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The Vibrational Spectra of Linear and Branched Perchloro- 
silanes SinC12n+2 and Their Simulation Using a Local Sym- 

metry Force Field 
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Infrared and Raman vibrational spectra of n-Si4Cll 0, n-Si5C112, neo-Si5C]12 
and [(SiC13)3Si]~ have been measured and assigned. A local symmetry force field 
has been developed to simulate vibrational spectra of all (noncyclie) per- 
chlorosilanes SinCl~n+2 known today (n = 2, 3, 4, 5, 8). The observed spectra are 
reproduced satisfactorily 

( 1  A s =4~o, m =  total nmnber of observed fundamentals). 

( K eywords : I R Spectra; P erchlorosilanes ; Raman spectra) 

Die Vibrationsspektren linearer und verzweigter Perehlorsilane SinC12n.2 und 
deren Simulieruny mittels eines Iokalen Symmetrie-Kraftfeldes 

Infrarot- und Raman-Spektren yon n-Si4C]Io, n-SisCl~2, neo-SisC112 und 
[(SiCla)3Si]2 wurden aufgenommen und zugeordnet. Ein lokales Symmetric- 
Kraftfeld zur Simulation der Spektren aller bisher bekannten (nicht cyclischen) 
Perchlorsilane SinC12n+~ (n = 2, 3, 4, 5, 8) wird angegeben. Die beobachteten 
Spektren werden zufriedenstellend reproduziert 

( ~  ~ =4~o,m=GesamtzahlbeobachteterGrundsehwingungen). 

Introduction 

Besides a wide variety of synthetic routes yielding mixtures of 
chlorosilanes Si.nC12n+2 with different n's and structural isomers (e.g. the 
reaction of metal silicides with halogens 1, 2 or the method of Thiel 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 (SIC14, Si2C16 and SiaCls) are usually prepared by the silicide- 

0026-9247/80/0111/0581/$ 02.00 
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Table 1. Infrared- and Raman-Spectra (cm ~) 

n-Si4Cl~o n-Si5Cl~2 
I R  (1) Ra (1) ass ignment  I R  (1) Ra (1) assignment  

590 vs, b 

[,sSiSi~ (a~.) 
6lOw, tp [,asSiCla (gg) 640w, b 

{ ~asSiC13 (au, bu) 
'%sSiC12 (au) 600 w 
,~asSiSi~ (b u) 590 vs, b 

580 w 

{ %sSiSie~ (b2)a 
,asSiCl2 (b~) 

',sSiSi2 ~ (a~) a 
~sSiCle (a2) 
%sSiSi2 ~ (be) ~ 
,~SiSi20 (a~)~ 
,asSiC13 (a~, a2) 
~sSiCl~ (b~) 
%sSiCl~ (b~) 
,~sSiCl~ (b~) 

,SiSV (a.) a 593w,tp [,~Sir ~ )  
485 m ,sSiC12 (b u) 

583 w, p ~asSiC13 (ag) 539 vvw 
441 w, p '~sSiClu (ag) 

372 vs ,~sSiC13 (bu) 488 vs 485 vvw 
315 m 310 vs, p ,.,~sSiC13" (a@ 455 vs 458 vvw 

['~asSiC13 (b~) 432 vvw 
220w [ SsSiC18 (ag~ 407s 404w, p 

348 s 
275 w 304 m 303 vs, p 
242 vs f ~asSiC13 (au) 275 w 
232 vs [ ~sSiC13 (bu) 230 vs ~SiC12 (b~) 
207 vs SsSiC12 (bu) 220 vs 220 sh, p 3sSiC13 (al) 

f3~sSiC13 (al, bl) 
196m SasSiC13 (ag) 197w [3sSiC13 (b2) 

~sSiC12 (aD 180 vs 186 m ~asSiC13 (bu) 185 vs 180 w [ ~asSiC13 (b2) 
155 w pSiCl2 (bg 
127s, p fpSiC13 (bg) 175sh ~SiC12 (b~) 

[3s, zSiC12 (at, bg) 156w 
105 vs, p [~,SiC12 (at) 138 w zSiC12 (bl) 

[pSiC13 (ag) 127s f~sSiC12 (~,b2) 
,fpsich (~u) [,SiCl~ (a~) 

150 sh (zSiCl~ (au) f pSiC13 (al) 
90 m, b [,(SiClu (~u) 107 sh 10 ! vs ~ z, u (a2, b2) 

[pSiC12 (bu) [ pSiC!3 (b~, b2) 
88 s "~SiCl~ (aD 
74 s pSiCle (b~) 
54w 54 m ~SiCI~ (b~) 

a i = inner SiSi-bond, o = outer SiSi-bond. 

