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IR spectroscopic and ab initio quantum-chemical study of the products 
of hydrolysis of silicon tetrafluoride at low water concentrations 
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According to the results of IR spectroscopic study and quantum--chemical calculations, 
hydroxo derivatives SiF4_x(OH)x are formed in the course of hydrolysis of silicon tetrafluo- 
ride in the presence of small amount of water along with hexafluorodisiloxane. 
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Si l icon te t ra f luor ide  is widely used for p roduc ing  
epitaxial  layers o f  a m o r p h o u s  si l icon and  as a f luor inat-  
ing agent  in m a n u f a c t u r i n g  SiO 2 f iber l ight pipes, t For  
these  purposes  S iF  4 with ex t remely  low concen t r a t i ons  
o f  oxygen-  a n d / o r  h y d r o g e n - c o n t a i n i n g  impuri t ies ,  z es- 
pecially water  a n d  produc ts  of  the  hydrolysis of  the  main  
subs tance ,  is required .  T he  mos t  informat ive  me thods  
for the  d e t e r m i n a t i o n  o f  impur i t ies  in SiF 4 are IR spec- 
t roscopy and  mass - spec t rome t ry .  3.4 It should  be noted  
tha t  the  c o m p o s i t i o n  of  the  impur i t ies  in SiF 4 depends  
s t rongly on  t he  m e t h o d  of  p repara t ion  of  the  la t ter  and  
the  procedure  for subsequen t  purif icat ion.  Our  pre l imi-  
nary  s tudy o f  I R  spec t ra  o f  gaseous  SiF 4 synthes ized  by 
the rma l  d e c o m p o s i t i o n  o f  sod ium hexafluorosi l icate  and 
con ta in ing  wa te r  impur i ty  showed  the  presence  of  an 
in tense  absorp t ion  band  in the  region near  3764 cm - t  
and  a weaker  band  at 3860 cm -I.  T he  a im o f  this work 
was to s tudy t he  na tu re  of  the  band  at 3764 cm -I in the 
IR spec t rum o f  s i l icon te t raf luor ide  exper imenta l ly  and 
theore t ica l ly  us ing ab initio q u a n t u m - c h e m i c a l  calcula-  
t ions.  

Experimental 

Silicon tetrafluoride was obtained by thermal decomposi- 
tion of soclittm hexafluorosilicate and purified from volatile 
impurities by cryofiltration followed by rectification on a 
column with sampling the medium fraction. 

IR spectra of gaseous SiF 4 in the region 800--4500 cm -I 
were recorded on Specord MS0 and IFS-120HR instruments 
with a resolution of 4 cm -] and 0.1 cm -I,  respectively. A 
multipass cell with a length of the optical path (/) of 100 cm 

and a cell with I = 20 cm with ZnSe windows were used. 
Spectra of solutions in liquid CCI 4 were obtained in a cell with 
an optical path length of I0 cm (ZnSe windows) equipped with 
an inlet system that allowed introducing gaseous SiF 4 and 
H20. Carbon tetrachloride was purified by rectification until a 
residual moisture content of 5 �9 10 -5 tool.% was achieved. 

C_.aleulation IK'ocednre. Quantum-chemical calculations of 
the equilibrium molecular structure and vibrational spectra of 
possible products of hydrolysis of SiF 4 were carried out by the 
ab initio SCF method with inclusion of correlation energy 
according to the density functional theory (DFT) using the 
B3LYP mixed exchange-cor re la t ion  funct ional  in the 
6-31 IG(d,p) basis set (five-component basis set functions). The 
geometry optimization and calculations of vibrational frequen- 
cies were carried out using the GAUSSIAN 94 program. 5. 

Results and Discussion 

Ill addi t ion  to bands  at  3764 and  3860 cm - l ,  those  at 
838 and 912 cm -~ are observed  in the  IR spec t rum of  
gaseous freshly synthes ized  S iF  4 recorded  with a low 
resolut ion (4 cm- I ) .  T h e  la t ter  bands  were assigned 4 to 
Stretching vibra t ions  of  the  mo lecu le  of  hexaf luoro-  
dis i loxane,  wh ich  is the  ma in  p roduc t  of  hydrolysis of  
S iF  4 occurr ing accord ing  to the  fol lowing c o m m o n l y  
accep ted  3-4,~ scheme .  

