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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 [R spectroscopic study and quantum-chemical calculations,
hydroxo derivatives SiF,_ (OH), 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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Silicon tetrafluorde is widely used for producing
epitaxial layers of amorphous silicon and as a fluorinat-
ing agent in manufacturing SiO, fiber light pipes.! For
these purposes SiF, with extremely low concentrations
of oxygen- and/or hydrogen-containing impurities,? es-
pecially water and products of the hydrolysis of the main
substance, is required. The most informative methods
for the determination of impurities in SiF, are IR spec-
troscopy and mass-spectrometry.3# It should be noted
that the composition of the impurities in SiF, depends
strongly on the method of preparation of the latter and
the procedure for subsequent purification. Our prelimi-
nary study of IR spectra of gaseous SiF, synthesized by
thermal decomposition of sodium hexafluorosilicate and
containing water impurity showed the presence of an
intense absorption band in the region near 3764 cm™!
and a weaker band at 3860 cm™!. The aim of this work
was to study the nature of the band at 3764 cm™ in the
IR spectrum of silicon tetrafluoride experimentally and
theoretically using ab initio quantum-chemical calcula-
tions.

Experimental

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

IR spectra of gaseous SiF, in the region 8004500 cm™'
were recorded on Specord MS80 and IFS-120HR instruments
with a resolution of 4 cm™' and 0.1 cm™!, respectively. A
multipass cell with a length of the optical path (/) of 100 cm

and a cell with / = 20 c¢m with ZnSe windows were used.
Spectra of solutions in liquid CCl, were obtained in a cell with
an optical path length of 10 cm (ZnSe windows) equipped with
an inlet system that allowed introducing gaseous SiF, and
H,0. Carbon tetrachloride was purified by rectification until a
residual moisture content of 5 1073 mol.% was achieved.

Calculation procedure. Quantum-chemical cajculations of
the equilibrium molecular structure and vibrational spectra of
possible products of hydrolysis of SiF, 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-correlation functional in the
6-311G(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

In addition to bands at 3764 and 3860 cm™!, those at
838 and 912 cm™ are observed in the IR spectrum of
gaseous freshly synthesized SiF, recorded with a low
resolution (4 cm™!). The latter bands were assigned? to
stretching vibrations of the molecule of hexafluoro-
disiloxane, which is the main product of hydrolysis of
SiF, occurring according to the following commonly
accepted3#® scheme.

2 SiFy + Hy0 === Si,Fg0 + 2 HF )

* The program was submitted by the Center for Computer
Assistance to Chemical Research (CACR) of RAS at the N. D.
Zelinsky Institute of Organic Chemistry of the Russian Acad-
emy of Sciences in the framework of the Grant of the Russian
Foundation for Basic Research (Project No. 95-07-20201).
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In addition to the absorption band at 3764 cm™!, two
narrow lines near 3800 and 4100 cm™ corresponding to
H,0 and HF molecules, respectively, are clearly seen in
the spectrum of a purified SiF, specimen recorded with a
resolution of 0.1 cm™ in a cell with a length of the
optical path of 20 cm (Fig. 1, a). The addition of 2 mol.%
of H,0 in the ccll leads to an increase in both the
intensities of the lines corresponding to H,0 and HF and
those of structureless bands at 3764 and 3860 cm™! (Fig.
I, ). The pattern of SiF, spectrum in the region 2700—
3000 cm ™! remains unchanged after addition of D,0, viz,,
the bands at 2710 and 2850 cm™! appear
(Fig. 2) and the matio of their intensities approximately
corresponds to that shown in Fig.!, b. Thus, the bands in
the region 3700—3900 cm™ observed in the spectrum of
gaseous SiF, are sensitive to water addition and can
correspond either to hydroxyl-containing products of the
hydrolysis of silicon tetrafluoride or to a SiF, complex
with water. Previously,? the possibility of the formation of
the Jatter in a SiF,—H,0 mixture (8 : I} in a low-
temperature argon matrix has been reported. The author
of Ref. 7 also observed spectral lines corresponding to HF
and hexafluorodisiloxane, which are the main products of
hydrolysis of SiF,.
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Fig. 1. IR spectra of gaseous SiF, in the region 3500—

4200 cm™': a, specimen purified by rectification; b, the same
specimen with water impurity (/ = 20 c¢m, with a resolution of
0.1 em™, T=1298 °C; 4 = —log(/)/D)}.

