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The molecular structures of Se(SCH3 )2 and Te(SCH3 )2 were investigated using gas-phase electron diffraction (GED)
and ab initio and DFT geometry optimisations. While parameters involving H atoms were reﬁned using ﬂexible
restraints according to the SARACEN method, parameters that depended only on heavy atoms could be reﬁned
without restraints. The GED-determined geometric parameters (rh1 ) are: rSe–S 219.1(1), rS–C 183.2(1), rC–H
109.6(4) pm; ∠S–Se–S 102.9(3), ∠Se–S–C 100.6(2), ∠S–C–H (mean) 107.4(5), φS–Se–S–C 87.9(20), φSe–S–C–H
178.8(19)◦ for Se(SCH3 )2 , and rTe–S 238.1(2), rS–C 184.1(3), rC–H 110.0(6) pm; ∠S–Te–S 98.9(6), ∠Te–S–C 99.7(4),
∠S–C–H (mean) 109.2(9), φS–Te–S–C 73.0(48), φTe–S–C–H 180.1(19)◦ for Te(SCH3 )2 . Ab initio and DFT
calculations were performed at the HF, MP2 and B3LYP levels, employing either full-electron basis sets [3-21G(d) or
6-31G(d)] or an effective core potential with a valence basis set [LanL2DZ(d)]. The best ﬁt to the GED structures was
achieved at the MP2 level. Differences between GED and MP2 results for rS–C and ∠S–Te–S were explained by the
thermal population of excited vibrational states under the experimental conditions. All theoretical models agreed that
each compound exists as two stable conformers, one in which the methyl groups are on the same side (g+ g−
conformer) and one in which they are on different sides (g+ g+ conformer) of the S–Y–S plane (Y = Se, Te). The
conformational composition under the experimental conditions could not be resolved from the GED data. Despite
GED R-factors and ab initio and DFT energies favouring the g+ g+ conformer, it is likely that both conformers are
present, for Se(SCH3 )2 as well as for Te(SCH3 )2 .

Introduction

DOI: 10.1039/b505287b

Spectroscopic and quantum chemical investigations have clearly
demonstrated that trisulfane, HSSSH, exists as both syn (or
g+ g− ) and anti (or g+ g+ ) conformers, where syn and anti refer
to the positions of the H atoms relative to the S–S–S plane.
Due to the small steric demand of the hydrogen atoms, the
two conformers differ in energy by only 1 kJ mol−1 , in favour
of the g+ g+ conformer.1 To date only two trisulfane derivatives
have been studied using gas-phase electron diffraction. Dimethyl
trisulfane, CH3 SSSCH3 , was ﬁrst studied in 1948,2 and has
recently been reinvestigated,3 because there were huge uncertainties in the original work. Both conformers of CH3 SSSCH3
ﬁt the experimental data and it was the small calculated
energy difference [7.7 kJ mol−1 with MP2(fc)/6-311+g(d) in
† Electronic supplementary information (ESI) available: Table S1:
Nozzle-to-ﬁlm distances, weighting functions, scale factors, correlation
parameters and electron wavelengths, used in the electron diffraction
studies of Se(SCH3 )2 and Te(SCH3 )2 . Table S2: Comparison of rC–
C and various amplitudes of vibration for the fractional weight
and bilinear methods of digital pixel interpolation for the GED
scattering pattern for benzene. Tables S3–S6: Calculated [HF/631G(d), B3LYP/6-31G(d), MP2/6-31G(d), MP2/LanL2DZ(d)] coordinates for Se(SCH3 )2 . Tables S7–S10: Calculated [HF/3-21G(d),
HF/LanL2DZ(d), B3LYP/LanL2DZ(d), MP2/LanL2DZ(d)] coordinates for Te(SCH3 )2 . Tables S11 and S12: Least-squares correlation
matrix for Se(SCH3 )2 and Te(SCH3 )2 . Fig. S1 and S2: Experimental and
difference (experimental − theoretical) molecular-scattering intensities
for Se(SCH3 )2 and Te(SCH3 )2 . See http://dx.doi.org/10.1039/b505287b
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favour of the g+ g+ conformer] that led the authors conclude
that both were present under the experimental conditions.
For bis(triﬂuoromethyl) trisulfane, CF3 SSSCF3 ,4 the gas-phase
electron diffraction data were interpreted on the basis of the g+ g+
form alone, consistent with a larger ab initio energy difference
between g+ g+ and g+ g− of about 10 kJ mol−1 (HF/3-21G*).
Structures and conformations of trisulfanes, RSSSR, therefore
clearly depend on R.
Our aim was to study the molecular structures of the 2seleno and 2-telluro derivatives, Se(SCH3 )2 and Te(SCH3 )2 ,
called selenium dimethanethiolate and tellurium dimethanethiolate, respectively. Their molecular structures in the solid state
were recently investigated by means of single-crystal X-ray
diffraction.5,6 While Se(SCH3 )2 adopts a g+ g+ conformation,
Te(SCH3 )2 exhibits a g+ g− conformation in the solid state. In
both cases, intermolecular Y · · · S contacts are present (Y =
Se, Te). Ab initio calculations suggest that these interactions
have an impact on structural parameters and that the effect
is more pronounced for Te(SCH3 )2 than for Se(SCH3 )2 . GED
data should reveal if there are structural differences between
the solid and the gaseous states. Furthermore, while structures
of molecules composed of light atoms (e.g. hydrocarbons) can
be very accurately determined by ab initio methods,7 molecules
including heavy elements such as selenium and tellurium still
pose a challenge for theory. Additionally, little information is
available about gas-phase structures of molecules containing
selenium or tellurium,8 and no GED studies have been reported
for molecules where the heavier chalcogens (Se, Te) bind to
the lighter ones (O, S). The GED structures of Se(SCH3 )2 and
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Te(SCH3 )2 will thus contribute to the understanding of bonding
between heavier and lighter chalcogens and also help to evaluate
the quality of the ab initio optimised structures.

