α(3−1−2)−α(4−1−2) ρ SX2

a ν , stretching; δ , deformation; ρ , rocking

Table 3. Scaling factors for the force field of the series
S(Se)OX2.

Coordinatesa SOF2 SOCl2 SOBr2 SeOF2 SeOCl2 SeOBr2
ν S=O 0.997 1.000 0.820 0.930 0.931 0.908
ν SX2 0.910 1.096 0.866 0.880 0.935 0.814
wag. SX2, ρ SX2, 1.191 1.180 1.040 1.126 1.193 1.038

δ SX2

RMSD (cm−1)b 27 → 3 16 → 4 49 → 6 43 → 5 20 → 3 22 → 5
a ν , stretching; δ , deformation; ρ , rocking; b root Mean Square
Deviation of calculated frequencies compared with experimental fre-
quencies, before and after scaling of the force constants.

Table 4. Experimental and calculated frequencies and potential energy distributions for the SOX2 molecules.
SOF2 SOCl2 SOBr2

Mode exp. [4] calcd. SQMa PEDb exp. [5] calcd. SQMa PEDb exp. [6] calcd. SQMa PEDb

A0
ν1 1330.4 1330 99 S1 1261 1261 100 S1 1121 1121 100 S1
ν2 808.2 805 81 S2 500 506 56 S2 + 29 S3 405 411 40 S2 + 41 S3
ν3 530.4 536 67 S3 + 17 S2 354 353 62 S3 + 41 S2 267 263 55 S3+ 54 S2
ν4 377.8 374 99 S4 + 32 S3 194 191 103 S4 + 21 S3 120 114 99 S4 + 16 S3
A00
ν5 747.0 749 93 S5 464 458 64 S5 + 41 S6 379 386 52 S5 + 50 S6
ν6 392.5 391 92 S6 283 287 59 S6 + 37 S5 223 214 50 S6 + 48 S5
RMSD (cm−1) 3 4 6
a from Scaled Quantum Mechanics force field (see text); b contributions ≥ 10 %.

Table 5. Experimental and calculated frequencies and potential energy distributions for the SeOX2 molecules.
SeOF2 SeOCl2 SeOBr2

Mode exp. [5, 8] calcd. SQMa PEDb exp. [5] calcd. SQMa PEDb exp. [3] calcd. SQMa PEDb

A0
ν1 1037 1037 100 S1 991 991 100 S1 961 961 100 S1
ν2 667* 662 96 S2 390 389 85 S2 284 286 52 S2 + 34 S3
ν3 382 379 83 S3 278 283 84 S3 + 14 S2 223 214 62 S3+ 47 S2
ν4 270 279 102 S4 167 166 104 S4 + 14 S3 96 97 104 S4 + 13 S3
A00
ν5 637* 642 97 S5 362 363 82 S5 + 18 S6 270 278 51 S5 + 49 S6
ν6 308 304 99 S6 264 260 82 S6 + 17 S5 199 196 51 S6 + 49 S5
RMSD (cm−1) 5 3 5

* bands from Raman spectrum; a from Scaled Quantum Mechanics force field (see text); b contributions ≥ 10 %.

Table 6. Internal force constants for the series SOX2.
SOF2 SOCl2 SOBr2

Force constanta this work SH [25] HP [5] this work SH [25] HP [5] this work SH [25]
Bond stretchings
f (S=O) 11.032 10.853 10.85 10.016 9.711 9.89 7.917 7.807
f (S–X) 3.966 3.972 4.16 1.839 1.787 2.23 1.446 1.525
f (S=O/S–X) 0.230 – – 0.228 – – 0.161 –
f (S–X/S–X) 0.276 – 0.44 0.336 – 0.32 0.230 –
f (S–X/X–S–X) 0.102 – – 0.071 – – 0.076 –
f (S–X/X–S=O)b 0.008 −0.369 – 0.026 −0.143 – 0.002 −0.121
Angular deformations
f (X–S=O) 1.767 1.781 1.70 1.463 1.374 1.20 1.138 1.051
f (X–S–X) 1.833 1.849 1.51 1.308 1.184 1.12 1.060 1.134
f (X–S=O/X–S=O) 0.441 0.574 0.43 0.347 0.407 0.27 0.274 0.285
f (X–S=O/X–S–X) 0.431 – – 0.358 – – 0.291 –
a units are mdyn Å−1 for stretchings and stretch/stretch interactions and mdyn Å rad−2 for angular deformations; b bond/adjacent angle
interaction constant.
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Table 7. Internal force constants for the series SeOX2.
SeOF2 SeOCl2 SeOBr2

