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Abstract—Spin traps, which are diamagnetic centers (=Si0),Si, are used to register low-molecular radicals
"OH, 'NH,, and H formed by the reactions of H,O and NH; molecules with the radicals (=Si-0); Si* and

(=Si-0),S-O" stabilized onthe silicasurface. The experimental dataand the results of quantum-chemical cal-
culations for model systems are used to determine the mechanism and thermochemical characteristics of these
reactions. A new paramagnetic center (=Si-O), Si 'NH, was identified on the silica surface, and its radiospec-

troscopic characteristics are determined.

INTRODUCTION

Homogeneous—heterogeneous reactions comprise a
wide range of phenomena where active species leave
solid surfaces. However, the data on the mechanisms of
these reactions are scant. This is largely due to the
absence of reliable data on the nature of active sites on
solid surfaces that participate in these reactions. A rare
exception issilica. For this system, the structures of the
main types of paramagnetic and diamagnetic defects
are determined, and their properties are studied, which
make it possible to control of the processes of their for-
mation and transformation [1-3]. Based on the study of
the chemical properties of various surface defects,
methods are developed that enable transforming
defects of onetypeinto others[2, 3]. Using these meth-
ods, one can obtain samples with desired point defects
stabilized on the surface. This article is devoted to the
experimental and quantum-chemical data on the mech-
anisms of the reactions of H,O and NH; moleculeswith
paramagnetic defects stabilized on the silica surface.

The results of these studies can be of interest to
environmental science. Huge masses of sand in deserts
arein constant motion. (The main component of sandis
silica) Due to the friction of sand particles, various
defects are formed and stabilized on their surfaces.
Similar processes occur when silica powder is treated
in specia mechanical activators [1-4]. The cited

defects are (=Si-0),Si° and (=Si-0);Si-O°, which
are the products of the homolytic cleavage of siloxane

bonds. The latter can react with the molecules of a sur-
rounding gas atmosphere, including water molecules.

When studying the reactions of paramagnetic
defects with saturated molecules, such as H,O and
NH;, low-molecular radicals can be formed. One of the

methods for determining the structures of these low-
molecular radicals is the use of spin traps when some
groups play the role of the acceptors of free radicals
formed. In this study, we used samples of reactive silica
(RS) [5]. On the surface of such a sample, diamagnetic
defects ((=2S-0),Si: (X)) are present together with
paramagnetic ones[2, 3]. Diamagnetic defects are usu-
ally moderately active toward saturated molecules, but
they are efficient traps for low-molecular spin radicals.

Therefore, if mobile free radicals (R™) are formed in
the system during a chemical process, they can be
trapped by these groups to form paramagnetic com-

plexes (XR) . Direct spectral methods (ESR, IR spec-
troscopy, and optical methods) can be used to register
such complexes. The elucidation of their structures

may provide data on the nature of radical R.

EXPERIMENTAL

Experiments were carried out with powdered high-
dispersity Aerosil A-300 with an initial specific surface
area of ~300 m?/g. The method of silica surface activa-
tion resulting in a substantial increase in its chemical
activity (the formation of RS) was proposed by Mor-
terraand Low and described in detail in [2, 5, 6]. Asa
result of high-temperature treatment (RS preparation
includes the stage of high-temperature treatment at
1200 K), the value of the Aerosil specific surface area
decreased to 100-150 m?/g. Two types of defects are
stabilized on the surface of activated powder: paramag-

netic radicals (5-0);Si~ with a concentration of ~1 x
10'2 or ~10" cm per sample and diamagnetic centers
(2S-0),Si: with two-coordinated silicon atoms. The
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concentration of diamagnetic centers is more than
an order of magnitude higher than the concentration
of paramagnetic centers. We denote this system as

((ESi-0),Si", (=S-0),Si:). Another system is
((Si-0),S-0’, (=Si-0),Si:). To obtain it, the

(ESi-0);Si", (=Si-0),Si:) sample was treated by
N,O molecules at room temperature. The N,O mole-

cules undergo addition to silyl radicals:*
(2Si—-0),Si" + N,O —» (2Si-0);S—-N=N-O°

When heated to a temperature higher than 373 K, the
complex decomposes to form an oxy radical and a gas-
eous hitrogen molecule:

(2S-0);S-N=N-O" — (=S-0);S-O" + N,.