The equilibrium molecular structures and vibrational
spectra of plausible hydroxyl-containing products of the
hydrolysis of SiF, (SiF,OH and SiF,(OH), molecules)
and those of the intermediate SiF,- H,0 complex were
obtained from ab initio quantum-chemical calculations.

It is known that the harmonic vibrational frequencies
thus determined are, as a rule, appreciably overesti-
mated as compared with those observed experimentally.
To compare the calculated and experimental data, the
calculated vibrational frequencies should be corrected
using a standard scale factor® obtained from calculations
of reference compounds essentially differing from the
substances under consideration. For this reason we re-
jected the idea of using the recommended value of the
scale factor. The vibrational frequencies were corrected
using the linear calibration function

Veorr = @Veare t 4, (2)

where v, is the vibrational frequency obtained from
ab initio calculations; v___ is the corrected vibrational
frequency; a and b are the calibration coefficients found
by the least squares method from comparing the experi-
mental (cha) and calculated frequencies (v ) in the
IR spectra of SiF, and H,O:

Vexp(SiFy, Hy0) = avey(SiFy, Hy0) + b. 3)

Experimental® and calculated vibrational frequencies
of SiF, and H,0O used to fit @ and 5 values are listed in
Table 1. The coefficients a and 5 determined from
Eq. (2) are 0.9497 and 44.59 cm™!, respectively. The
value of coefficient a is close to the recommended value
of standard scale factor (0.9613) for a similar level of
approximation (B3LYP/6-31G(d)). The correlation co-
efficient between the experimental and calculated fre-
quencies for given a and b is 0.99994 and the mean
absolute deviation of predicted values from experimen-
tally observed frequencies of SiF, and H,0 is 12.3 cm™.
This suggests that the found correction coefficients make

Table 1. The experimental (v.,,), calculated (v,.), and cor-
rected (veo,) using Eq. (1) vibrational frequencies and the
experimental (4, - 10“‘8)“ and calculated (A, - 1078) integrated
absorption coeflicients of fundamental bands in the {R spectra
of SiF; and H,0

Com- chps" Veale  Veorr Acxps" Al Assign-
pound cm™~! 108 cm? mol~ls™1  ment®
SiF, 264 254 286 - — 3, E
388 372 398 1 26 8 T
801 773 779 ~ - Y
1031 1018 1011 10 17 Vaor T
H,0 1595 1639 1601 22 29 3, A
3657 3810 3663 5 2 v, A,
3756 3907 3755 25 12 v By

@ For SiF,, the relative intensities of the bands!® are given.
® The following notations were used: &, deformation; Ve, SYM-
metric stretching; and vy, 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 of ~{2 cm~L.

Using the described procedure, it is possible to assign
the characteristic absorption bands observed in the spec-
trum of gaseous SjF, 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 SiF,;OH and SiF,(OH),
and the suggested rcaction intermediate, complex
SiF,+ H,0) arc 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, 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 compiex with the Si—O coordi-
nation bond, whose vibrational frequencies are listed in
Table 2. The calculated equilibrium molecular structures
of SiF,OH, SiF,(OH), and that of the most stable
complex SiF, - H,O are shown in Fig. 3.

Table 2. Calculated values of vibrational frequencies (v/cm™)
and integrated absorption coefficients (£/108 cm? mot™! s™!) of
the bands in the IR spectra of several possible products of the
interaction between SiF, and H,0

Compound v A 1078 Assignment
SiF,0H 386 24 3(SiFy)
398 27 5(SiF3)
405 26 8(SiF;)
740 74 3(Si—0—H)
782 23 wSi—0) +
+ WSi—F)
971 11s W(SiFy)
996 122 v(SiF3)
1030 102 w(SiF3)
3765 68 WO—H)
SiF,(OH), 409 23 W(SiFy)
762 17 §(Si—0—H)
782 135 8(Si—O—H)
786 33 8(Si—O—H)
979 94 v(Si—F)
980 135 vai(Si—F) +
 vog(Si—O—H)
1007 95 ves(Si—F)
3756 77 Vol O—H)
3759 37 vi(O—H)
SiF,-H,0 420 64 w(H,0)
494 (5 +(H,0)
759 0 v(SiF,)
943 140 v(Si—F)
996 121 W(Si—F)
1012 121 WSi—F)
{593 36 S(H—O—H)
3663 12 WO—H)
3758 34 W(O—H)

Note. The following notations were used: &, deformation;
v, stretching; v, symmetric stretching; Ve antisymmetric
stretching: w, wagging; and t, torsional vibrations.
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Fig. 2. IR spectra of gaseous SIF‘ in the region 3050—
2650 cm™!: a, without D,0 impurity; and 4, with a D ,0
impurity (/ = 20 cm, with a resolution of 0.1 cm")