Experimental
Quantum chemical studies
Quantum chemical ab initio and DFT investigations were
performed with the Gaussian 98 program package.9 Ab initio
geometry optimisations, single-point energy calculations and
analytical or numerical calculations of vibrational frequencies
were performed at either the HF or the MP2 level. Using DFT
methods, a combination of local, gradient-corrected, and exact
exchange functionals according to the prescription of Becke10
and the gradient-corrected correlation functional of Lee, Yang
and Parr11 were employed (B3LYP). The following basis sets
were used: a split-valence 3-21G(d) basis set for Te(SCH3 )2 ,12
and a split-valence 6-31G(d) basis set for Se(SCH3 )2 .13 The
LanL2DZ(d) basis set, used for both Se(SCH3 )2 and Te(SCH3 )2 ,
is made up as follows: Te, Se, S: relativistic effective core
potentials (ECP) and the corresponding double-f valence basis
sets,14 augmented by appropriate polarisation functions (with exponents according to Höllwarth et al.15 ); C: Dunning’s and Hay’s
[3s2p] contracted-valence double-f basis,16 augmented with a set
of polarization functions (exponent 0.75); H: Huzinaga’s (4s) basis contracted to [2s].17 Applied symmetry restrictions are given
in the text. Force ﬁelds were calculated at the MP2/LanL2DZ(d)
level. These were used to provide estimates of the amplitudes
of vibration (uh1 ) and the curvilinear corrections (kh1 ), from
the SHRINK program,18 for use in the gas-phase electron
diffraction reﬁnements. Molecular wavefunctions were analysed
by means of natural orbitals.19
To compare the accuracy of the different theoretical models, a
procedure was employed to measure the deviation of calculated
geometric parameters from experimental ones. For each of the
non-restrained parameters, pi (C), in the GED reﬁnement of a
distinct compound, C, a relative deviation, d i,m (C) between the
GED reﬁned value, pi,GED (C), and the value optimised with a
certain model, m [e.g. MP2/6-31G(d)], pi,m (C), was deﬁned as
d i,m (C)2 = ((pi,GED (C) − pi,m (C))/(esd(pi ))2 /pi,GED (C)2

(1)

where esd(pi ) is the mean standard deviation of the parameters.
They are applied as weighting factors such that a parameter with
a large esd has a lower weight.
For each model, m, the overall deviation for a given compound, C, Dm (C) is deﬁned as

Dm (C) = {[ i d i,m (C)2 ]/n(C)2 }1/2
(2)
where n(C) is the number of non-restrained geometric parameters for compound C. The smaller Dm (C), the more accurate is
the model in terms of geometric parameters.
Gas-phase electron diffraction (GED)
Data were collected for Se(SCH3 )2 and Te(SCH3 )2 using the
Edinburgh gas-phase electron diffraction apparatus.20 An accelerating voltage of around 40 kV was used, representing
an electron wavelength of approximately 6.0 pm. Scattering
intensities were recorded on Kodak Electron Image ﬁlms at
nozzle-to-ﬁlm distances of 94.89 and 293.46 mm for Se(SCH3 )2
and 97.51 and 259.65 mm for Te(SCH3 )2 . In the case of
Te(SCH3 )2 both sets of scattering intensity data were recorded
with sample and nozzle temperatures held at 348 and 360 K
respectively. For Se(SCH3 )2 , data were ﬁrst collected at the longer
nozzle-to-ﬁlm distance, where sample and nozzle temperatures
of 286 and 298 K provided a sufﬁcient vaporisation rate for
the GED experiment. In order to collect data at the shorter
distance it proved necessary to increase the temperatures to 332
and 343 K.
3222
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The weighting points for the off-diagonal weight matrices,
correlation parameters and scale factors for both camera
distances for Se(SCH3 )2 and Te(SCH3 )2 are given in Table S1
(ESI†). Also included are the exact electron wavelengths as
determined from the scattering patterns for benzene, which
were recorded immediately after the patterns for the sample
compounds. The scattering intensities were measured using an
Epson Expression 1600 Pro ﬂatbed scanner and converted to
mean optical densities as a function of the scattering variable,
s, as described in the section below. The data reduction and
the least-squares reﬁnement processes were carried out using
the ed@ed program21 employing the scattering factors of Ross
et al.22
Edinburgh scanning software
There are two steps to perform when obtaining scattering
information from gas electron diffraction plates or ﬁlms. Initially
the program must ﬁnd the centre of the scattering pattern, and
then it must extract the data from the plate into a digital format
that can be used in the ed@ed program.21
Centring algorithm
The ﬁrst step in forming a mean scattering proﬁle is to determine
accurately the position of the centre of the scattering pattern.
The program does this using a cross-correlation function, as
deﬁned in eqn (3), where f (x) is a function and g(x + h) is a
similar function, but offset by some amount, h. The program uses
a cross-correlation technique in which the displacement between
two similar functions can be determined by the convolution
integral in eqn (3). C(h) represents the likelihood that the
shift between the two functions is h and hence the most likely
displacement h is at the maximum of the function C(h).

