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The Vibrational Spectra of Linear and Branched Perchloro-
silanes Si,,Cly,, .o and Their Simulation Using a Local Sym-
metry Force Field
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A-8010 Graz, Austria

( Received 19 December 1979. Accepted 9 January 1980)

Infrared and Raman vibrational spectra of n-SiyClyg, n-SigClys, neo-SisClyy
and [(SiCly)38i], have been measured and assigned. A local symmetry force field
has been developed to simulate vibrational spectra of all (noneyclic) per-
chlorosilanes Si,,Cls,, ;5 known today (n = 2, 3, 4, 5, 8). The observed spectra are
reproduced satisfactorily

1 Av
(—Z '— | =49, m = total number of observed fundamentals).
m v

( Keywords: IR Spectra; Perchlorosilanes; Raman spectra)

Die Vibrationsspekiren linearer und verzweigter Perchlorsilane Si,Clg,.» und
deren Simulieruny mittels eines lokalen Symmetrie-Kraftfeldes

Infrarot- und Remaen-Spektren von #-Si,Clyy, 7-Si;ClLs, ne0-SigCly; und
[(SiCl3)sSi], wurden aufgenommen und zugeordnet. Ein lokales Symmetrie-
Kraftfeld zur Simulation der Spektren aller bisher bekannten (nicht cyclischen)
Perchlorsilane 8i,Cl, ., (n = 2, 3, 4, 5, 8) wird angegeben. Die beobachteten
Spektren werden zufriedenstellend reproduziert

G

= 4%, m = Gesamtzahl beobachteter Grundschwingungen).

v

Introduction

Besides a wide variety of synthetic routes yielding mixtures of
chlorosilanes Si, Cly, 5 with different n’s and structural isomers (e.g. the
reaction of metal silicides with halogens? 2 or the method of 7T'hiel and
Schwarz3) only a limited number of reactions leading to products with def-
inite chain length and structure are known. The first three members of the
series (SiCly, SipCls and SiyClg) are usually prepared by the silicide-
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Table 1. Infrored- and Raman-Specira {em™)
7-S1,Cl, 1n-Si5Cls
IR () Ra (1) assignment IR () Ra(l) assignment
610w, tp [ *SiSkz (2y) 40w, b { vasSiSia! (by)?
P {vassl(ng (by) 640w, v SiCl, (by
) vsSiSigl (al)a
_ vas51Cly (ay, by) vagSiCly (a5)
590vs,b v, SICL, (a,) 600w vaeSiSigt (by)2
v, e3iSI5 (by) 590vs,b v SiSig0 (a;)2
SiSit (a 580 w vaediCly (a1, a9}
593 w, t {v iSi (a,)2 v, SiClg (by)
SIWIP 1\ SiCl (by) VouSiCly (by)
485m vSiCl (b, v, SiCly (by)
583 w,p vas&Clg (ag) 539 vvw
441w,p vSiCly (a,) v SICl, (aq)
372 vs v SiCly (bi) 488 vs 485vvw { V.SiCly (by)
315m 310vs,p v SiCly" (ag) 455 vs 458 vvw
92920 w {6%81013 (by) 432 vvw
5SiCly (ag) 407s 404w, p v SiCl (ay)
3488 v SiCly (by)
275w 304m 303ve,p wSiCLY (ay)
242 vs { 32sSiCl; (ay) 275w
232 vs 8.8iCly (by) 230 vs SiClL, (by)
207 vs 3SiCly (by,) 220 vs 220sh, p 3SICl; (ay)
3 SlClg (341, bl)
196 m buSiC (2 197w {3251013 (D)
180 vs 186 m 8,.SiCly (by,) {3 SiCl, (a)
155w +SiCly (b, 185 vs 180w 3..8iCly (by)
eSiCly (b ) 175sh SiCly (by)
1275,p { 5, wSICl (ag by) 156w
SiCl, (a,) 138w =8iCl, (by)
105 vs, {Y 2 g . Vo (by
vs:p 981013 (ag) 127 s SSSICIZ (&l,bz)
150 sh {PSICIS (ay) SICL (ag)
=8iCl; (ay) eSICl; (ay)
90m, b { ¥SiCly {(ay) 107 sh 101 vs { 7, v8iCl, {2, by)
eSiCly (by) eSIClg (by, by)
88s vSiCly (ay)
T4s oSiCly (by)
54w 54m eSICly (by)

a | = jnner SiSi-bond, o = outer SiSi-bond.

