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The rotational spectrum of SiH3-S-SiHj3 in its vib-torsional ground state has been investigated
in the frequency range between 8 and 40 GHz. From the absolute frequencies and torsional
splittings a rigid-top-rigid-frame ro-structure could be derived. The molecular electric dipole
moment was determined from the second order Stark effect of some AA-species rotational
transitions. The analysis of the microwave spectrum of the related molecule SiH3—0-SiH3 was
yet unsuccessful. However several features of the observed spectrum rend support to the idea
of a “quasi-linear” double rotor molecule with a relatively low energy hump for the linear con-

figuration of the Si-O-Si-chain.

Introduction

Over the past years considerable effort has been
put into the analysis of the microwave spectra of a
group of “two top molecules”, having the general
formula (CHg)eX with X =0 [1], S [2] and Se [3].
From this work we have information on the
structure, on the electric dipole moment, and on
the barrier to internal rotation for these molecules.
In the following we report the results of an inves-
tigation of the microwave spectra of the homologous
silyl compounds (SiH3)20 and (SiHg)2S, which was
started with the aim to provide experimental data
as a basis for a discussion of the bonding situation
and of the origin of the barrier to internal rotation.

Experimental

The spectra were recorded with a conventional
Stark-modulated (33 kHz zero based square wave)
microwave spectrometer equipped with a brass
waveguide cell of 8 m length and an inner cross
section of 1 by 5cm. Phase stabilized backward
wave oszillators were used as radiation sources.
Under typical recording conditions sample pressures
were about 10 mTorr at temperatures around
—65°C.

Disiloxane

A sample of (SiH3)2O was obtained from Dr.
A. Almenningen (Oslo). Once admitted to the cell,
its microwave spectrum did not change in the
course of a day. It was recorded in the frequency
range from 23 to 40 GHz. Within the frame of the

standard rigid top-rigid frame model [4] and under
the assumption of a Si—O—=8i bond angle of about
145° as suggested from the electron diffraction work
[5] one would expect to find the lower .J-lines of the
strong 191 — 119, 202 — 211, ... b-type Q-branch
to fall into this frequency range. One would further
expect, that the rotational spectra of molecules in
the AA-torsional ground state of the SiHs-torsion
should approximately follow a rigid rotor pattern
with a second order Stark-effect, requiring higher
Stark fields (i.e. Egtark on the order of 1000 V/cm)
for full modulation. However the search for this
Q-branch of the AA-species failed. Although a great
number of strong absorption lines were observed in
the recorded range, all of them were fully modulated
at Stark fields as low as 50 V/em with unresolved
low intensity Stark patterns, which indicates, that
they all were high J transitions. To our opinion this
result gives some support to the idea of a quasi-
linear heavy atom chain with a comparatively low
hump for the linear configuration, as was recently
concluded from the Raman spectrum [6]. In such
a molecule only vibration-rotation spectra would be
allowed with selection rules AJ =0, +1; Av= 41,
Al= 41 (v, | = quantum numbers for the bending
vibration). With a vibrational energy gap of about
250 GHz [6] for

(v11=0,l11=0) > (vi1=1,l11 = £ 1)

(the index “11” denotes the Si—O—Si bending
vibration), the above mentioned “Q-branch fre-
quencies” should be shifted approximately by this
amount, which would explain the failure of our
search. Although we have not yet been able to

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

) Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



K. F. Dossel and D. H. Sutter -+ Microwave Spectrum of (SiHj) X

22767.7 31597.0 Table 1. Selection of very
23020.9 32481.3 strong lines in the micro-
24668.3 33730.6 wave spectrum of Disil-
25078.2 34486.3 oxane, (SiH3)20 (in MHz).
26668.8 35496.8 All are fully modulated at
27249.3 36457.3 Starkfields of 50 V/em. For
28632.9 37435.0 a complete list of recorded
29254.2 38561.0 transitions see Ref. [19].
30661.5 40328.3

assign the more than 200 observed absorption lines,
we list several strong lines for identification pur-
poses in Table 1.