This treatment does not concern centersinvolving two-
coordinated silicon atoms. Thus, we obtained the sam-

ple (S-0),S-0", (=Si-0),Si:), on the surface of
which oxy radicals and diamagnetic silylene groups are
stabilized.

All experiments were carried out in a high vacuum
or under the conditions of controlled atmosphere. The
pressures of H,O and NH; vapors in the system were
measured using the Pirani gauge. At room temperature,
vapors are adsorbed on the walls of a vacuum system
and especially on the powder surface. This prevented us
from obtaining quantitative data on the rate constants of
the processes under study.

The ESR spectraof sampleswere recorded at 300 or
77 K using an EPR-20 spectrometer from the Institute
of Chemical Physics working in the X-range. Due to
the specific features of the electronic structure, the reg-
istration of the (=Si-0);Si-O" radicals by ESR under
ordinary conditions is difficult [8]. A more convenient
method is to control the concentration of these radicals
in the sample using the luminescence method [9, 10].
Oxy radicals have aband with an absorbance maximum
near 4.7 eV. The absorption of a light quantum is
accompanied by red luminescence near 2.0 eV. This
enables the control of the oxy radical concentration in
the sample by monitoring a change in the level of
chemiluminescence.

Quantum-chemical calculations were carried out
using the Gaussian-94 program package [11]. We used
molecular models of surface defects of silica. It has
been shown before [3, 12] that low-molecular com-
pounds F,SIXY and F;SiX in which the=S—-O group(s)
is (are) replaced by a fluorine atom are very close in
their physicochemical characteristics to the surface
sites of silica (£5-0),SXY or (£5-0);SX (where X
and Y are low-molecular substituents). The structure

1 Earlier it was suggested [7] that the complex formed has a differ-
ent structure: (Si-0);Si-O-N= N’. This problem will be dis-
cussed in a separate paper.

optimization was performed using density functional
theory (DFT) within the gradient approximation
(B3LYP/6-311G**) [13, 14]. For al optimized struc-
tures, we calculated their vibrational spectra. Transition
states were characterized by a single negative eigen-
value of the Hessian matrix. The values of reaction
enthalpies were determined at 0 K from the equation
AH(0K) = AE(OK) + A(ZPE), where AE(0 K) is the dif-
ference between the total energies of initial reactants
and final products and A(ZPE) is the difference
between their zero-point energies. The corresponding
results are summarized in Tables 1 and 2. The values of
enthalpies AH(OK) for two reactions calculated by this
method are given below (for these reactions, experimental
vaues are available and shown in parentheses[15]):

HOH — 'OH+ H +111.6 (119.2) kcal/mol,
NH; — ‘NH,+ 'H +102.5 (108.2) kcal/mol.

RESULTS AND DISCUSSION

System ((=Si-0);Si-0", (=Si-0),Si:) + H,0. The
sample contact with water vapors at 300 K was accompa-
nied by the disappearance of photoluminescencefrom oxy
radicals (the vapor pressure was a most 10! torr). This
points to their decay when they interacted with water.
New paramagnetic centers were detected in the reac-
tion products by the ESR method. Their ESR spectrum
isshownin Fig. 1. An analogous ESR signal belonging

to the (2S-0),Si OH radicals was first observed in
[16]. This signal is a superposition of the ESR spectra

of the radicals (25-0),%¥Si —~OH (95.3%) (Fig. 1a)

and (=Si-0),%Si —-OH (4.7%) (Fig. 1b). Two lines
(~5% of the central signal intensity) (Fig. 1b) belong to
the radicals containing a?°Si isotope (I = 1/2, the natu-
ral concentration is 4.7%) for which ¢,(*S) = —413 + 1,
b, =b,=18.7+0.5,and b;=-37.4+ 1 G[17]. Thecentral
line belongs to the radicals containing 22Si and *°Si iso-
topes (I =0, the overall natural concentration is 95.3%)
(Fig. 1a). The shape of the ESR spectrum of this radical
reversibly changes with the temperature of spectra record-
ing. At 77 K, the hyperfine structure due to aproton ismore
pronounced in the central part of the spectrum.