C(h) = [f (x)g(x + h)]dx
(3)
With raster data it is necessary to ﬁnd displacements using
a discrete cross-correlation function. The program ﬁnds the
maximum value of this function and solves for h by doing a
parabolic interpolation near that value.
The simplest way to ﬁnd the centre of the scattering pattern
is to start at an assumed centre of the pattern and cut the raster
along both the x axis and the negative x axis, giving two proﬁles
that can be used in the cross-correlation process. The measured
shift, h , is an indication of the displacement of the x coordinate
of the assumed centre from the true centre of the pattern. If we
perform a similar exercise along the positive and negative y axes,
then we have an estimate of the location of the true centre in y
as well.
Taking this concept one step further, consider a line from the
assumed centre at an angle, a, anti-clockwise from the positive
x axis, with 0 ≤ a ≤ 90◦ . From this line take four cuts at 90◦
intervals. Cross-correlate cuts one and three to measure dx, cuts
two and four to measure dy. These values are related to the actual
displacement of the central coordinates from the assumed centre
(dx,dy) by eqns (4) and (5). Doing this over a range of values of
a yields a number of estimates of (dx,dy). These can be averaged
to form ﬁnal values dx and dy as well as an estimate of the
scatter about these values. The initial estimate of the central
coordinates is updated by adding these mean shifts and then
the process repeats until the values of dx and dy are lower
than some preset convergence threshold, which is generally only
a fraction of the pixel size.
dx = 0.5[dx cos(a) − dy sin(a)]

(4)

dy = 0.5[dx sin(a) + dy cos(a)]

(5)

This method has been adapted and discussed by Weber et al.,23
who have used it in centring their own CCD camera digital
electron-diffraction data.

Cross correlation has the advantage that it uses all of the
information in the proﬁles simultaneously and hence gives very
robust estimates of displacements. One disadvantage is that the
displacement can be severely biased by any low frequencies that
are present in the cuts. It is therefore important that such broad
features are ﬁltered out before cross correlation. We accomplish
this by ﬁtting low-order polynomials and dividing them through
the proﬁles. This ensures that the peaks and troughs of the
scattering proﬁle are what determine the centre of the pattern.
Another consideration is the assumption that the data are
circular rather than slightly elliptical, in spite of the possible
effects of the Earth’s magnetic ﬁeld on the paths of the scattered
electrons. A detailed three-component analysis of the situation
ﬁnds that one component merely rotates the pattern about the
beam axis, while the other two cancel because of the geometry
of the ﬂat detector intersecting the scattered cone of electrons.
Indeed, the data have proved to be circular within the precision
of our scanner.
Not all the plate or ﬁlm is considered when ﬁnding the central
coordinates of the diffraction pattern, but instead a range of
radii is used to deﬁne the area to be considered in the cross
correlation. The innermost part of the pattern often contains
non-ideal data and the image of the beam stop. The user is
required to specify the range of radii (in pixel space) that are to
be considered in the cross correlation. For raster maps with very
low signal it is often worth ignoring much of the outer region of
the pattern, as there is very little information there and the noise
just increases the random error of the value of the shift.
Proﬁle extraction
Having deﬁned the pattern centre, the second task is to reduce
the raster into a mean one-dimensional proﬁle. This is done by
azimuthal averaging in concentric rings for each interval in wave
number. This latter is deﬁned in eqn (6), where ke is the electron
wavelength, Dx is the physical pixel size of the raster, r is the
radius of the point from the centre of the pattern (in pixels) and
Kc is the nozzle-to-camera distance. The proﬁles are calculated
over a range of values of s and for a bin size of ds. The value
of Dx for our Epson Expression 1600 Pro ﬂatbed scanner was
determined from scans of a stellar region.