method and are easily separated and purified by destillation, but with
increasing chain length severe difficulties concerning purification and

identification arise. Besides the

,.classical’* methods for the deter-

mination of molecular structures such as elemental analysis, ebullio-
metric determination of molecular weights or volumetrie determination
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of n-8i,Clyy, n- and neo-SizClyy and SigClyg

neo-SizClyy SigClig
IR (s) Ra (s)P assignment IR (s) Ra (s) assignment
615sh 613w o181y (£) 600 m vaeiCly (a4,)
507vs 593w v SiCl (e) STim vl 2, SiCly (e,
559 w,p VSSiSi4 (341) 547 w {V Slslg (&lg)
553 m. v SiCly (f3) ' SiSiz (ey)
397m  402vw v SiCly (£) 585ve b {vaSmClg (gq)
315vs,p  LvSIiClL (ay) ’ vl v, SiCly (ey)
346w =0 ) v SISI3 (azu)
302 vw P35 vs {\;ZsSiSi:,» (o)
240 381, (f) 450w, b 455 m vSiSi? (aqg)®
195 201 vw 3,510 (f) 391w v SiClg (eg )
185 m 3,s51Cl5 (e) 396 vs vooiCly (e )
130 m, sh eSiCl; (e) 355 vw
118 vs, p 3SiClg (a,) 206vs v SICL" (agg)
123 w oSICl; (£) 287w
T8 vw 76 m 38iSi, (e) 383s
56 m oSiSiy (fy) 345w v3iCly (ag,)
251w
235w 8SiCl; (e,)
243 sh 8581013 (&QH)
237 vs 81,5iClks (ey,)
200 sh 3. S8iCk; {ey)
197 s { 8aSSiCI3 (a,lg)
189 s
181s 8 ag 32,8iCl; (e,)
186 vs 8,51Cks (agy)
155sh e!SiCl; (e,)
122 p!B8ICly (ey)
108 s 3s3iCl5 (aqy, e,), p2SICl3 (eg)
107w oSiCly (agy, &y i
78 m 3,31815 (ey)

b Polarization measurements on benzolic solution.

of the hydrogen evolved during alkaline hydrolysis, infrared and
Raman spectroscopy combined with computer-assisted interpretation
of the spectra as well as 2981 nuclear magnetic resonance became more
and more important during the last decade. Recently. new synthetic
approaches allowed an expansion of our knowledge into the region of
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the Sig-oligomers4— and the collection of important physical data of
these molecules (such as 29Si chemical shifts$) that will be useful for
future research in this area.

Experimental

n-8i4Clyy, n-, neo-SizCly, and [(SiCly)sSi]y were prepared according to the
procedures given in the literature—6. IR-spectra of solid samples were recorded
as nujol mulls, liquid chlorosilanes were thinned with nujol. The paraffine was
deoxygenated and dried by vacuum destillation, all manipulations were
performed in dry nitrogen atmosphere. The spectral regions above and below
300 cm~1 were examined with a Perkin Elmer 325 spectrometer and a Beckman
725 Fourier spectrophotometer, respectively. Raman spectra were taken with a
SPEX Ramalog (50 mW He/Ne gas laser, 6,328 A), polarization ratios are
estimated. All frequencies are believed to be accurate to + 2cm1 with the
exception of FIR measurements {4+ 5em=1).

Spectra

IR and Raman spectra of n-SiyClyy, n-, neo-SizCli, and [(SiCl;)sSily
are given in Table1. The spectra are assigned assuming (for every
individual molecule) the highest symmetry possible. Description of the
modes follows the calculated potential energy distributions (PED).

n-SiyClyy and [(SiCl;)sSi)y belong to point groups Cy and Dsgy, if
symmetrical arrangement of the SiCly-groups around the central SiSi-
bond is assumed, therefore requiring the rule of mutual exclusion. To a
good approximation, the observed spectra display the features expect-
ed if it is taken into account that a number of coinciding lines must be
assigned to different species (see section normal coordinate analysis). In
the case of n-Si,Clyy, several IR bands are believed to originate from
decomposition products (458 m, 440 m, 400 w). They are not included in
Table 1. The “violation’ of the rule of mutual exclusion at “vSiCly” (a
(Ra: 310vs, p. IR: 315 m) may be explained in different ways:

(i) combination band [127 (a,) + 207 (b,)], in Ferms resonance with
ySiCly (by) (372 cm™1);

(i) band resulting from decomposition products;

(iil) the actual symmetry of the molecule is not Cyy,.