Disilylsulfide

Initially we prepared samples of Disilsulfide by
two different ways:

2SiH3I + HggS — (SiHg)2S + 2 HgI [7],
2 SiHgBr + LisS — (SiHg)2S 4 2 LiBr [8].

The second reaction turned out to be superior to
the first, since it gave better yields and avoided the
use of expensive iodine and poisonous mercury
salts. Because (SiHj3)s2S readily reacts with water
to form (SiH3)2O and HoS, great care had to be
taken, to remove traces of water adsorbed at the
walls of the waveguide cell. Despite these pre-
cautions, the sample slowly decayed in the cell
and after about two hours its spectrum became
obscurred by the much stronger lines of the
(SiH3)20 spectrum (compare Table 1). Among the
many lines belonging to either the (SiHs)2S or
(SiH3)20 spectra, there also appeared some other
very strong, unidentified lines, which might belong
to the SiH3SH molecule. To obtain the pure
spectrum of (SiHjz)2S the cell was refilled every
hour.

The assignment of the spectrum was reported in
a previous note [9]. In the following we present a
refined analysis which includes centrifugal distortion
effects. It is based on the effective rotational
Hamiltonian given in Equation (1). This Hamil-
tonian may be thought of as the result of a second
order perturbation treatment within torsio-vibra-
tional states, i.e. a Van Vleck transformation, aim-
ing at the vibrational and torsional groundstate. It
is assumed that those matrixelements of the full
Hamiltonian which are simultaneously off-diagonal
in the torsional and vibrational quantum numbers
are sufficiently small to justify their neglection, so
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that the resulting effective rotational operator may
be written as a blend of the standard PAM-Hamil-
tonian [4, 10] used for molecules with two top
internal rotation and of the standard centrifugal
distortion Hamiltonian [11] used for asymmetric
top molecules.

2 4
'%1)1, o1, V2, 02 = ‘#r + Fz Z Ws}lil,)di gin

it=1n=1

2
+ > WD, Hip (1a)
=1

+ #cp - (1b)
The symbols have the following meaning:

v1, 01, V2, 02 = internal rotation quantum numbers.
%ﬂrz AO-@a2 + BOe@b2 + Cog,cz,

P = 1;1 Pa+ Z”}b[“ P,
h r
= 82, r2—¢q2’
2 2
r =1 }"‘;ff‘—_ 1”;;“ (i=1or2),
AarAaz Ia Ap1 Ave In
q = — Ia, - Ib )

Ayi = direction cosines between principal inertia
axis y (y£a, b, ¢) and the internal rotation
axis of ¢-th top (+ =1, 2).

Ja1 = — Ag2 = cos(0)

Ap1 = Apz = sin(6),

Iy, Iy, I, £ principal moments of inertia,

(see Fig. 2),

I, = moment of inertia of the SiH3-top about its
symmetry axis which is assumed to coincide
with the internal rotation axis.

Py, Py, P & components of the overall angular
momentum about the a-, b-, and c-principal
inertia axis respectively.

W, WD = perturbation sums from perturba-
tion treatment within the torsional states
[12].
Hip = ([P, #r], Pi]
=PiHr Py — 5 Hr P2 — F P2 Hy;
(i=1,2).
2 Stelman’s denominator correction to the
internal rotation perturbation sums [13].
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Hcep=— Dy P —Dig P2 P2 — D' Pt
— §[PHPR — P + (PR — P) )
—2R4[3(P2 PP+ P2 D) — Pyt — DA
£ centrifugal distortion Hamiltonian;
P =P PR+ PE;
£ square of the overall angular momentum.

We note that the torsional part of Eq. (1) is
based on a potential for the internal rotation
V (a1, #2) which may be described by simple three
fold barriers i.e. by

Vs
Ve, o) = > (cos(3a1) — 1)

Vs
+ > (cos(3ag) —1).