Force constanta this work SH [25] HP [5] this work SH [25] HP [5] this work
Bond stretchings
f (Se=O) 8.404 7.875 8.37 7.714 7.035 7.67 7.262
f (Se–X) 3.754 3.320 3.57 1.898 1.831 1.97 1.448
f (Se=O/Se–X) 0.158 – – 0.176 – – 0.150
f (Se–X/Se–X) 0.140 – 0.37 0.230 – 0.23 0.182
f (Se–X/X–Se–X) −0.016 – – 0.038 – – 0.044
f (Se–X/X–Se=O)b −0.093 −0.941 – −0.025 −0.479 – −0.025
Angular deformations
f (X–Se=O) 1.349 1.656 1.36 1.270 1.169 1.15 1.004
f (X–Se–X) 1.251 1.056 1.05 1.168 0.651 1.03 0.891
f (X–Se=O/X–Se=O) 0.268 0.369 0.27 0.204 0.362 0.10 0.165
f (X–Se=O/X–Se–X) 0.269 – – 0.240 – – 0.210
a units are mdyn Å−1 for stretchings and stretch/stretch interactions and mdyn Å rad−2 for angular deformations; b bond/adjacent angle
interaction constant.

metrical parameters are collected in Table 1, together
with the available experimental data. Such data have
originated from electron diffraction experiments [20 –
22, 24], with the exception of SeOF2, which was stud-
ied by means of microwave techniques [23]. No struc-
tural data were found for SeOBr2 in the literature.

It can be seen that the larger differences between ex-
perimental and calculated distances amount to 0.02 Å
for S(Se)O bonds and 0.046 Å for S(Se)–X bonds. An-
gles are reproduced within 1◦, save for SOCl2 in which
case the larger difference amounts to 2.7◦.

Vibrational Results

The six normal modes of vibration of the studied
S(Se)OX2 molecules can be classified as 4A0 + 2A00,
within the point group Cs.

There is agreement between the different authors
regarding the assignments of the bands observed for
SOX2 and SeOX2. The atomic displacement vectors
given by the present calculations agree also with these
assignments.

The harmonic force fields in Cartesian coordi-
nates generated by the GAUSSIAN suite of programs
for the studied molecules were transformed to the
set of coordinates defined in Table 2. The result-
ing force constants were subsequently scaled accord-
ing to the methodology proposed by Pulay et al.
[15], as mentioned in the calculations section, in or-
der to reproduce as well as possible the experimental
frequencies.

The calculated scaling factors corresponding to each
force constant of the six molecules appear in Table 3, in
which is also shown the decrease in the RMSD (Root
Mean Square Deviation) when comparing the experi-

mental frequencies with the calculated ones, before
and after scaling.

The SQM force fields obtained in that way were
used to calculate the potential energy distribution.
These values, as well as the experimental and calcu-
lated frequencies, are given in Tables 4 and 5. The in-
ternal force constants appearing in Tables 6 and 7 were
also calculated from the SQM force fields (the corre-
sponding force constants matrices are available from
the authors).