1
rDx
4p
(6)
sin
arctan
s=
ke
2
Kc
Because the raster is discrete rather than continuous, some form
of interpolation has to be employed and the program does this
in two different ways.
The ﬁrst method is to use the current value of s to deﬁne a
value of r, and then sample the raster at this radius at a number
of position angles, typically every one degree. The value at a
particular radius and position angle is calculated from a bilinear
interpolation of the four nearest points to the current values of
(x,y). The proﬁle is then taken to be the median value of all the
samples at this radius. This method has the advantage that it is
very quick.
The second method is to look at all the pixels in the raster.
The main issue here is what to do with pixels which fall on the
boundaries of the circular bins in s. The method that works
best calculates the fractional area of the current pixel that falls
into each s bin. That fraction acts as a weight and the ﬁnal
value at that radius is the weighted average of all the pixels that
contribute to that bin. This method has the advantage that it
uses all of the information in the raster. It is a little slower than
the bilinear interpolation method, but not prohibitively so.
With both methods, a CCD background intensity needs to
be calculated and subtracted. This CCD background value is
calculated in an annulus outside the exposed region of the ﬁlm.
A detailed study of the bilinear interpolation and fractional
weight methods has been carried out on benzene calibration
runs at both high temperature and room temperature using

both long and short camera distances. The fractional weight
method yields better RG values by about 13% for both sets
of short camera distance (larger angle, lower signal-to-noise
(S/N) ratio) data, and is better by 3% for the room-temperature
long camera distance data. Hence, it is generally preferred.
However, the bilinear interpolation method is 8% better for the
high-temperature long camera distance experiment. This can be
understood because the method (like a traditional densitometer)
samples more points that are closer together at small scattering
angles with better S/N. Using this small angle data more often
gives it more weight and improves the ﬁt, an effect that is smaller
but is also in evidence for the better-behaved room-temperature
long camera distance data. A table showing this comparison is
included in Table S2 (ESI†).
Data transformation
The program allows for several different data formats, and
also allows for the data to be in transmission units or in
density. As it is density that is wanted, the program can
transform a map in transmission as it goes. What is needed is
a ﬁle with the transformation coefﬁcients. The conversion from
transmission to density is modelled for each pixel as a power
series expansion of the form given in eqn (7), where x is deﬁned
by x = log(62000) − log(transmission). The value 62000 is a
nominal peak transmission value, set slightly below the notional
maximum of 65535 for a scanner using unsigned short integer
arithmetic. Higher values will not be observed because there is
always some absorption, even for a “clear” object. For other
scanners this value may need to be changed.
density =

n


ai xi

(7)

0

Results
Ab initio and DFT calculations
Ab initio and DFT investigations were performed at various
levels of theory (HF, B3LYP, MP2), employing either fullelectron basis sets [3-21G(d) and 6-31G(d)] or an effective core
potential with an appropriate valence basis set [LanL2DZ(d); for
details see Table 1]. At all levels and with all basis sets employed
two conformational energy minima existed for both Se(SCH3 )2
and Te(SCH3 )2 , representing conformers with methyl groups in
gauche positions to the opposite Y–S bond (i.e. with φSYSC ∼
=
75–90◦ ). In one case the two groups were on the same side of the
S–Y–S plane (g+ g− ) and in the other case they were on opposite
sides of the plane (g+ g+ ), as shown in Fig. 1. These ﬁndings are in
accordance with those for HSSSH and CH3 SSSCH3 .1,3 Ab initio
optimised molecular geometries and differences in zero-point
energies are given in Table 1. Coordinates for these calculated
structures are given in Tables S3–S10 (ESI†).

Fig. 1 The g+ g+ (left) and g+ g− (right) conformers of Y(SCH3 )2 (Y =
Se, Te), showing the p-type lone pairs on the S atoms.

Description of the GED models
On the basis of the MP2/LanL2DZ(d) geometries, a model was
written describing the structure of Se(SCH3 )2 as a mixture of
both conformers. A similar model was used for Te(SCH3 )2 as
the only differences between the Te and Se structures were in the
values for the bond lengths, angles and torsions and not in the
Dalton Trans., 2005, 3221–3228
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Dm d

DE 0 e

238.1(2)
184.1(3)
110.0(6)
98.9(6)
99.7(4)
109.2(9)
73.0(48)
180.1(19)

p1
p2
p3
p4
p5
p6
p7
p8

rTe–S
rS–C
rC–H
∠S–Te–S
∠Te–S–C
∠S–C–H (mean)
φS–Te–S–C
φTe–S–C–H(6)

GED

DE 0 e

Te(SCH3 )2

Dm d

219.1(1)
183.2(1)
109.6(4)
102.9(3)
100.6(2)
107.4(5)
87.9(20)
178.8(19)

p1
p2
p3
p4
p5
p6
p7
p8

rSe–S
rS–C
rC–H
∠S–Se–S
∠Se–S–C
∠S–C–H (mean)
φS–Se–S–C
φSe–S–C–H(6)

GED

Se(SCH3 )2

—
—
109.6(10)
—
—
109.3(10)
—
180.0(20)

Restraint

—
—
109.6(10)
—
—
109.2(10)
—
179.8(20)