2S iF  4 +  H20 _= - Si2F60 + 2 HF (1) 
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In addition to the absorption band at 3764 cm -~, two 
narrow lines near 3800 and 4100 cm -~ corresponding to 
HzO and H F  molecules,  respectively, are clearly seen in 
the spectrum o f  a purified SiF  4 specimen recorded with a 
resolution of  0.1 cm -~ in a cell with a length of  the 
optical path o f  20 cm (Fig. 1, a). The addition of  2 mol.% 
of  H20 in the cell leads to an increase in both the 
intensities o f  the lines corresponding to H20 arid H F  and 
those o f  structureless bands at 3764 and 3860 cm -~ (Fig. 
1, b). The pattern o f  S iF  4 spectrum in the region 2700-- 
3000 cm -~ remains unchanged after addition of  D20 , viz., 
t he  bands  at 2710 and 2850 cm -I appea r  
(Fig. 2) and the ratio of  their intensities approximately 
corresponds to that shown in Fig. 1, b. Thus, the bands in 
the region 3700--3900 cm -~ observed in the spectrum of 
gaseous SiF  4 are sensitive to water addition and can 
correspond either to hydroxyl-containing products of  the 
hydrolysis o f  silicon tetrafluoride or  to a SiF 4 complex 
with water. Previous ly :  the possibility of  the formation of  
the latter in a S iF4- -H20  mixture (8 : 1) in a low- 
temperature argon matrix has been reported. The author 
of  Ref. 7 also observed spectral lines corresponding to H F  
and hexafluorodisiloxane, which are the main products of  
hydrolysis of  S iF  4. 
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Hg. I. IR spectra of gaseous SiF 4 in the region 3500-- 
4200 crn-I: a, specimen purified by rectification; b, the same 
specimen with water impurity (l = 20 cm, with a resolution of 
0.1 cm -I, T = 298 ~ A = -Iog(lef/)  ) 
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The equil ibr ium molecula r  s t ructures  and vibrational 
spectra of  plausible hydroxy l -con ta in ing  products  o f  the 
hydrolysis o f  S iF  4 (SiF3OH and SiF2(OH)z  molecules)  
and those o f  the in termedia te  S i F  4 �9 H 2 0  complex  were 
obtained from ab initio q u a n t u m - c h e m i c a l  calculations.  

It is known that the ha rmonic  v ibra t ional  f requencies  
thus determined are, as a rule, appreciably overesti-  
mated  as compared  with those observed  experimental ly .  
To compare  the calculated and expe r imen t a l  data, the 
calculated vibrational f requencies  should  be corrected 
using a standard scale factor s ob ta ined  f rom calculat ions 
of  reference compounds  essent ia l ly  differing from the 
substances under  considerat ion.  F o r  this reason we re- 
jec ted  the idea o f  using the r e c o m m e n d e d  value of  the 
scale factor. The vibrational f r equenc ies  were corrected 
using the linear cal ibrat ion func t ion  

Vcorr = aVcale + b, (2) 

where v=k is the vibrational f r equency  obtained from 
ab initio calculations; v r  is the correc ted  vibrational 
frequency; a and b are the ca l ib ra t ion  coefficients  found 
by the least squares method  from c o m p a r i n g  the experi- 
mental  ( v )  and calculated f requenc ies  (v~c)  in the 
IR spectra o f  S iF  4 and H20:  

Vexp(SiF4, H20) = avealc(SiF4, H20) + b. (3) 

Experimental  s and calcula ted v ibra t ional  frequencies  
of  S iF  4 and H20 used to fit a and b values are listed in 
Table 1. The coefficients  a and b de te rmined  from 
Eq. (2) are 0.9497 and 44.59 cm -I ,  respectively. The 
value of  coefficient a is close to t h e  r e c o m m e n d e d  value 
of  standard scale factor (0.9613) for  a simiJar level of  
approximation (B3LYP/6-3 IG(d) ) .  The  corre la t ion co-  
efficient between the expe r imen ta l  and calculated fre- 
quencies  for given a and b is 0 .99994 and the mean 
absolute deviation of  predic ted  va lues  f rom exper imen-  
tally observed frequencies  o f  S iF  4 a n d  H 2 0  is 12.3 cm -I. 
This suggests that the found co r r ec t i on  coeff icients  make 

Table 1. The experimental (vtxp) , calculated (Vealc), and cor- 
rected (veorr) using Eq. (1) vibrational frequencies and the 
experimental (Acx p �9 10-8) a and calculated (Aeale �9 10 -8) integrated 
absorption coefficient~ of fundamental bands in the IR spectra 
of SiF 4 and H20 