We prefer the first explanation since “vSiCly” (corresponding to a
“pulsation” of the whole molecule) usually exhibits the highest possible
symmetry (in view of selection rules). However, the presence of a
gauche conformer may not be excluded.

Similar considerations are valid for [ (SiCl3)sSi]e. With the exception
of the FIR region, the spectra of neo-Si;Cly; are already known?. The
spectra of n-Si;Cly, are best described in terms of Cy, symmetry.

For disilanes of the type Si; X, the fundamentals having predomi-
nantly v(SiSi) character (according to PED) are found in the region be-

2)
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tween 403 cm (Si; Meg)® and 624 cm! (SisCly)?. Vibrational coupling be-
tween vSiSi, vSiXs and 3;81X510 as well as the influence of the substitu-
ents on the SiSi-force constants are responsible for this wide range. f(SiSi)
increases in the series CHy < H <1 ~ CHg < OCHy ~ Br < Cl < Fo-12,
Caused by electronegativity, f(SiX) of disilanes decreases by 5-10% as
compared with SiX,.

Vibrational coupling in Si;Xg-molecules is maximal in SipCls?
because of the little differences between the atomic masses of silicon
and chlorine and the similar value of f(SiSi) and f(SiCl). Calculations on
RizClg13 (Cy, symmetry) show that v SiSi, of species a, mixes extensively
with vSiCly and vSiCly. v, SiSi, of species by, on the contrary is not
coupled with vSiCly since the SiSi distance is not altered during vSiClg
(vsSiCly of species by being an out of phase vibration).

Similar effects are expected if the chain length is increased. Coupling
between v SiSi, and v§SiCl, of the totally symmetric species results in a
“breathing mode” of the whole molecule, giving rise to a strong Raman
line whose frequency decreases with increasing chain length. Because of
its high intensity, this mode may be used for easy identification of
chlorosilanes (as, for instance, during a reaction). Table2 gives the
frequencies of “vSiCly” for 81,Cly, 1» molecules:

Table 2. “vSiCly” of chiorosilanes SiyCly, o (cm™2)

Si;Clg SizClg 1-Si,Clygy 7-Si,Clyy neo-SizCly, n-SizClys SigClg

351 331 322 310 315 302 296

Normal Coordinate Analysis (NCA)

Wilson’s FG-method was followed throughout the calculations.
Geometrical parameters used were: 7(SiSi) = 232 pm, 7(SiCl) = 202 pm,
all angles 109°28'. Torsional angles were chosen in a way the most
symmetrical conformer results. This simplification seems obvious if the
number of predicted fundamentals (relating to different rotameres) is
compared with the observed spectra.

Symmetry coordinates were constructed using the local symmetries
of —S8iCl; and —SiCl, groups. The following combinations of internal
coordinates result (Table 3).

SiSi and SiCl force constants depend on the electronegativities of the
remaining substituents on the silicon atom. If a chlorine atom is
replaced by a SiCl; group, f(SiCl) decreases by 5-10%;, (SiCly — Si,Clg),
Sf(SiSi) behaves similarly. We parameterized these effects using the
following assumptions:



586 K. Hassler et al.:

(i) variation of f(SiSi) and f(SiCl) with chain length is caused by
electronegativity;

(ii) the electronegativity of a SiCly group nearly equals that of a CHg
group, this assumption being justified by a comparison of vSiH of

Cl Cl Cl Cl

n A&/C{

P !

Fig. 1

Table 3. Local symmetry coordinates of SiCly, SiCly and SiCl-groups in chloro-
stlanes Si,Clyy, 49

—SiCly —SiCl, —=SiCl
vgSICl,, 7+ 7y 4 73 1+ 1 7
3¢SiCL, o togtog—B—Pf—PB do—B—B—Pf—HK
viSiCl, 21 —rg—r13 e
S;SiCL,L 2o —opg—otg
et SiCL, 281 —Bo—Bs B+ B—PBs—Ba 28 —B—Ps
V2 SICl,, ry—rs
82 SiCl,, P
02 SiCl,, Bo—Ps
v SiCly Pr—B2 + P3P
= 8iCly Bi—Ba— s+ By