Restraint

240.9(3)
181.5(5)
—
98.9(1)
103.8(4)
—
85.7(7)
—

XRD

c

218.9(3)
180.9(3)
—
103.2(5)
102.3(6)
—
79.8(9)
—

XRD

c

0.0229
−5.1

240.3
182.7
108.0
100.4
103.6
109.3
77.2
181.1

C2
240.3
182.8
108.0
102.5
104.4
109.5
87.5
186.6
0.0223
−6.1

238.7
183.0
108.2
101.3
103.7
109.3
78.2
181.3

C2
238.7
183.1
108.2
103.2
104.5
109.4
88.5
186.3

Cs

HF/LanL2DZ(d)

222.0
183.9
109.3
106.9
102.7
109.3
88.5
193.2

Cs

HF/3-21G(d)

222.1
183.7
109.3
105.4
101.9
109.2
81.3
184.4

C2

0.0356
−4.9

Cs

219.0
181.9
108.1
105.2
102.8
109.4
89.9
191.2

Cs

B3LYP/6-31G(d)

0.0317
−6.6

219.1
181.7
108.1
103.7
101.9
109.3
80.3
183.8

C2

HF/6-31G(d)

219.7
181.9
109.1
105.6
101.4
109.5
87.7
194.4

Cs

0.0309
−4.2

242.0
184.9
109.5
103.5
103.8
109.3
80.3
182.1

C2

242.1
185.0
109.5
105.3
104.3
109.4
88.2
188.3

Cs

B3LYP/LanL2DZ(d)

0.0221
−6.1

219.9
181.6
109.2
103.4
100.4
109.3
78.4
183.1

C2

MP2/6-31G(d)

GED (rh1 ), XRD and calculated (re ) geometric parameters for the g+ g+ (C 2 symmetry) and g+ g− (C s symmetry) conformers of Se(SCH3 )2 and Te(SCH3 )2 a , b

220.8
182.9
109.6
105.3
102.4
109.4
88.3
189.1

Cs

0.0135
−5.5

239.3
183.2
109.6
100.3
101.9
109.3
75.7
180.1

C2

239.3
183.5
109.6
103.4
102.9
109.5
86.4
187.6

Cs

MP2/LanL2DZ(d)

0.0226
−7.3

220.9
182.7
109.6
102.6
101.1
109.2
76.0
179.8

C2

MP2/LanL2DZ(d)

a

Distances (r) are in pm, angles (∠) and torsions (φ) in degrees and enthalpies in kJ mol−1 . See text for parameter deﬁnitions and Fig. 2 for atom numbering. The ﬁgures in parentheses are the estimated standard
deviations of the last digits. b Selected structural parameters of H3 CSSSCH3 from a GED experiment, described in ref. 3 (rg /∠a structure): rS–C 181.7(2), rC–H (mean) 108.4(7) pm; ∠S–S–S 107.3(5), ∠S–S–C 103.1(5),
∠S–C–H (mean) 112(2)◦ ; φS–S–S–C 79(5)◦ . c Averaged values over crystallographically different parameters. For XRD structures see refs. 5 [Se(SCH3 )2 ] and 6 [Te(SCH3 )2 ]. d Dm is deﬁned in eqn (2) in the Experimental
section and was calculated only for the g+ g+ conformers. e DE 0 = E 0 (C 2 ) − E 0 (C s ). E 0 is the sum of electronic and zero-point energies.

Table 1

general conﬁgurations. The geometry of the g+ g+ conformers
was described in terms of eight independent parameters and
had overall C 2 symmetry. (See Fig. 2 for atom numbering.)
These parameters included three bond lengths, namely rY–
S (p1 ), rS–C (p2 ) and the rC–H value (p3 ). A single rC–H
value was used because the three individual MP2/LanL2DZ(d)
values differed by only 0.3 pm. The model also required three
angle parameters, including ∠S–Y–S (p4 ) and ∠Y–S–C (p5 ). The
difference between the largest and smallest value for ∠S–C–H
was 4.3◦ and, in order to account for this asymmetry in the
methyl groups, an average S–C–H angle (p6 ) was deﬁned and this
angle was used in the model in conjunction with ﬁxed (i.e. nonreﬁnable) differences to describe the tilt of the methyl groups.
(For the Se molecule these ﬁxed differences were −2.6, +1.7 and
+0.9◦ , for the angles to H(6), H(7) and H(8) respectively, and for
the Te molecule were −2.9, +1.8 and +1.1◦ .) The two remaining
parameters are dihedral angles. φC–S–Y–S (p7 ) describes the
movement of the S–C bond away from the zero position where
it eclipses the opposite Y–S bond. As p7 was used to describe
the torsions on both sides of the molecule, the methyl groups are
moved to opposite sides of the SYS plane. The ﬁnal parameter is
φY–S–C–H(6/9) (p8 ), which describes the torsion of the methyl
groups. The calculated structures show that one C–H bond of
each group forms a dihedral angle of approximately 180◦ with
the Y–S bond. From this position, a value of less than 180◦
represents a rotation in a clockwise direction when viewed along
the S–C bond towards CH3 .

numbers of the pair of atoms and how often that pairing occurs.
For molecules containing very heavy atoms, the consequence of
this is that distances from the heavy atoms will dominate the
radial-distribution curve. This is the case here, where the relative
size of the rC · · · C peak for each conformer is approximately
2% of the size of the largest peak (rSe–S) and this value is even
smaller for the tellurium compound.
On performing least-squares reﬁnements for Se(SCH3 )2 , using
the model that contained both conformers and a non-geometric
parameter to control the abundance of each of the conformers in
the mixture, the lowest RG value was found to be when 100(2)% of
the g+ g+ conformer was present. The structure that was returned
for the scenario where 100% of the g+ g− model was present was
almost identical (barring rC · · · C), although the RG value was
higher. The uncertainty associated with the percentage of the
g+ g+ conformer was obtained from Fig. 3, where, at a signiﬁcance
level of 95% (for which the RG ratio is calculated to be 1.016),
the value for 2r was 4%.