The (=Si-0),Si " OH radicals were registered as the

products of the addition of the O H radicalsto diamag-

netic silylene centers [18]. In that study, OH is the
product of the thermal decomposition of the radical
(=Si-0),SI(C,H5)(O-0").

Thus, the experimental data suggest that the interac-
tion of awater molecule with silyl oxy radicals occurs
asfollows:

(2Si-0),Si-0" + H,0
)

—»(=S-0)5;Si-O-H + 'OH,
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Table 1. Resultsof the DFT calculations of total energies (E(0K)) and zero-point energies (ZPE) of the systems under study:

molecules, radicals, complexes, and transition states (TS)*

Compound —E(0K), at. u. ZPE, kcal/mol 0
1H 0.50216 0 0.750
2 'OH 75.75453 5.3 0.752
3. HOH 76.44745 13.4 -
4. 'NH, 55.89510 11.85 0.753
5. NH5 56.57604 215 -
6. F,Si 489.34462 2.9 -
7.F3S’ 589.25327 5.2 0.751
8. FSiH 589.92004 11.3 -
9.F;SiO 664.51516 7.3 0.752
10. F,SIOH 665.22070 14.6 -
11. F,Si'OH 565.21917 121 0.751
12. F,Si'NH, 545.33421 19.5 0.752
13. F3SiNH, 645.33595 22.1 -
14. (F3Si"...H,0) (complex) 665.71777 20.4 0.751
15. (F3Si"...NH5) (complex) 645.85468 29.1 0.751
16. F3Si* ...HOH —» F;SIOH + H (TS) 665.68317 15.3 0.754
17. F3Si"...NH; —> F3SINH, + H (TS) 645.81271 245 0.756
18. F3Si"...NH; — F3SiH + 'NH, (TS) 645.81000 23.4 0.756

* For freeradicals, the value [$°Cis the average value of the square of the spin operator for the system. For purely doublet states, thisvalue

equals 0.75.

(2Si-0),Si: + OH — (=Si-0),Si(OH). ()
Reaction (I) is exothermic: the strength of the O—-H
bond in the =Si—-O-H group is higher than in a water
molecule [19, 20]. The results of quantum-chemical
calculations (Table 2, reaction 1) suggest the same.

It was noted in [21] that the (=S-0),S-O" radicals

aremore activein the reactions of H abstraction than ‘'O H
radicals. Wefailed to find any data on the activation energy

of the reaction ‘OD + HOH — HOD + "O H. Suppos-
edly, itiswithin arange of 5-10 kcal/moal. For reaction (1),
it iseven lower.

Table 2 (reaction 9) specifies a value for the
enthalpy of hydroxyl radical addition to a diamagnetic
center containing a two-coordinated silicon atom.

Sysem ((ES-0);S-0°, (2S-0),S:) + NH;. The
contact of the sample with ammoniavapors a 300 K (the
vapor pressure was a most 107! torr) was also accompar
nied by the decay of oxy radica's (according to photolumi-
nescence data). The formation of new paramagnetic cen-
terswasregistered by the ESR method (Fig. 2). We assign
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this spectrum to the radicals (=Si-0),2%°Si" NH,

(95.3%) (Fig. 28) and (=Si—0),Si " NH, (4.7%) (Fig. 2b).
An unpaired electron in thisradical is localized at the
silicon atom. Thisfollows from the characteristic value
of the constant of hyperfine interaction between the
unpaired electron and the nucleus of a silicon atom in
the (=S5i-0),Si NH, radical. Two lines belong to
these radicals located at the wings of the spectrum
(a®S)=-377+1,b, = b, =186+ 0.5, and by =
-37.2 £ 1 G; signswere chosen according to the results
of quantum-chemical calculations (vide infra)). The
intensity of these lines is ~5% of the intensity of the
main spectrum.