Fig. 3. Molecular structures of possible products of SiF,
hydrolysis calculated by the ab initio B3LYP/6-311G(d, p)
method: SiF;OH (1), SiF, ,(OH), (2), and complex Sif,-H O
(3). Bond Iengths (A) and bond angles arc shown.
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All calculated structures contain one or two O—H
bonds whose vibrational frequencies li¢ in the interval
3756—3765 cm™! (see Table 2) and fall within the region
of a broad structureless band with the center at
3764 cm™! observed in the IR spectrum of gaseous SiF,.
The structureless shape of this band and increase in its
intensity with time and with increasing temperature is
explained by the presence of at least three compounds,
of which two are products of hydrolysis. The possible
presence of several intermediate complexes of SiF, with
water also favors the broadening of the band near
3764 cm™! and the increase in its intensity.

To prove experimentally the assumption that the
bands in the region 3700—3900 cm™ correspond to
hydroxyl-containing products of hydrolysis of SiF,, the
spectra of a solution of H,0 and SiF, in CCl, (Fig. 4, a)
were studied. Addition of small amounts of gaseous SiF,
to the solution has virtually no effect on the spectral
pattern; however, the dissolution of an excess SiF, (rela-
tive to water) results in a change in the shape of the v,
and v, bands (Fig. 4, b, ¢). A new band appears near
3685 cm™! and reaches its maximum after about 24 h,
whereas the intensities of the v, and v, bands decrease
sharply. Most likely, this band should be assigned to
OH-containing products of the SiF, hydrolysis formed
according to Eq. (4)
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Fig. 4. IR spectra of the solution of a mixture of SiF, and
water in CCl; a, immediately after mixing (v|(HZO) is
3710 cm™' and v4(H,0) is 3616 cm™Y); b, after 1 h from the
beginning of the reaction (v(OH) is 3685 cm™); and ¢, after
24 h from the beginning of the reaction ({ = 5 cm, with a
resolution of 4 ecm™').

2 SiFy + X HyO0 === Sif,_(OH), + x HF @

or, in the simplest case,

SiF, + H,0 === SiF,0H + HF. (5

Analogous changes in the region near 3685 cm™! are
observed in the IR spectrum of the solution of a mixture
of SiF, and methanol in CCl, (Fig. 5, a, 8). In this case
a new band near 3685 cm™! is also recorded, while the
intensity of the band at 3645 cm™! corresponding to the
vibration of the methanol O—H bond remains rather
high even 24 h after the moment of mixing both sub-
stances. It is likely that a reaction analogous to that
described by Eq. (4) occurs in CCl,:

SiFy + MeOH ==== SiF;0H + MeF, (6)

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

Thus, the results of our IR spectroscopic and quan-
tum-chemical study make it possible to refine the known
scheme of hydrolysis of SiF, (Eq. (1)) in the presence of
small amounts of water. As follows from the IR spectra
in the low-temperature matrix and from quantum-chemi-
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Fig. 5. IR spectra of the solution of a mixuure of SiF, and
methanol in CCl, in the region 3500—3800 cm™": g, immedi-
ately after mixing (v(OH) is 3645 cm™!); and 4, after 24 h from
the beginning of the reaction (/ = 5 crn, with a resolution of
4 cm™!, T= 290 °C). The spectra were smoothed by approxi-
mating the band contours by the Voight function.



IR spectra of the products of hydrolysis of SiF,

Russ. Chem. Bull., Vol. 48, 1, January, 1999 97

cal calculations, in the initial stage the donor-acceptor
complex SiF, - H,O is formed. This leads to a decrease
in the activation barrier to the reactions of the formation
of hydroxyl-containing SiF, derivatives (in particular,
trifluorosilanol):

an——Y
===

SiFy + Hp0 SiFg - Hy0 ==== SiF,0OH + HF. (7)

The band at 3685 cm™! in the IR spectrum of SiF, in
CCl, and the band at 3764 cm™ in the IR spectrum of
gaseous SiF, corresponds to a SiF;OH molecule or, in
the general case, to a SiF,_ (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

SiF;0H + SiF, ==== SiFgO + HF. (8

Judging by the obtained IR spectra of gaseous SiF, in
the presence of water vapors, both the initial compounds
SiF, and H,0 and the hydrolysis products SiF,OH,
SiF,(OH),, Si,F O, and HF and, possibly, the interme-
diate complex SiF, - H,O are in equilibrium.
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