Fig. 3 Variations of RG ratio with percentage of g+ g+ conformer of
Se(SCH3 )2 .

Fig. 2 Gas-phase structure of the g+ g+ conformer of Y(SCH3 )2 (Y =
Se, Te) with atom numbering.

Parameters for the g+ g− conformers were calculated to be
similar to those for the g+ g+ conformers. Therefore, only the sign
of p7 as applied to the one side of the molecule was changed in
the model to preserve C s symmetry. A non-geometric parameter
was also included, allowing the abundance of each conformer
to be varied.
With calculations [MP2/LanL2DZ(d)] showing DE 0 between
+ +
g g and g+ g− conformers to be approximately 7.3 kJ mol−1
when Y = Se and 5.5 kJ mol−1 when Y = Te (see Table 1),
the probable abundance of each conformer can be calculated
using the Boltzmann distribution at the experimental (nozzle)
temperatures. It was predicted that Se(SCH3 )2 would exist with
around 85% g+ g+ and 15% g+ g− (at 298 K) and 79% g+ g+ and
21% g+ g− (at 343 K). In the case of Te(SCH3 )2 the g+ g+ :g+ g−
composition was calculated to be 71 : 29 at 360 K. This
already makes it doubtful whether the g+ g− conformers would be
observable in the gas mixture. Another problem is that in terms
of the heavy-atom non-bonded distances in both Se(SCH3 )2 and
Te(SCH3 )2 , the only signiﬁcant difference that can be expected
between the g+ g+ and g+ g− conformers is rC · · · C, which is
approximately 80 pm longer for the g+ g+ conformer. Although
rS · · · C is, in principle, different for the two conformers, the
values lie close together and will be found under the same peak
in the GED radial-distribution curve. The peaks in the radialdistribution curve represent the distances between pairs of atoms
and the areas of these peaks are proportional to the atomic

For the reﬁnements using the Te(SCH3 )2 data, the lowest RG
value also resulted from the conformer mix where 100% of the
g+ g+ conformer was present. In this case, however, the value
for RG for 100% of the g+ g− conformer was only very slightly
different. Fig. 4 shows that, at the 95% conﬁdence level, 2r was
64% and, therefore, the abundance of conformer g+ g+ in the
GED sample was 100(32)%.

Fig. 4 Variations of RG ratio with percentage of g+ g+ conformer of
Te(SCH3 )2 .

The reported structures of Se(SCH3 )2 and Te(SCH3 )2 will,
therefore, be based on g+ g+ conformers alone.
The processes of reﬁnement for the Se and Te compounds
were similar. In both cases eight geometric parameters and seven
groups of amplitudes of vibration were reﬁned. (See Table 1
for details of the parameters and Table 2 for the amplitudes
of vibration.) For Se(SCH3 )2 ﬂexible restraints were employed,
using the SARACEN method,7,24 for three parameters and three
amplitudes. For the purposes of SARACEN, the parameter
values were set to be those obtained from calculations performed
using the MP2 method with the LanL2DZ(d) basis set on
Dalton Trans., 2005, 3221–3228
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Table 2 Interatomic distances (ra ) and amplitudes of vibration (uh1 ) for the restrained GED structures of g+ g+ Y(SCH3 )2 (Y = Se, Te)a
Se(SCH3 )2

u1
u2
u3
u4
u5
u6
u7
u8
u9
u10
u11
u12
u13
u14
u15
u16
u17
u18
u19
u20
u21
u22
u23
u24
u25
u26
u27
u28
u29
u30

Te(SCH3 )2

Atom pair

ra /pm

uh1 /pmb

Restraint

ra /pm

uh1 /pmb

Restraint

C(4)–H(8)
C(4)–H(7)
C(4)–H(6)
H(6) · · · H(7)
H(6) · · · H(8)
H(7) · · · H(8)
S(2)–C(4)
Y(1)–S(2)
S(2) · · · H(6)
S(2) · · · H(7)
S(2) · · · H(8)
Y(1) · · · C(4)
Y(1) · · · H(7)
Y(1) · · · H(8)
S(2) · · · H(10)
S(2) · · · S(3)
S(2) · · · C(5)
Y(1) · · · H(6)
H(7) · · · H(10)
S(2) · · · H(11)
C(4) · · · H(10)
S(2) · · · H(9)
C(4) · · · C(5)
H(6) · · · H(10)
H(7) · · · H(11)
C(4) · · · H(11)
C(4) · · · H(9)
H(8) · · · H(11)
H(6) · · · H(9)
H(6) · · · H(11)