Since at present our computer programs did not
allow us to fit internal rotation parameters,
rotational constants, and centrifugal distortion
constants simultaneously, we did proceed as follows.
First centrifugal distortion was neglected and
initial values for the rotational constants, 4, B, C
and the internal rotation parameters Vs, I, and 6
were fitted to the absolute frequencies and to the
torsional splittings given in Table 4 (the result was
published in Ref. [9]). In the second step the
centrifugal distortion constants were obtained from
the AA-species spectrum. For the AA-species
(=0, 0;=0; i=1,2) W¥ _ and WP, are
zero) and within the approximation of Eq. (1) the
spectrum may be reproduced by a rigid rotor
Hamiltonian plus corrections which are all of fourth
order in the angular momentum operators:
Aaa
rm——
Har= (4 + 2a2FWE)) P2
BAA

+ (B+ 202 FW) P2 4 CP2

+ FWEN (Pt + 224 +

+ Wi o(#1p + #ep) + Hop
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lobserved frequencies’ R —— l torsional splittings

— fit to Eq. (1a) <
¥

|4, B, C, V¥, 0, I
v

calculation of 4th order corrections due to tor-
sion for AA-species lines

Y
—————  [raa— MR — @
v
fit to S, + #cp
y

Djg, Dy, DK, s, Rg | + |AAAy Baa,Caa

calculation of centrifugal distortion corrections

v

e | Yobs — AV?A
¥

fit to Eq. (1a) <
!
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|Ao, By, Co, V3, 0, I

Fig. 1. Flowchart showing the fitting procedure followed
in the analysis of observed frequencies and torsional
splittings in the microwave spectrum of Disilylsulfide.

with

.

Ig2 "’ T I

With the approximate values for the rotational
constants and internal rotation parameters, the
fourth order corrections to the frequencies which
arise from internal rotation i.e. from

2 2
Fz W 24 + z Wi o#ip
i=1 i=1

were calculated and subtracted from the observed
frequencies. The so corrected frequencies were then

Table 2. Effective rotational constants, centrifugal distortion constants, and correlation matrix for the AA-torsional
substate of (SiH3)2S. The quoted uncertainties (in bracketts) give one standard deviation as obtained in a least square fit.

Aaa [MHz] 9543.346 (9) 1.000

Baa [MHz] 2852.534 (2) 0.030  1.000
Caa [MHz] 2308.506  (2) 0.013  0.636
D, [kHz] 2.116 (25) —0.077  0.864
Dy [kHz] —13.39 (24) 0.597 — 0.227
Dy’ [kHz] 60.7 (17) 0.829  0.086
os  [kHz) 0.651 (8) —0.167  0.563
R¢  [kHz] 0.012 (9) 0.459 — 0.090

1.000
0.781 1.000
—0.15¢4 —0.375 1.000
— 0.010 0.011 0.177 1.000
— 0.154 0.386 — 0.459 0.025 1.000
—0.032 —0.230 0.696 0.263 — 0.486 1.000
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Table 3. Rotational constants and internal rotation parameters as used in Eq. (1); correlation matrix for the torsional
groundstate of (SiH3)2S (conversion factor 505391 MHz amu A2).