HSi(SiClg)y (2,141 em 1)15 and HSiMes (2,131ecm™1)18 and the linear
relationship between f(SiH) of HSiX; molecules and f(SiSi) of the
corresponding disilanes X3SiSiXs;

(it} replacement of several chlorine atoms results in a linear,
cumulative effect.

f(8iSi) of Si,Cly and Si;Meg are reported to be 2.4-102N/m (Ref.9)
and 1.65-102N/m (Ref.8), respectively. Therefore, f(SiSi) decreases
upon substitution of one chlorine atom by CHj (or equivalently, SiCl;)
by (2.4 —1.65)/6 = 0.125- 102N/m. If one chlorine atom in a B-position ig
replaced by SiCls, an increment of 0.075-102N/m is subtracted [this
value being estimated since no data are available, see (ii)]. Therefore,
replacement of Cl by —SiCLSiCl; is thought to reduce f(SiSi) by



Vibrational Spectra of Perchlorosilanes 587

0.2-102N/m, —SiCI(SiCly), by 0.275-102, Si(SiClz); by 0.35-102N/m
—(SiCly),SiCl; is set equal to SiCl(SiCly)s, —(SiCly)sSiCly to Si(SiCly)s,
structural isomerism thus being neglected. In a similar way, SiCl force
constants are parameterized: starting with SiCl; (3.1-102N/m), the
following increments are subtracted (if one chlorine atom is replaced):
—=8iCly: 0.15, —SiClL,8iCly: 0.25, SiCLSiCls: 0.35
—(8iCl,)3SiCl; = Si(SiCly)y: 0.4; all values in 102N/m.

Deformation force constants are the same for all chlorosilanes [F (8 SiCl,,)
weighted by r(SiCl), ¥ (3SiSi,) by r(SiSi)]:

3SiCl; 5,800l pSiCl, 880, vSiCL  +SiCL  eSiCL  3SiSi,

F
(- 10°N/m) 0.18 0.178 0.14 0.18 0.17 0.17 0.12 0.08

The interaction force constants between two adjacent SiSi and SiCl
bonds are fixed to 0.1-102N/m and 0.05-102N/m, respectively.

The following non-zero off diagonal force constants (102 N/m) were
retained constant:

F (v 8iSiy /v SiCly): 0,04 F (v SiSi, /v SiClL): 0,04 F (vSiSi, /v SiCl): 0,04
F (vSiSi, /8 SiCly): —0,04 F (v SiSi,/5SiCly): —0,04
F (v 81013881013) 0,11 F (v SiCly/3,8iCly): 0,11
F (12S8iCL/512810): —0,11  F (v, SiCly/p SiCly): 0,05
F (42SiCly /et 28iCly) : 0,13
F sk 231013/91 28iCly): — 0,016

Generally, F;;’s corresponding to (; = o were kept zero. Table4
gives the frequencies calculated with our model force field as well as the
experimental values.

Discussion

The results of the normal coordinate analysis allow the following
conclusions:

(i) NCA is able to distinguish between structural isomers (e.g. n-,
1-S1,Clyy), but not between rotational isomers.

(ii) Increasing chain length does not lead to a serious complication of
the spectra, because of the “group-frequency’ character of several
modes (e.g. v, 8,8iCl;, see Table4). The number of observable
transitions thus is reduced. Selection rules usually correspond to the
conformer with the highest symmetry, giving no information on the
actual conformation of the molecule.
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(iii) According to caleulated PED’s, strong mixing occurs between
SiCl,-deformation modes, the PED usually spreading out over several
coordinates (e.g. oSiCly, ¢,7,7,8SiCl). Vibrational coupling between
vSiSi, and vSiCl, has already been mentioned.

(iv) Refinement of the given force field with iterative methods is
hindered by vibrational coupling, large variations of bond stretch force
constants leading to only slight variations of calculated frequencies. In
the SiCl,-deformation region, small off diagonal force constants may
cause an interchange of modes (according to PED).

(v) The given force field is transferable to chlorosilanes with other
substituents M by combining it with a local M force field using
appropriately chosen off diagonal force constants. Electronegativity of M
has to be taken into account. Applications to HSiyCly and MesSiSiCly
resulted in good agreement between experimental and calculated
frequencies.

Readers interested in details of the calculations are invited to write
for additional data.

The authors thank the Fonds zur Forderuny der wissenschaftlichen
Forschung, Vienna, for financial support.
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