109.3(4)
109.3(4)
109.3(4)
180.5(9)
180.3(9)
178.9(9)
183.3(1)
219.0(1)
236.8(8)
241.7(11)
241.2(11)
309.6(4)
315.5(22)
318.9(22)
355.5(49)
341.9(5)
404.6(34)
405.2(5)
479.7(105)
448.6(47)
493.4(81)
490.4(33)
522.4(61)
550.9(91)
557.4(61)
576.7(51)
592.9(68)
616.5(50)
657.9(81)
654.1(59)

8.4(4)
8.4 (tied to u1 )
8.4 (tied to u1 )
12.3 (ﬁxed)
12.3 (ﬁxed)
12.1 (ﬁxed)
4.5(2)
5.9(1)
11.3 (ﬁxed)
10.9 (ﬁxed)
10.9 (ﬁxed)
11.1(3)
23.3 (ﬁxed)
23.4 (ﬁxed)
39.3 (ﬁxed)
11.2(3)
29.2(17)
11.5 (ﬁxed)
57.1 (ﬁxed)
35.7 (ﬁxed)
48.3 (ﬁxed)
30.3 (ﬁxed)
35.7(34)
57.6 (ﬁxed)
44.2 (ﬁxed)
34.6 (ﬁxed)
44.4 (ﬁxed)
34.3 (ﬁxed)
55.8 (ﬁxed)
42.3 (ﬁxed)

7.6(8)
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
26.0(26)
—
—
—
—
—
35.7(36)
—
—
—
—
—
—
—

110.0(6)
110.0(6)
110.0(6)
179.4(14)
179.2(14)
177.6(14)
184.1(3)
238.1(2)
240.5(14)
244.3(13)
244.8(13)
323.6(9)
330.4(26)
331.2(26)
331.0(129)
360.6(16)
391.6(97)
422.0(10)
398.1(33)
430.1(122)
430.2(265)
480.3(90)
475.5(207)
485.0(284)
508.9(231)
540.5(185)
544.3(219)
596.3(152)
605.0(240)
613.8(203)

6.5(6)
6.6 (tied to u1 )
6.6 (tied to u1 )
12.3 (ﬁxed)
12.3 (ﬁxed)
12.2 (ﬁxed)
5.1(4)
5.5(3)
11.4 (ﬁxed)
10.9 (ﬁxed)
10.9 (ﬁxed)
12.7(7)
25.9 (ﬁxed)
25.4 (ﬁxed)
48.7 (ﬁxed)
13.6(9)
32.7(28)
12.3 (ﬁxed)
70.7 (ﬁxed)
42.9 (ﬁxed)
60.6 (ﬁxed)
38.4 (ﬁxed)
46.9(45)
71.2 (ﬁxed)
55.1 (ﬁxed)
43.6 (ﬁxed)
56.3 (ﬁxed)
40.9 (ﬁxed)
69.4 (ﬁxed)
52.6 (ﬁxed)

7.6(8)
—
—
—
—
—
5.2(5)
5.5(6)
—
—
—
10.8(11)
—
—
—
14.0(14)
33.7(34)
—
—
—
—
—
46.4(46)
—
—
—
—
—
—
—

a

Estimated standard deviations, as obtained in the least-squares reﬁnement, are given in parentheses. b Amplitudes not reﬁned were ﬁxed at the values
obtained using the force ﬁeld calculated at MP2/LanL2DZ(d).

all atoms. Similarly, for Te(SCH3 )2 , three parameters were
restrained, as well as seven amplitudes of vibration.
The success of the ﬁnal reﬁnements, for which RG = 0.054
(RD = 0.042) for Se(SCH3 )2 , and RG = 0.070 (RD = 0.075) for
Te(SCH3 )2 , can be assessed on the basis of the radial-distribution
and experimental-theoretical difference curves (Fig. 5 and 6) and
the molecular-scattering intensity curves (Fig. S1 and S2, ESI†).
The least-squares correlation matrices are given in Tables S11
and S12 (ESI†).

Fig. 6 Experimental radial-distribution curve and theoretical − experimental difference curve for the reﬁnement of Te(SCH3 )2 . Before
Fourier inversion the data were multiplied by s·exp(−0.00002s2 )/(ZTe −
f Te )(ZS − f S ).

Fig. 5 Experimental radial-distribution curve and theoretical − experimental difference curve for the reﬁnement of Se(SCH3 )2 . Before Fourier
inversion the data were multiplied by s·exp(−0.00002s2 )/(ZSe − f Se )(ZS −
f S ).