Discussion of the Results

The obtained internal force constants are compared
in Tables 6 and 7 with the values reported by Suthers
and Henshall [25] and by Hopf and Paetzold [5].
Several interaction constants were not given by these
authors and therefore the comparison is incomplete.
There is a fair agreement between the main force con-
stants, but the interaction constants differ in many
cases. The relative values and signs of some interaction
constants are discussed in [25] on the basis of the re-
pulsive forces existing between the highly electroneg-
ative halogen atoms and the lone electron pair located
on the central S and Se atoms. In fact, an increase
in the X–S(Se)=O angle will result in a decrease in
the halide/lone-pair separation, creating a strain which
can be relieved by stretching of the S(Se)–X bond; the
net decrease of the molecular potential energy should
be reflected in a negative sign of the f [S(Se)–X/X–
S(Se)=O] interaction constant. Such prediction is con-
firmed only for the selenyl compounds in the present
study (Table 7). Following the same reasoning, the si-
multaneous opening of both X–S(Se)=O angles should
increase the potential energy, justifying the positive
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Table 8. Experimental frequencies and additional data for the
SOX2 molecules.
Modea SOF2 SOCl2 SOBr2
ν S=O 1330.4 1261 1121
ν SX2 symmetric 808.2 500 405
ν SX2 antisymm. 747.0 464 379
wag. SX2 530.4 354 267
rock. SX2 392.5 283 223
δ SX2 377.8 194 120

d S=O (Å, calc.) 1.443 1.458 1.464
f S=O (mdyn Å−1) 11.032 10.016 7.917
WI S=Ob 1.551 1.475 1.439

d S–X (Å, calc.) 1.621 2.122 2.277
f S–X (mdyn Å−1) 3.966 1.839 1.446
WI S–Xb 0.687 0.807 0.820
a ν , stretching; δ , deformation; b Wiberg index [18] calculated with
the NBO method [19].

Table 9. Experimental frequencies and additional data for the
SeOX2 molecules.
Modea SeOF2 SeOCl2 SeOBr2
ν Se=O 1037 991 961
ν SeX2 symmetric 667 390 284
ν SeX2 antisymm. 637 362 270
wag. SeX2 382 278 223
rock. SeX2 308 264 199
δ SeX2 270 167 96

d Se=O (Å, calc.) 1.596 1.610 1.617
f Se=O (mdyn Å−1) 8.404 7.714 7.262
WI Se=Ob 1.505 1.450 1.414

d Se–X (Å, calc.) 1.746 2.228 2.376
f Se–X (mdyn Å−1) 3.754 1.898 1.448
WI S–Xb 0.646 0.800 0.826
a ν , stretching; δ , deformation; b Wiberg index [18] calculated with
the NBO method [19].

sign of f [X–S(Se)=O/X–S(Se)=O]. The same argu-
ment is used to account for the occurrence of higher
frequencies for the symmetric S(Se)X2 stretching fre-
quencies in comparison with the antisymmetric ones,
reversing the trend which is usual in other molecules,
such as the sulfuryl halides [1, 2].

The experimental frequencies for the SOX2 and
SeOX2 molecules are collected in Tables 8 and 9 to-
gether with some internal force constants, interatomic
distances and Wiberg indices. The positive charge on
the central atoms decreases with the decreasing elec-
tronegativity of the halogen along the series, as shown
in Figs. 1 and 2. This is accompanied by a smaller
electron back-donation from the oxygen atom reinforc-
ing the S=O or Se=O bond, as mentioned also by
Suthers and Henshall [25]. The consequence is a de-
crease of the S(Se)=O bond order (as measured by
the Wiberg index) and in the corresponding force con-

stants, whereas the S(Se)=O bond length increases
(Tables 8 and 9).

The S(Se)–X distances show the expected increase
along the series on account of the increasing covalent
radius of the halogen atoms. A larger participation of
the halogen electrons in the S(Se)–X bonds is expected
with decreasing halogen electronegativity along the se-
ries, explaining the increasing Wiberg indices. The cor-
responding force constants, however, show a decrease
related to the increasing S(Se)–X bond lengths.
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