Corn -  Vexp 3'4 Vcate  Vcorr -~xp 3'4 Acalc Ass ign-  

p o u n d  c m  - t  10 8 c m  2 tool  -1 s - I  m e n t  b 

SiF 4 264 254 286 --  -- 3, E 
388 372 398 1 26 5, T 2 
801 773 779 - -  -- v~, A I 

1031 1 0 1 8  1011 10 117 vas, T~ 
H20 1595 1 6 3 9  1601 22 29 6, A~ 

3657 3810 3663 5 2 vs, A I 
3756 3907 3755 25 12 v~, B~ 

a For SiF4, the relative intensities o f  the bands 10 are given. 
a The following notations were used: ,B, deformation; vs, sym- 
metric stretching: and v~, antisymmetric stretching vibrations. 
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it possible to evaluate the vibrational frequencies of 
similar molecules on the basis of quantum-chemical 
calculations with an accuracy o f - 1 2  cm -t. 

Using the described procedure, it is possible to assign 
the characteristic absorption bands observed in the spec- 
trum of gaseous SiF 4 in the presence of water vapors as 
admixture. The calculated and corrected vibrational fre- 
quencies of possible products formed in the initial stage 
of hydrolysis (hydroxo derivatives SiF3OH and SiF2(OH)2 
and the suggested reaction intermediate,  complex 
SiF 4- HzO ) are listed in Table 2. A special quantum- 
chemical study is dedicated to investigation of the struc- 
ture, stability, and pathways of possible further transfor- 
mations of intermediate SiF 4 complexes with water. Its 
results will be published elsewhere. Several stable struc- 
tures corresponding to the above intermediate were found. 
In this work, we consider only the most stable structure, 
viz., the donor-acceptor complex with the Si--O coordi- 
nation bond, whose vibrational frequencies are listed in 
Table 2. The calculated equilibrium molecular structures 
of SiF3OH , SiF2(OH)2 and that of the most stable 
complex SiF 4- H20 are shown in Fig. 3. 

Table 2. Calculated values of vibrational frequencies (v/cm -z) 
and integrated absorption coefficients (A/10 s cm ~ tool -t s-L) of 
the bands in the IR spectra of several possible products of the 
interaction between SiF 4 and H20 

Compound v A" 10 -8 Assignment 

SiF3OH 386 24 8(SiF3) 
398 27 8(SiF3) 
405 26 iS(SiF3) 
740 74 6(Si--O--H) 
782 23 v(Si--O) + 

+ v(Si--F) 
971 115 v(SiF3) 
996 122 v(SiF3) 

1030 102 v(SiF3) 
3765 68 v(O--H) 
409 23 ~SiF2) 
762 17 8(Si--O--H) 
782 135 iS(Si--O--H) 
786 33 8(Si--O--H) 
979 94 vs(Si--F) 
980 135 Vas(Si--F ) + 

+ Vas(Si--O--H) 
1007 95 Vas(Si--F) 
3756 77 vas(O--H ) 
3759 37 vs(O--H) 
420 64 w(H20 ) 
494 L5 ~(H20 ) 
759 0 v(SiF4) 
943 140 v(Si-- F) 
996 121 v(Si--F) 

10t2 121 v(Si--F) 
1593 36 8(H--O--H) 
3663 12 v(O--H) 
3758 34 v(O--H) 

SiF2(OH) 2 

SiF4- H20 

Note. The following notations were used: 8, deformation; 
v, stretching; v, symmetric stretching; vas , nntisymmetric 
stretching: w, wagging; and r, torsional vibrations. 
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Fig. 2. IR spectra of gaseous SiF 4 in the region 3050-- 
2650 cm-t: a, without D20 impurity; and b, with a D20 
impurity (I = 20 em, with a resolution of 0.L era-t). 
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Fig. 3. Molecular structures of possible prodncts of SiF 4 
hydrolysis calculated by the ab initio B3LYP/6-31tG(d,p) 
method: SiF3OH (I), SiF,(OH)2 (2), and complex SiF 4- H20 
(3). Bond lengths (A) and bond angles are shown. 
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All calculated structures conta in  one or two O - - H  
bonds whose vibrational f requencies  lie in the interval 
3756--3765 cm -t  (see Table 2) and fall within the region 
o f  a broad s t ruc ture less  band with the  c e n t e r  at 
3764 cm -~ observed in the [R spectrum of  gaseous SiF 4. 
The  structureless shape o f  this band and increase in its 
intensity with t ime and with increasing temperature  is 
explained by the presence o f  at least three compounds ,  
o f  which two are products  o f  hydrolysis. The possible 
presence o f  several in te rmedia te  complexes  of  S iF  4 with 
water  also favors the broadening  of  the band near 
3764 cm -~ and the increase in its intensity. 