Discussion
A comparison of the gas-phase structures of all three compounds Y(SCH3 )2 (Y = S, Se, Te) reveals several differences
between parameters common to all structures. rS–C is longest
3226
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when the central chalcogen atom is heaviest. In order to
understand this, rS–S, rSe–S and rTe–S were compared in terms
of their bond valences according to O’Keeffe and Brese.25 The
calculated valences increase in the order 1.039 (Y = S) < 1.051
(Y = Se) < 1.132 (Y = Te). It is apparent that the strength
of the Y–S bond increases at the cost of the S–C bond. The
S–Y–S angles follow an expected trend, becoming smaller as Y
becomes heavier. Such a trend has previously been noted, e.g.
in the series H2 S (92.3◦ ) > H2 Se (91◦ ) > H2 Te (90◦ ).26 ∠Y–S–C
decreases as well when Y becomes heavier, but the differences
between angles with different Y atoms are smaller than in the
case of ∠S–Y–S. All other common or comparable parameters
between the compounds, i.e. rC–H, ∠S–C–H (mean), φS–Y–S–
C, and φY–S–C–H do not show signiﬁcant differences. Whether

a conformational mixture is present cannot be resolved with
the present GED data and the expected rather small differences
between the structural parameters of g+ g+ and g+ g− on the basis
of their ab initio geometries.
Se(SCH3 )2 and Te(SCH3 )2 show several differences between
their gas-phase and solid-state structures. While Se(SCH3 )2
shows a signiﬁcant difference only for rS–C, Te(SCH3 )2 reveals
differences in rTe–S and in rS–C (see Table 1). The enlarged
Te–S bond in the solid state can be explained by intermolecular
Te · · · S interactions, which involve the np (S) and the r*(Te–
S) orbitals. It should be noted that the XRD experiment was
carried out at 133 K,5 and the difference in bond lengths between
the gas and the solid would be even larger if the experiments
were done at the same temperature. The Se · · · S interactions
in the solid state are much weaker and consequently rSe–
S hardly differs between gas and solid states. The difference
between rS–C in the gas phase and solid state is puzzling and
we can offer only a qualitative explanation. A natural bond
orbital analysis using the MP2/LanL2DZ(d) model revealed
signiﬁcant np (S)–r*(C–H) interactions for the two C–H bonds
which are gauche to the Y–S bond, i.e. 90 kJ mol−1 for Y =
Se (C 2 ) and 89 kJ mol−1 for Y = Te (C 2 ). np (S)–r*(C–H)
hyperconjugation should strengthen and shorten the S–C bond.
Since this interaction depends on the torsion angle around the S–
C bond, rS–C and the relative energy of the molecules is expected
to be a function of φY–S–C–H, and this can be shown by a
potential energy surface scan (see Fig. 7). The energy minima
correspond to the shortest S–C bonds (182.6 pm for Y = Se and
183.2 pm for Y = Te) and the maxima to the longest (183.6 pm
for Y = Se and 184.1 pm for Y = Te). An explanation for the
lengthening of the S–C bonds in the gas phase can be given on
the basis of Fig. 7. At the temperatures of the GED experiment,
the CH3 group should rotate effectively freely around the S–C
bond and the S–C bond length adopts an average value. In the
solid state at 133 K, the rotation of the methyl group can be
assumed to be hindered, thus the average torsion angle is closer
to the minimum value and the S–C bond is consequently shorter.

Fig. 7 Relative energies of Se(SCH3 )2 (䊊, C 2 ) and Te(SCH3 )2 , (, C 2 )
as a function of φY–S–C–H (Y = Se, Te).

On the other hand, the optimised S–C bond lengths, which
refer to re structures at 0 K, are longer than observed in the solid
state at all levels of theory. This result points to an effect of the
solid state on S–C, but this bond shrinkage cannot be explained
by dipolar forces in the solid state, since calculated variations
in dipole moments with rS–C are too small to account for the
effect.
Comparison of theoretical models
The energy differences between the g+ g+ and g+ g− conformers
obtained at different levels of theory follow the same trend
as found for H3 CSSSCH3 ,3 i.e. HF > MP2 > B3LYP, with
the difference between HF and MP2 being smaller than that

between MP2 and B3LYP. Concerning the accuracy of geometric
parameters, measured in terms of Dm (C) (see eqn 2), the density
functional method performs the least well for both Se(SCH3 )2
and Te(SCH3 )2 , with the exception of the rS–C parameter,
which is best reproduced at the B3LYP level. A comparison
of full-electron basis sets and the ECP-valence basis set shows
that both have a comparable performance, either 3-21G(d) and
LanL2DZ(d) at the HF level or 6-31G(d) and LanL2DZ(d)
at the MP2 level. The best agreement between theory and
experiment is found at the MP2 level. The smaller value of ∠S–
Te–S found in the GED experiment when compared to the ab
initio optimised geometries is explained by the thermal excitation
of torsional vibrations. In both the g+ g+ and g+ g− conformers,
the p-type lone pairs on the sulfur atoms point towards each
other (see Fig. 1) and their mutual repulsion widens the S–
Te–S angle. An MP2/LanL2DZ(d) optimisation of Te(SCH3 )2
with C 2v symmetry (“W-shaped” CSTeSC skeleton) conﬁrms
this explanation. The p-type lone pairs of the sulfur atoms
do not repel each other under that symmetry and ∠S–Te–S is
subsequently smaller (91.2◦ ).
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