A4 [MHz] 9533.058 (9) 1.000
B [MHz] 2851.927 (2) —0.151 1.000
C [MHz] 2308.507 (2) 0.257 0.317 1.000
Vs [cal/mol] 522.6 (4) 0.258 — 0.282 0.660 1.000
6 [ 39.176 (28) 0.160 — 0.208 — 0.069 —0.215 1.000
I, [amu A?] 6.219 (6) — 0.302 0.334 — 0.662 — 0.976 0.017 1.000
Derived constants: F [MHz] 89106 (82); s 27.339 (7).
subjected to a standard centrifugal distortion treat- Table 4 (continued)
ment. The result is given in Table 2. oo
In the final step the centrifugal distortion con- Vobs 4v (c):ls o RAR= 2:15 o
tributions obtained for the AA-species were also
used for EA, EE and AE species. Since the rotational IEE gigggggg 885133 igg(l)g —8832
Eigen.functions of‘ Eq. (1) are e'ssentially the E'igfan- dos—413 AA  10057.436 —0.131  0.015 )
functions of Hg with some species dependent mixing EE 10048.088 0.034 9.348 —0.019
of the K-doublet functions due to terms linear in  414—%0s AA  20564.595 —1.216  0.010
; b et tanetions ¢u ear n EE 20568.424 0.080 —3.8290 —0.070
Pq (if present) and since the asymmetric top AE 20571.167 0.066 —6.572 —0.056
expectation values for 2,2 and 2,* are essentially EA 20572.814 —0.310 —8.219  0.320
the same for the K-doublets, this simplified treat- 404—515 %‘E‘ ggggg?ﬁé —0.169 :8882 6.503  0.001
ment is justified for Disilylsulfide, where the AE  28947.369 0.011 12.282 —0.016
centrifugal distortion contributions due to d; and EA  28945.892 —0.052 13.759  0.057
R fficiently small 505—514 AA 11866.767 —0.504 0.044
o B B . o EE 11855.826 0.032 10.941  0.012
After subtraction of the centrifugal distortion 5;5—5:4 AA 25068.430 —0.337 0.045
i 1 2 in Table 4) f the fre- EE 25035.115 0.185 33.315 —0.140
corrections (column 2 in Table 4) from e fre Bie—Bes AA 18031020 0.523  0.037
EE 18019.4942 —0.544 11.5262 0.581
Table 4. Microwave spectrum of (SiHg3)2S in the torsional 5;5—60s AA 26202.074 —1.935 —0.003
ground state (all frequencies in MHz). Ay(cd) gives the EE 26204.730 0.064 —2.656 —0.067
contribution of the centrifugal distortion term [Eq. (1b)] AE 26206.618 0.067 —4.544 —0.070
to the transition frequencies. The torsional splittings of the EA 26208.045 0.066 —5.971 —0.069
rotational transitions (vaa — ») are measured relative to  5p5—616 AA 32873.143 —0.336  0.001
the AA-species. 2not included in the fit. EE 32867.449 —0.005 5.694 0.006
AE 32862.333 0.015 10.810 —0.014
- (cd) = _ - EA 32861.185 —0.019 11.958 0.020
o sl ol g - 6os—615 AA 14214.806 —1.306  0.004
) ) EE 14201.916 0.000 12.890 0.004
AE 14188.884 0.056 25.922 —0.052
o-lingl, WERA <00 ML eve o8 EA 14189.141 —0.082 25.665 0.086
1o1—212 AA 16470.740 —0.025  0.029 ST o 711750 0080 —1.638 —0.072
16461.610 —0.102 9.130 0.131 ¥ . i A
1S AA 81511677 —0.687 0.041 AE 31712.839 0.078 —2.727 —0.100
110—221 AA 30937.127 —0.681  0.040 L
212—303 AA  9178.022 —0.256 —0.041 o= {17 e - T oy
0184.959 0.129 —6.937 —0.170 EE 36788.065 —0.009 4.887 0.004
2o . 203D —o0005 b A% s onlo v oot
EE 20822.143 —0.029 8.062 0.022 ¥ TR : :
AE 20815.580 0,000 14625 —0016 or—iedul 17120.830 —2723 . 0.008
EA 20812525 —0.163 17.680 0.156 i e O S i
303—312 AA  8782.115 —0.009 —0.038 : yrreo il -ogeier- Ay
03 8720.135 0.054 7.980 —0.092 EA 17096.332 —0.093 30.488 0.101
313— 322 AA 22533682 —0.524  0.032 Cagl L —
EE 22465.684 —0.008 67.998 0.040 AR - y .
AE 22486852 —0.033 46.830 0.065 AE 17363.805 —0.015 34.899 0.038
EA 22361.197 0'075 172.485 _0'043 EA 17372.520 0.182 26.184 —0.159
' : : ' 80s—817 AA 20579.236 —4.887 —0.002
S -lopidl LASBLEHL ~0RT ~000 EE 20560.979 0.011 18257  0.009
14867.037 0.095 —5.206 —0.120 AR 20542‘424 _0'009 36'812 _0'011
303—414 AA  24971.855 —0.079  0.007 EA 20-42'925 0'199 36.311 0'197
EE 24964.578 0.009 7.277 —0.002 s —_ : :
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quencies, the corrected frequencies together with
the splittings were used to fit simultaneously the
final values for the rotational constants A4, B, C
and internal rotational parameters V3, I, and 6.
The results are shown in Table 3.