To prove exper imenta l ly  the assumption that the 
bands in the region 3700--3900 cm -~ correspond to 
hydroxyl-conta ining products  o f  hydrolysis of  SiF4, the 
spectra of  a solut ion o f  H20  and SiF  4 in CCI 4 (Fig. 4, a) 
were studied. Addi t ion of  small  amounts  o f  gaseous SiF 4 
to the solut ion has virtually no effect on the spectral 
pattern; however,  the  dissolution o f  an excess SiF  4 (rela- 
tive to water) results in a change in the shape o f  the v~ 
and v 3 bands (Fig. 4, b. c). A new band appears near 
3685 cm -t and reaches its max imum after about 24 h, 
whereas the intensities of  the v I and v 3 bands decrease 
sharply. Most  likely, this band should be assigned to 
OH-con ta in ing  products  of  the SiF  4 hydrolysis formed 
according to Eq. (4) 

2 S i F  4 + x H 2 0  " SiF4_x(OH) x + x H F  

or, in the simplest  case, 

(4) 

SiF 4 +  H20 - - SiF30H + HF. (5) 

Analogous  changes in the reg ion  near  3685 cm -t are 
observed in the IR spectrum of  the so lu t ion  o f  a mixture  
o f  S iF  4 and methanol  in CCI 4 (Fig. 5, a, b). In this case 
a new band near 3685 cm -I is also recorded,  while the 
intensity o f  the basld at 3645 cm -1 cor responding  to the 
vibration o f  the methanol  O - - H  bond  remains  rather 
high even 24 h after the m o m e n t  o f  mixing both sub- 
stances. It is likely that a reac t ion  analogous to that 
described by Eq. (4) occurs in CC14: 

SiF 4 + MeOH ~ SiFsOH + MeF, (6) 

and that the degree of  alcoholysis is considerably lower 
than that o f  hydrolysis. 

Thus,  the results of  our  IR spec t roscop ic  and quan-  
t um-chemica l  study make it possible to refine the known 
scheme of  hydrolysis of  S iF  4 (Eq. ( ! ) )  in the presence of  
small amounts  of  water. As follows f rom the IR  spectra 
in the low-temperature  matrix and f rom q u a n t u m - c h e m i -  
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Fig. 4. IR spectra of the solution of a mixture of SiF 4 and 
water in CC14: a, immediately after mixing (vt(H20) is 
3710 cm -~ and v3(H20) is 3616 era-I); b, after I h from the 
beginning of the reaction (v(OH) is 3685 era-t); and c, after 
24 h from the beginning of the reaction (1 = 5 cm, with a 
resolmion of 4 cm-I). 

Fig. 5. |R spectra of the solution of ~a mixture of SiF 4 and 
methanol in CCI 4 in the region 3500--2800 era-t: a, immedi- 
ately after mixing (v(OH) is 3645 em -I)  ; and b, after 24 h from 
the beginning of the reaction (t = 5 ern. with a resolution of 
4 em -I,  T = 290 ~ The spectra were smoothed by approxi- 
mating the band contours by the Voight function. 
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cal calculations, in the initial stage the donor-acceptor 
complex SiF 4" HzO is formed. This leads to a decrease 
in the activation barrier to the reactions of the formation 
of hydroxyl-containing SiF 4 derivatives (in particular, 
trifluorosilanol): 

SiF 4 + H20 .,..--.= S iF4 .H20  ~ SiF3OH + HF. (7) 

The band at 3685 cm -~ in the IR spectrum ofSiF  4 in 
CCI 4 and the band at 3764 cm -j in the IR spectrum of 
gaseous SiF 4 corresponds to a SiF~OH molecule or, in 
the general case, to a SiF4_~(OH) ~ molecule. In both 
cases these bands lie between those of symmetric and 
antisymmetric vibrations of water molecules. 

Intense bands at 838 and 912 cm -~ corresponding to 
vibrations of the hexafluorodisiloxane molecule indicate 
that a further hydrolysis occurs following the scheme 

SiF30H + SiF 4 . -. Si2F60 + HF. (8) 

Judging by the obtail~ed IR spectra ofgaseous SiF 4 in 
the presence of water vapors, both the initial compounds 
SiF 4 and H20 and the hydrolysis products SiF~OH, 
SiF2(OH)2, Si~F60, and HF and, possibly, the interme- 
diate complex SiF 4 �9 H~O are ill equilibrium. 
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