{ ,sSiC12 (&l) 
"sSiC12 (b2) 

"sSiC12 (&l) 
'~sSiC13 (b2) 

,,,sSiC13" (al) 

m e t h o d  a n d  are  eas i ly  s e p a r a t e d  a n d  pu r i f i e d  b y  des t i l l a t ion ,  b u t  w i t h  
i nc r ea s ing  cha in  l e n g t h  s e ve re  d i f f icu l t ies  c o n c e r n i n g  p u r i f i c a t i o n  a n d  
i d e n t i f i c a t i o n  arise.  Bes ides  t h e  , , c lass ica l"  m e t h o d s  for  t h e  de t e r -  
m i n a t i o n  of  m o l e c u l a r  s t r u c t u r e s  such  as  e l e m e n t a l  ana lys i s ,  ebul l io-  
m e t r i c  d e t e r m i n a t i o n  of  m o l e c u l a r  w e i g h t s  or  v o l u m e t r i c  d e t e r m i n a t i o n  



Vibrational Spectra of Perehlorosilanes 

of n-8i4Cll 0, n- and neo-SisC112 and SisClls 

583 

neo-SisCll2 SiaC118 
IR  (s) Ra (s)b assignment I R  (s) Ra (s) assignment 

615sh 613w %sSiSia (f2) 
597 vs 593 w '~sSiC13 (e) 

559w, p ,~sSiSi4 (0~1) 
553 m ~asSiCla (f'2) 
397 m 402 vw ,sSiCla (f,~) 

315 vs, p ,,'%SiCla" (al) 
346w 
302 wv 
240s 
195s 

123 w 
78 vw 

8sSiCla (f2) 
201 vw SasSiCl3 (f2) 
185 m SasSiC1 a (e) 
130 m, sh oSiC1 a (e) 
l l8vs ,  p 8sSiC1 a (al) 

9SiCla (f2) 
76 m aSiSi 4 (e) 
56 m pSiSi4 (f'z) 

585 vs, b 

535 vs 

450w, b 

396 vs 

383s 
345w 

243sh 
237 vs 
200sh 

186 vs 
155 sh 

107 w 
78m 

600 m vasSiCl a (al.) 
571 m Vlas, .~asSiC~,a (eg) 

f vsSiSia (a@ 
547 w [ vasSiSi a (eg) 

~,,~SiCla (a,2.) 
[Vlas, .2asSiCla (%) 
~ vaSiSia (a2u) 
[ '~sSiSia (%) 

455 m ,JSiSii (alg)a 
391 w ,~sSiCla (eg) 

,~SiCla (%) 
355 vw 
296 vs ,,,JsSiCl3" (alg) 
287 w 

251 w 
235 w 

197 s 
189 s 
181s 

122 s 
108 s 

'JsSiCls (a2u) 

8sSiCla (eg) 
8sSiC13 (a2u) 
81 asSiCla (%) 
SsSiC13 (%) 

{ ~asSiCla (a@ 

Slas: 82asSiC13 (eg) 
8asSiC13 (a2u) 
p~SiCls (%) 
plSiCla (eg) 
3sSiC1 a (al~, %), 928iQ1 s (eg) 
oSiC13 (a2u~ %) 
8asSiSia (%) 

b Polarization measurements on benzolie solution. 

of  the  h y d r o g e n  e v o l v e d  d u r i n g  a lkal ine  hydro lys i s ,  i n f ra red  a n d  
Raman s p e c t r o s c o p y  c o m b i n e d  w i t h  c o m p u t e r - a s s i s t e d  i n t e r p r e t a t i o n  
of  t he  s pec t r a  as well as 29Si nuc l ea r  m a g n e t i c  r e sonance  b e c a m e  m o r e  
and  m o r e  i m p o r t a n t  du r ing  the  las t  decade .  R e c e n t l y .  new s y n t h e t i c  
a p p r o a c h e s  a l lowed an e x p a n s i o n  o f  ou r  k n o w l e d g e  in to  t he  reg ion  of  
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the Sis-oligomers 4-s and the collection of important  physical data  of 
these molecules (such as 29Si chemical shifts 6) tha t  will be useful for 
future research in this area. 

Experimental 

n-Si4Cll0 , n-, neo-SisC112 and [(SiCI3)3Si]2 were prepared according to the 
procedures given in the literature 4-6. IR-speetra 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 speetrophotometer, respectively. Raman spectra were taken with a 
SPEX P~amalog (50roW He/Ne gas laser, 6,328~_), polarization ratios are 
estimated. All frequencies are believed to be accurate to _+ 2 cm-1 with the 
exception of FII~ measurements ( • 5 era-l). 