The triplet structure of the ESR spectra of the radicals
(9-0),%Si NH, and (=5-0),Si  NH, with a ratio
between the component intensitiesof 1: 1: 1isdueto the
1N atom (I = 1). Theform of the central component of the
triplet (M, = 0) of the (=S-0),%*Si * NH, radical is deter-

mined by the anisotropy of the g-tensor, the main
values of which are g, = 2.0018 + 0.0001, g, =
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Table 2. Resultsof the DFT calculations of the reaction en-
thal pies of some reactions with silicon-containing free radi-
cals and H,0 and NH; molecules

Reaction ﬁ?al((/)nlgl

1. F3Si—0" + Hy0 —» F3Si—-O-H + OH -8.7
2. F,Si—-0" + NHz —» F3Si—-O-H + NH, —17.7
3.F3S" +H0 —= FS-O-H + H —9.9
4.F3Si" + NHz —» F5Si-NH, + H -10.2
5.F3Si" + HyO —» FySi-H + OH 14.3
6. F3Si" + NH; — F3Si-H + NH, 5.3
7. F3S—OH — F;Si" + 'OH 129.5
8. F3S-NH, —= F3Si" + NH, 112.7
9. F,Si: + OH —~ F,Si'OH —715
10. F,Si: + NH, —> F,Si'NH, —545
11.F,Si:+H — F,S'H —404
12. (F3Si"...H,0) (complex) -8.9
13. (F3Si"...NH3) (complex) -135

2.0011 £0.0001, g; = 2.0002 £ 0.0001, and Qg =
2.0010 at 300 K. These are typical values for the silyl
radicals containing electronegative substituents [3, 17].
The tensor of the hyperfine interaction of an unpaired
electron with the N nucleus at 300 K has the following
main values: a, = 154 £ 0.2, a, = 109 £ 0.2, a; =
12.1 £0.2, and a¢, = 12.8 £ 0.2 G (the components are
renumbered in the same order as the components of the
g-tensor). The hyperfine interaction of an unpaired
electron with protonsin the ESR spectrum of this radi-
cal at 300 K does not reved itself in the form of a
resolved hyperfine structure.

If the spectrum wasrecorded at 77 K, theform of the
ESR signal reversibly changed. This fact points to fro-
zen internal rotations in the radical.

Below we report the calculations of radiospectro-
scopic characteristics for paramagnetic centers of this

type using the F,Si  NH, radical as an example. This

radica modeled the surface center (=Si-O),Si” NH,.
Figure 3 (structure |) shows the optimized structure of
this radical. Table 3 lists the calculated tensors of
hyperfineinteraction. The values of constants are deter-
mined from the calculated values of the contact Fermi
and dipole—dipole interactions between unpaired elec-
trons and the magnetic momentum of the correspond-
ing nucleus.

According to calculations, the height of the activa-
tion barrier for the NH, group rotation around the Si-N

bond in the F,Si  NH, radical is at most 2 kcal/mol.
During NH, group rotation, the value of the constant of
hyperfine interaction with a silicon atom changes by
only several percent, although a change in the value of
the isotropic constant of hyperfine interaction with a
nitrogen nucleus is more pronounced: it can double.
Therefore, the value of the ai,(!*N) constant in Table 3
should increaseif thermal motion istaken into account.
On the other hand, shifts should lead to the averaging
of the anisotropic component of the tensor of hyperfine
interaction of the unpaired electron with a nitrogen
nucleus. Thus, the values of hyperfine interaction con-
stants obtained in the experiment for the surface defect

and calculated for the F,Si” NH, radical agree accept-
ably with each other. This is further evidence for the
correctness of the structure proposed for the center
structure. The calculated vibration frequencies for the
NH, group in the radical are 1583 cmr! (deformational
vibration) and 3566 and 3660 cm! (symmetrical and
asymmetrical stretching vibrations). In the last section
of this article, we will explain the empirical correction
of these values.