Table 4 gives the observed frequencies together
with the calculated values, which are calculated by
the use of Eq. (1a, b) from the centrifugal distortion
constants of Table 2 and the rotational constants
and internal rotation parameters of Table 3.

The Molecular Electric Dipolemoment

The molecular Stark effect has been measured for
the transition 179 — 29; and 2p2 — 313 of the
AA species. The value of the electric dipolemoment
| 4| =0.896 +0.008 Debye was determined from
a least squares fit to the observed Stark shifts
listed in Table 5. The rotational energy differences
involved in the second order Stark energy calcula-
tion, were obtained using the effective rotational
constants Aas, Baa and Cax of Table 2. The
spectrometer was calibrated using OCS with
u = 0.71521 Debye as standard [14].

Table 5. Stark satellites of the 19 — 221 and 292 — 313 rota-
tional transitions of the AA torsional substate (AM;=0).

Viem®a 4+ M; Ay obs.-calc.
[MHz] [MHz]
110 = 291 742 0 1.433 — 0.023
635 0 1.132 0.069
744 1 — 2.675 — 0.047
202 — 313 635 0 — 1.295 0.020
582 0 — 1.085 0.020
1692 1 —1.335 0.106
1478 1 — 1.065 0.035
635 2 3.158 0.025

a The uncertainty in the electric field calibration is

+ 0.29%.

The ro-Structure of Disilyldisulfide

Under the assumption of C3y-symmetry for the
SiHg groups there are five independent structural
parameters (see Figure 2). These are the bond
distances rgg; and rg, the bond angles <rSiSSi
and <CHSiH, and the angle between the internal
rotation axes (Cg-axes) of the two silyl tops.

In analogy to the situation encountered in
Dimethylether and Dimethylsulfide Cyy symmetry
was also assumed for the most stable configuration
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Fig. 2. ro-structure of Disilylsulfide as determined from a
least squares fit to the rotational constants 49, By, Cp and
internal rotation parameters ©® and I, listed in Table 3.
C3y symmetry of the SiHg-groups about their internal
rotation axis was assumed and allowance was made for a
small tilt of the internal rotation axes with respect to the
Si—S bonds. Also assumed is the doubly ecclipsed con-
figuration of the two tops. This configuration has been
determined to be the equilibrium structure for (CHs)2S.

when drawing Figure 2. Actually the orientation of
the silyl tops i.e. the equilibrium values for the
internal rotation angles o; and a2, remains undeter-
mined by the present work, but we plan to deter-
mine them uniquely by an investigation of the
spectra of partially deuterated molecules. Taking
the rotational constants Ay, Bg, Cp and the internal
rotation parameters 6 and I, we have also five
experimentally determined constants, which allow
us, to fit to them a full r¢-structure as shown in
Figure 2. The agreement between the structural
data as determined in the electron diffraction work
[15] and the ones determined here is good. We note
however, that there remain rather big discrepancies
between the observed rotational constants and the
values recalculated within a rigid rotor model from
the above determined structural parameters (see
Table 6).

This is most striking for the C-rotational constant
and appears to be typical for this class of molecules.

Table 6. Comparison of the rotational constants of (SiHgz)2S
as calculated from the ro-structure (see Fig. 2), with the
experimental values (all in MHz). For comparison we give
the corresponding values for (CH3)2S from Ref. [2].

obs. cale. obs.-cale.
A 9533.058 9532.858 0.200
B 2851.927 2848.131 3.796
C 2308.507 2318.550 — 10.043
for (CHg)2S:
A 17810.0 17815.0 — 5.0
B 7621.0 7662.4 — 414
C 5717.8 5747.9 — 30.1
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(For comparison the corresponding values for
(CH3)2S are also given in Table 6.) This may
indicate deficiencies of the theoretical model but it
certainly also reflects the fact that the observed
rotational constants are vibrational expectation
values rather than rigid rotor values. The underly-
ing problem becomes also appearent if one tries to
calculate the moment of inertia of the silyl tops
from the observed rotational constants. If the
Si—S—Si frame and the silyl tops could be treated
as rigid bodies I, would be given by the following
relation:

Iazé(-[aa‘{“‘]bb—]cc)
k(1 11 .
“sx=\a T BT C) "

If one uses the rotational constants of Table 3 to
calculate I, according to Eq.(2) one obtaines

«=5.64973(2) amu A2, as compared to the directly
determined value of I,=6.219(6) amu A2, In the
light of this result, some older investigations which
in their analysis of the torsional splittings relied on
the validity of Eq. (2) should be reviewed critically.
Although the deviations between observed and
calculated rotational constants are apparently big,
it has been found for (CHj3)2S, that the differences
between ro- and rs-bond distances are smaller than
0.01 A. We think that this holds for (SiH3)2S as
well.

Discussion

At the end of this work we contentedly noted
that the Hamiltonian of Eq. (1) gave a really good
fit to the observed spectrum (see Table 4), although
the barrier to internal rotation is very low (V3=
522.6 cal/mol). The limitation for the PAM Hamil-
tonian we use seems to lie at s-values below 10 [16].

The bond angle at the central sulfur atom ob-
served here (<X Si—S—Si = 98.35°) is found to be
nearly equal to the one observed for (CHjs)2S
(xC—S—C =98.9°) [2]. Contrary to Disilyl-
ether/Dimethylether, where the corresponding bond
angles differ considerably (<tSi—O—Si = 145°)
[6], («cC—0—C = 124°) [1], no such effect is
observed here. This has been interpreted [15] in
terms of a partial double bond character (pz-d=z
bonding) being present in the Si—O bond of
(SiH3)20 but not in the Si—S bond of (SiHj3)sS.
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If, on the other hand, the electric dipole moments
of (CHa)zS (,ub=1-551 D [2]) and (SIH3)2S (,ub=
0.896 D) are compared, it is realized that, although
the difference in the electronegativities of silicon
and sulfur is bigger than the one of carbon and
sulfur and although the bond distance r(Si—S) is
bigger than r(C—S), the observed dipole moment
is smaller for (SiHg3)2S. This effect is observed in
all comparisons between silyl- and their homologous
methylcompounds (as e.g. u(SiH3Br)=1.318D
[17], w(CH3Br)=1.797 D [18]) and is generally
explained by assuming pzs-dzw bonding to be
present in Silylcompounds. In the following we
shall discuss the barrier to internal rotation. Since
the barrier to internal rotation was not known for
a Si—S bond so far, it is difficult to make any

Oy 261calimol 5 catjmot S 3 1100 cat/mol
CH3 CH3 CH3 SIH3
S S
Py, 2130 cal/mol , '523 cal/mol
CH3 CH3 SIH3 SIH3

comparisons. In a group of related molecules the
relatively low value of the barrier observed here is
noticeable.

AA 05

EE 05

Viegap)
EE 04 /

AA Q4
AA
EE
1200 AA
\\ /Jge 1
EE
ZE 02

03

AA
—<EE 01

+100

EE
~as 00

Yiva

Lo o= o=
' ; . — o
-30° 0° 30° 60°

-60°
Fig. 3. Energy level scheme for the torsional vibration of
(SiH3)2S as determined from torsional splittings of ground
state rotational transitions in the microwave spectrum.
The levels are characterized by the vibrational quantum
numbers (v1, v2) of the two internal rotors and the sym-
metry species of the torsional wavefunction. For greater
perspicuity the EA and AE levels are not included in this
diagram. The torsional transition (0, 0) — (0, 1) of (SiHg)2S,
which has not been observed so far, should be found near
63 cm~1 in the IR-spectrum.
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Using the experimental data given in Table 3 it
becomes possible to construct the energy level
diagram for the torsional vibration of (SiH3)2S
(see Figure 3).

We are now able to predict the first torsional
transitions to lie around 63 cm~1 ((0, 0) — (0, 1))
and 112cem-1 ((0,0) — (0,2)) in the IR- and
Raman spectrum.
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