Spectra 

IR and R a m a n  spectra of n-Si4Cllo, n-, neo-Si5C112 and [(SiC13)3Si]2 
are given in Table 1. 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-SiaCllo and [(SiC13)aSi)e belong to point groups C2h and D~4, if 
symmetrical  arrangement of the SiC13-groups around the central SiSi- 
bond is assume& 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 tha t  a number of coinciding lines must be 
assigned to  different species (see section normal coordinate analysis). In 
the ease of n-Si4Cll 0, several IR  bands are believed to originate from 
decomposition products (458 m, 440 m, 400 w). They are not  included in 
Table 1. The "violat ion" of the rule of mutual  exclusion at '%sSiC13" (ag) 
(Ra: 310vs, p. I g :  315m) may be explained in different ways: 

(i) combination band [127 (at) + 207 (bu)], in Fermi  resonance with 
~sSiC1 a (bu) (372 cm-1); 

(ii) band resulting from decomposition products;  
(iii) the actual symmetry  of the molecule is not C2h. 
We prefer the first explanation since ",~SiCla" (corresponding to a 

"pulsat ion" 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 [(SiC13)3Si]2. With the exception 
of the F I R  region, the spectra of neo-SiaCll2 are already known~. The 
spectra of n-Si5Cl12 are best described in terms of C2v symmetry.  

For  disilanes of the type Si~Xa, the fundamentals having predomi- 
n a n t l y ,  (SiSi) character (according to PED)  are found in the region be- 
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t, ween 403 cm 1 (Si2Me6)S and 624 cm 1 (8i2C16)9. Vibrational coupling be- 
tween vSiSi, vsSiX a and 8sSiXa 10 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 CH a < H < I ~ C6H6 < OCH3 ~ Br < C1 < F 9-12. 
Caused by electronegativity, f(SiX) of disilanes decreases by 5-10~o as 
compared with SiX 4. 

Vibrational coupling in SieXa-molecules is maximal in Si2C169 
because of the little differences between the atomic masses of silicon 
and chlorine and the similar value off(SiSi) and f(SiC1). Calculations on 
SiaCls la (C2v symmetry)  show tha t  %SiSi 2 of species a 1 mixes extensively 
with ,~SiC13 and ,~sSiC12. ,~sSiSi2 of species b2 on the contrary is not  
coupled with ,~SiC13 since the SiSi distance is not altered during ,~SiC13 
(,~SiC13 of species be being an out of phase vibration). 

Similar effects are expected if the chain length is increased. Coupling 
between ~SiSin and ,~SiCI n 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 '%~SiC13" for Si~C12n+.~ molecules: 

Table 2. '%sSiC13" of chloro.~'ilanes SinC1-2,n=,z (cm -1) 

Si2C16 Si3Cls i-Si4Ctl0 rb-Si4Cll0 neo-SisC112 n-SiaCli2 SisClls 

351 331 322 310 315 302 296 

Normal Coordinate Analysis (NCA) 
Wilson's FO-method was followed throughout  the calculations. 

Geometrical parameters used were : r(SiSi) = 232 pm, r(SiC1) = 202 pro, 
all angles 109 ~ 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 --SIC13 and --SIC12 groups. The following combinations of internal 
coordinates result (TaMe 3). 

SiSi and SiC1 force constants depend on the electronegativities of the 
remaining substituents on the silicon atom. I f  a chlorine atom is 
replaced by a SiCl:3 group, f(SiC1) decreases by 5 10~o (SiCla -* Si2C16), 
f(SiSi) behaves similarly. We parameterized these effects using the 
following assumptions : 
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(i) variation of f(SiSi) and f(SiC1) with chain length is caused by 
electronegativity ; 

(ii) the electronegativity of a SiC13 group nearly equals that  of a CH3 
group, this assumption being justified by a comparison of vSiH of 

C[ C[ C[ ~~C[ 

Fig. 1 

Table 3. Local symmetry coordinates of SIC13, SIC12 and SiCl-groups in chloro- 
silanes SinC12n+2 

--SIC13 --SiCle --SIC1 

, s S i C l n  r l  + r2 + ~ 

v l s S i C ]  n 2 r I r 2 - -  r 3 

2 �9 
vasS1Cln r2 - -  r 3 

S2asSiCln c,~ ~s 

/ SiCln ~2 - -  h 

y SIC12 

SIC12 

r l  + r 2  

r l  ~'2 

HSi(SiC13)3 (2,141cm 1)15 and HSiMe 3 (2,131cm-1) 16 and the linear 
relationship between f(SiH) of HSiXa molecules and f(SiSi) of the 
corresponding disilanes X3SiSiX3; 

(iii) replacement of several chlorine atoms results in a linear, 
cumulative effect. 