Proceeding from the structure of radicals formed

and the method of their generation, we can assume that
they are formed via the same scheme as the

(=Si-0),Si " OH radicals in the course of the interac-
tion of oxysilyl radicals with water molecules. First, an
oxy radical abstracts a hydrogen atom from an ammo-
niamolecule:

=S-0),S-O" + NH
( )3 3 ()

— (Si-0),Si-O-H + 'NH,,

Then, the low-molecular radical formed in this reaction
is added to the diamagnetic silylene center:

(=Si-0),Si: + 'NH, —~ (=Si-0),Si'NH,.

Theenthalpy of reaction (111) is 11 kcal/mol higher than
that of reaction (1) (the difference between the strengths
of the O—H and N-H bonds in the molecules of water
and ammonia). The calculation led us to a value of
~9 kcal/mol (seereactions 1 and 2 in Table 2).

Table 2 (reaction 10) also contains the value of the
enthalpy for the reaction of ‘N H, radical addition to
the diamagnetic center F,Si:. As was expected, this
value is noticeably lower than in the case of a hydrox-

ysilyl radical (the difference is 17 kcal/mol according
to the calculation).

According to [22], the activation energy of the reac-
tion

av)

'OH + NH; —» H-O-H + 'NH,

KINETICS AND CATALYSIS Vol. 42 No.1 2001
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is ~3 kcal/moal. Taking into account a higher reactivity
of silyl oxy radicals (see above), we assume that the
height of the activation barrier for reaction (I11) is still
lower. Under our conditions, the rate of thisreaction is
limited by ammonia diffusion to surface centers
through silica powder.

System ((£Si-0),Si’, (=Si-0),Si:) + H,0. The
contact of the sample with water vapors at 420 K was
accompanied by the decay of silyl radicals and by the
formation of new paramagnetic centers (the maximal
vapor pressure was 107! torr). Figure 4 shows their ESR

spectrum. It belongs to the radicds (25-0),% Si " —H
(95.3%) (Fig. 4a) and (=S—0),Si —H (4.7%) (Fig. 4b)
[23]. The hyperfine structure of the ESR spectra of these
radicalsisstipulated by theinteraction of an unpaired elec-
tron with a proton (a(*H) = 81 G) and the a-S atom
(a(®S) = -289 % 1, a(¥S) = 355 £ 1, ax(*S) =
=311 = 1, by(®Si) = by,(¥Si) = 22 + 1, and by(¥Si) =
—44 £ 1 G).

Figure 5 illustrates the dependence of the relative
concentrations of the (=Si-0),Si” radicals and the

(2Si-0),Si —H radicals during this reaction. This
dependenceislinear. The overall concentration of para-
magnetic centers remains virtually constant.

The appearance of the (=5-0),Si —H radicalsin the
system indicates that a hydrogen atom is formed in the
reaction of a water molecule with asilyl radical. Then,
this hydrogen atom is accepted by a diamagnetic center
[24]. Thus, the process occurs as follows:

(2Si-0),Si" + H,0 — (=S-0),S-0-H + H, (V)

(=Si-0),Si: + 'H — (=Si-0),Si—H. (VI
The enthalpy of another reaction channel, where
water reacts with asilyl radical:

(S-0),S " + H,0 — (=Si-0),Si-H + 'OH (VII)

is much higher. Assuming that the strength of a
Si—O bond in the silanol group is 125 + 5 kcal/mol
(Table 2, reaction 7) and that the Si—H bond strength
is 100 £ 2 kcal/mol [19], we find that the enthal py of
reaction (V) is -7 £ 5 kcal/mol (the strength of the
O-H bond in the water molecule is 119 kcal/mol [15]).
The enthalpy of reaction (V1) is 18 £ 2 kcal/moal.

Theresults of enthalpy calculationswhere F;Si ™ plays
arole of thedlyl radical are summarized in Table 2 (reac-
tions 3 and 5). Note that the experimental and calculated
reaction enthal pies are in acceptable agreement.