f(SiSi) of Si2C16 and Si2Me 6 are reported to be 2.r 102N/m (Ref. 9) 
and 1.65-10UN/m (Ref.S), respectively. Therefore, f(SiSi) decreases 
upon substitution of one chlorine atom by CH 3 (or equivalently, SIC13) 
by (2.4-- 1.65)/6 -- 0.125" 10UN/m. I f  one chlorine atom in a ~-position is 
replaced by SIC13, an increment of 0.075" 102N/m is subtracted [this 
value being estimated since no data  are available, see (ii)]. Therefore, 
replacement of C1 by --SiCI~SiC13 is thought  to reduce f(SiSi) by 
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0.2" 102N/m, --SiCl(SiCla)2 by  0.275" 102, 8i(SiCla) 3 by  0.35" 102N/m. 
--(SiC12)ySiC1 a is set  equal  to  SiCl(SiCla) a, --(SiC12)aSiC13 to Si(SiCla) a, 
s t ruc tu ra l  i somer i sm thus  being neglected.  In  a s imilar  way,  SiC1 force 
cons tan t s  are p~ramete r i zed :  s t a r t ing  with  SiC14 (3.1" 102N/m), the  
following inc rements  are  s u b t r a c t e d  (if one chlorine a t o m  is replaced):  

--SIC1 a : 0.15, --SiC12SiC1 a : 0.25, SiC1.2SiC1 a : 0.35 
--(SiC12)aSiCla = Si(SiC13)3 : 0.4 ; all values in 102N/re. 

Deformation force constants are the same for all chlorosilanes IF  (8 SiCln) 
weighted by r (SiCl), F (8.SiSi~) by r (SiSi)] : 

8sSiOla 8a,~SiCla p SiCla 8fiiC12 .~ SiCI2 T SIC12 p SIC12 3 8i8i,, 

F 
(. 102N/m ) 0.18 0.178 0.14 0.18 0.17 0.17 0.12 0.08 

The  in te rac t ion  force cons tan t s  be tween  two ad jacen t  8iSi and  SiC1 
bonds  are f ixed to  0 .1 '  102N/m and 0.05" 102N/m, respect ively .  

The  following non-zero off  d iagonal  force cons tan t s  (10 ~ N /m)  were 
re ta ined  cons tan t  : 

F (~ S i S i n / 4 s S i C ! a )  : 0 , 0 4  F (v SiSin/v~SiC12) : 0,04 

F (v SiSin/~fiiCla) : - -0 ,04 F (4 SiSin/SsSiele) : - -0 ,04 

F (,~8iCla/SfiiCla) : 0,11 F (4sSiC12/SsSiC12) : 0,11 
1"2 �9 1 2  . F(4Ss 81C13/8as 81Cla): - -0 ,11 F (,~asSiCle/0 SIC12): 0,05 

F (4[sYSiCla/01,YSiCla) : 0,13 

F (8~'sYSiCla/p*,2SiCla): 0,016 

General ly ,  F g ' s  cor responding  to U 0 = o were k e p t  zero. T a b l e 4  
gives the  frequencies  ca lcula ted  wi th  our  model  force field as well as the  
expe r imen ta l  values.  

Discussion 

The  resul ts  of  the  no rma l  coord ina te  analysis  allow the  following 
conclusions : 

(i) NCA is able to dis t inguish be tween  s t ruc tu ra l  isomers  (e.g. n-, 
i-8i4Cl10), bu t  not  be tween  ro ta t iona l  isomers.  

(ii) Inc reas ing  chain length  does not  lead to  a serious compl ica t ion  of 
the  spect ra ,  because of the  " g r o u p - f r e q u e n c y "  cha rac t e r  of  several  
modes  (e.g. ,J~, 8~sSiC13, see Tab le4) .  The  n u m b e r  of  observab le  
t rans i t ions  thus  is reduced.  Selection rules usua l ly  cor respond to the  
conformer  wi th  the  highest  s y m m e t r y ,  giving no in fo rmat ion  on the  
ac tua l  confo rmat ion  of the  molecule.  

F (~ SiSi~,/4 SIC1) : 0,04 
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(iii) According to calculated P ED ' s ,  strong mixing occurs between 
SiCln-deformation modes, the P E D  usually spreading out over several 
coordinates (e.g. p SiC1 a, ,*,T,y,SSiCI~). Vibrational coupling between 
vsSiSin and vsSiCln has already been mentioned. 

(iv) Refinement  of the given force field with i terative methods is 
hindered by vibrat ional  coupling, large variat ions of bond stretch force 
constants leading to only slight variat ions of calculated frequencies. In  
the SiCln-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 
subst i tuents  M by  combining it with a local M force field using 
appropriately chosen off diagonal force constants. Electronega~ivity of M 
has to be taken into account. Applications to HSi2C1 s and MeaSiSiC1 a 
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 Fdrderung der wissenschaftlichen 
Forschung, Vienna, for financial support. 
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