Figure 3 shows the structure of the transition state

for the reaction of the silyl radical F;Si” with a water
molecule (1) resulting in the formation of a silanol
KINETICS AND CATALYSIS Vol. 42
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Fig. 1. ESR spectrum of the (=Si-0),Si —~OH radicals
recorded at 300 K (a singlet line with g = 2.0027 refers

to an impurity signal): (a) (=Si-0),2%3%Si -OH and
(b) (=Si-0),2Si —OH.

group and a hydrogen atom. The calculated activation
energy of this reaction is 7.7 kcal/mol (relative to the
level of the nonreacting radical and a water molecule).
We failed to localize the transition state for the second
direction of the reaction. However, the activation
energy of hydrogen atom abstraction from the water
molecule cannot be lower than 14 kcal/mol (the reac-
tion enthalpy). Thus, in agreement with the experimen-
tal data, the cal cul ation shows that the main channel for
the reaction is process (5) from Table 2, and its activa-
tion energy is probably 8 + 3 kcal/mol.

Table 2 (reaction 11) shows the value for the
enthalpy of reaction of hydrogen addition to the F,Si:

molecule. For the reaction (=Si-0),Si: + H —

(=Si-0),Si " —H, thisvalueis38 + 2 kcal/mol [12]. This
points to the closeness of the characteristics of the pro-
cesses with the participation of silica surface defects
and their fluorine-substituted low-molecular anal ogs.

System ((=Si-0);Si", (2Si-0),Si:) + NH;. The
contact of the sample with ammonia vapors at 300 K
was accompanied by the decay of silyl radicals and the
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Fig. 2. ESR spectrum of the (ESi—O)ZSi "N H, radicals recorded at 300 K (asinglet line with g = 2.0027 refers to an impurity sig-

nal): (a) (=5i—0),2% 39S _NH, and (b) (=Si-0),2Si —~NH,.

formation of new paramagnetic centers, which are the
(2Si-0),Si —H radicals (the maximal vapor pressure
was 107! torr, but substantial ammonia adsorption was

observed on the silica surface). The overall concentra-
tion of paramagnetic centers remained congtant with an

uncertainty of 20%. Thus, the reaction of the (=S-0),Si”

radicals with ammonia molecules is accompanied by
the formation of atomic hydrogen asin the case of their
reaction with water molecules:

(2Si-0),S "+ NH; —(=Si-0),Si-NH,, + "H. (VIII)
Molecular hydrogen then reacts with (=Si-0),Si:
by reaction (VI).

Table 3. Radiospectroscopic characteristics of radicals (=5-0),Si NH, (experiment) and F,Si 'NH, (calculation)

Hyperfine 8, G b, G b,, G bs, G
interaction . - . - - - - .
tensor experiment |calculation| experiment | calculation | experiment | calculation | experiment |calculation
25 =377+1 -3914 |-372+1 —40.6 18.6+ 0.5 20.7 18.6+05 19.9
1N 12.8+0.3 8.8 26+0.3 6.2 -1.9+0.3 =32 -0.7+0.3 =30
H laiso| < 2 -38 - 53 - -4.2 - -13
KINETICS AND CATALYSIS Vol.42 No.1 2001
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C,, TS C,, TS
H
107.9 .
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1011 1056
I
C,, TS
1.029
H
N C,, complex
i H/103.8 0
0.966
e H
104 H 105.7

106

v VI

Fig. 3. Geometric characteristics (bond lengths in angstroms and angles in degrees) and symmetries of the systems studied: mole-

cules radicals, complexes, and transition states (TS) (optimization at the DFT level): | isthe F,Si 'NHZ radical; 11 isthetransition
state for the reaction of the silyl radical with awater molecule to form atomic hydrogen (the imaginary frequency that characterizes
the transition state is 1244i cm‘l); I11 isthetransition state for the reaction of the silyl radical with an ammonia molecule to form
atomic hydrogen (theimaginary frequency that characterizesthe transition state is 1264i cm‘l); 1V isthetransition state for the reac-
tion of hydrogen atom abstraction from NH3 by the silyl radical (the imaginary frequency that characterizes the transition state is
1045i cm™D); V isthe F,Si-NH, molecule; VI isthe complex of thesilyl radical with H,0; and V11 isthe complex of thesilyl radical
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ESR signal, arb. u.
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Fig. 4. ESR spectrum of the (=Si-0),Si —H radicals recorded
a 300K: (a) (=5i-0),%% 3%Si "_H and (b) (=5-0),2Si —H.

The results of calculations giving an insight into
some thermochemical characteristics of the “silyl radi-
cal + ammonia’ system are presented in Table 2 (reac-
tions 4, 6, and 8). According to the calculations, the
strength of the Si—N bond is 17 kcal/mol lower than the
strength of the Si—O bond (Table 2, reactions 7 and 8).
In an ammonia molecul e, the strength of the N—H bond
is11 kcal/mol lower than the strength of the O—H bond
in awater molecule. Reaction (V111) with the formation
of a hydrogen atom is exothermic in the case of both
ammonia and water. The reaction of hydrogen abstrac-
tion is endothermic in both systems.

Figure 3 shows the structures of transition states for

two channels of the reaction of the F;Si" radical with
ammonia resulting in the formation of the hydrogen

atom (structure 111) and the "N H, radica (structure V).
The activation energies of thefirst and second reactions
are 8.2 and 8.8 kcal/mol, respectively. That is, the
results of guantum-chemical calculations show that the
formation of atomic hydrogen is probably the main
reaction channel in this system as well.

Figure 3 shows the optimized structure (V) of the
reaction product F;Si—-NH,. In this molecule, N is
dlightly shifted relative to the (H, Si, H) plane. The
value of the dihedral angle HNHSi is 165°. In an
ammonia molecule, the value of the dihedral angle
HNHH is 113.3° (according to DFT calculation). Thus,
the replacement of the hydrogen atom by the SiF;
group resultsin the flattening of the nitrogen coordina-
tion sphere.

The frequencies of NH, group vibrations in the
F,Si-NH, molecule are 1593 cm! (deformational) and
3610 and 3700 cm! (symmetric and asymmetric
stretching vibrations). The transfer of the radical to a
saturated molecule resulted in a small increase in the
frequencies; that is, the corresponding chemical bonds
became somewhat stronger.

In the calculations, the frequencies of stretching
vibrations with the participation of a light hydrogen
atom are overestimated. This is because the harmonic
frequency of vibration is determined in these calcula-
tions, and vibration anharmonicity is especially pro-
nounced in this case. Also, some inaccuracy in the cal-
culation of the force field makes its contribution. An
empirical method of scaling factors, according to
which the calculated value is multiplied by the ratio of
experimental versus calculated frequencies for similar
structures, makes it possible to correct the calculated
values. The vibration frequencies of the NH, group in
the composition of the (=Si-0),Si-NH, surface frag-
ment were determined in experiments. These are 1550,
3443, and 3530 cm! [25, 26]. Using the values mea-
sured for (=S-0);Si-NH, and experimentally deter-
mined values for F;Si—-NH, as scaling factors, we cor-
rected the values of vibrational frequenciesfor the NH,

group in the F,Si'NH, radica: 1583 — 1540,

3566 — 3401, and 3660 —= 3492 cmr'. Here, we
assumed that the frequencies of NH, group vibrations

in the (=Si-0),Si " NH, radical have close values.

According to quantum-chemical calculations, silyl
radicals form rather strong intramolecular complexes
with the H,O and NH; molecules. Figure 3 (VI and VI1I)
shows their structures. The heats of their formation are
listed in Table 2 (reactions 12 and 13). We may assume
that the activation energy for the reactions that form
these complexes is barely higher than 1-2 kcal/mol.
Note that the strength of the ammonia complex is very
high.

Thus, the interaction of water and ammonia mole-
cules with paramagnetic centers on the silica surfaceis
accompanied by the formation of chemically active
low-molecular free radicas. If these radicals escape to
the gas phase, they are capable of initiating chemical
processes in the surrounding medium. A specific fea
ture of the reaction between the silyl radical and H,O
and NH; molecules is the formation of atomic hydro-
gen. These processes are unusual for carbon-centered
freeradicals.
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I(> Si*—-H)/I,(> Si'-H)
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Fig. 5. Relations between the concentrations of the centers

(=Si-0);Si~ and (=Si-0),Si —H in the reaction of silyl
radicals with the H,O molecules (ESR measurements).
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