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Abstract—ESR and IR spectroscopy and quantum chemical calculations are used to obtain the mechanistic

O
data on the reaction (=Si-0),Si(C,Hs;}(0-0") —» (ESi—O)ZSi’\Cf‘{CH2 + "OH. The IR bands are assigned

2

by simulating the vibrational spectra of model low-molecular compounds. Quantum chemical calculations pro-
vided the data on the shapes of potential energy surface for the systems under study and transition states. These
data are used to interpret the experimental data. The title reaction occurs much more readily in the case of orga-
nosilicon peroxy radicals than in the case of their hydrocarbon analogs. Surface silanone groups of silica react
with ethylene molecules to form the siloxacyclobutane group.

INTRODUCTION

Peroxy radicals play a key role in the oxidation of
organic and organosilicon compounds. However, most
experimental data refer to bimolecular processes, such
as hydrogen atom abstraction and radical reactions with
other molecules and radicals in a system. Monomolec-
ular reactions of peroxy radicals are less studied. The
experimental studies of these processes are compli-
cated by the following factors. The reactions of peroxy
radicals are usually studied in the gas or condensed
phases where monomolecular reactions are usually
masked by the bimolecular reactions of radicals with
surrounding molecules or with each other. These bimo-
lecular reactions are faster. The matrix-isolation tech-
nique enables the stabilization of peroxy radicals, but
matrices are thermally unstable. Therefore, these sys-
tems cannot be used to study the processes with the acti-
vation energies higher than several kilocalories per mole.

Radtsig and co-workers [1-3] proposed earlier the
method for obtaining radical fragments grafted on a
solid surface (activated silica). The accessibility of sites
(defects) to the molecules of a medium enables their
chemical modification on purpose and the obtainment
of the structures of a desirable chemical nature. Silox-
ane bonds, which are chemically inert, comprise the
closest neighborhood of radical fragments thus
obtained. As a result, the radical fragments are matrix-
stabilized. The thermal stability of these fragments,
which bind chemically to the solid surface, is deter-
mined by their reactivity in intramolecular reactions
(isomerization and decomposition). The low-molecular
radical products of these transformations can be identi-
fied. Diamagnetic defects, which are also stabilized on
the surface of activated silica, are efficient acceptors of
these species (spin traps) {2, 3]. By identifying the
structure of paramagnetic complexes formed, we may

obtain information on low-molecular radicals, which
are formed in thermal or photochemical transforma-
tions of the surface-grafted centers. Thus, the use of this
technique opens new avenues for obtaining various rad-
ical fragments and studying their spectral properties
and reactivity.

In this article, we propose a new method for generating
silicon-centered peroxy radicals (=Si—0),Si(C,Hs)(O-
O’) in which (=Si-0),Si is a fragment of a solid,
involving the surface silicon atom. We report the results
of the experimental and theoretical (quantum chemical)
study of the intramolecular transformations of these
radicals. In the last few years, mechanisms of radical
reactions with organosilicon compounds have attracted
considerable attention due to their diverse applications,
especially in microelectronics and fiber optics. How-
ever, to the best of our knowledge, there are no experi-
mental data on the directions and kinetics of the pro-
cesses of the intramolecular transformations of these
radicals.

The structure of surface groups was controlled using
spectral (ESR, IR, and optical) methods. A combina-
tion of these methods provided the information on para-
magnetic and diamagnetic products of transformations.
To interpret the experimental data, we used ab initio
quantum chemical calculations of the model systems.

EXPERIMENTAL

All experiments were carried out with highly-dis-
persed silica samples (aerosil A-300) in the form of
powder or semitransparent plates (~100 pum thick and
with a surface area of 10 X 5 mm?), which were
obtained by pressing the initial powder samples [4].
The activation of sample surfaces was carried out by
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the method proposed by Morterra and Low [5], which
enables the formation of so-called reactive silica (RSi).
Details of this technique can be found in [4, 6). The use
of filmed samples enabled quantitative spectral mea-
surements in the optical and IR regions to be made.
The registration of IR spectra was carried out by plac-
ing the samples into a special cell with windows made of
IR-transparent silicon plates. ESR measurements were
carried out with powdered and filmed samples. All
spectra were recorded in vacuum or in a controlled
atmosphere.

IR spectra were measured at room temperature
using a Digilab Fourier-transform spectrometer. The
number of scans was 256-1024, and the resolution was
4 cm™!. ESR spectra were recorded with a 3-cm-range
instrument at 77 or 295 K.

The purity of gases used in this work (O,, C,Hg,
C,H,, and CO) was at least 95%. The conditions for the
chemisorption of various gases by a sample ensured
their absorption to the degree of at least 50% of their
initial amount in the gas phase. Therefore, we may
assume that the main portion of the products formed in
the reaction is irrelevant to the effect of the impurities.

Ab initio calculations were carried out with Gauss-
ian 94 [7]. Molecular models of surface structures were
used. Radtsig [8] has reported the experimental data
showing that the physicochemical characteristics of
(=Si-0),Si1XY on the silica surface are close to those of
its low-molecular analogs, where =Si-O groups are
replaced by fluorine atoms (F,SiXY). This enabled us
to use fluorine-substituted molecules and radicals in the
modeling of the properties of the surface groups of sil-
ica. Besides that, for low-molecular systems, quantum-
chemical calculations can be carried out at a higher
level. Therefore, we used these models.

Geometries of molecules and radicals were opti-
mized by minimizing the gradient norm using the DFT
method in the B3LYP/6-311G** approximation [9, 10].
Vibrational spectra of equilibrium structures and tran-
sition states were calculated using the harmonic
approximation. Transition states had one negative
eigenvalue of the Hessian matrix.

To find a correction v(1),,, for the calculated V(1)
value of normal vibration, we calculated (at the same
theoretical level) the frequency of analogous vibration
in a molecule with a similar structure v(2), for which
experimental data were available v(2),,,. Then, the cor-
rection was introduced as follows:

V(l)corr = V(l)calc{v(z)exp/v(z)calc}- (l)

This value was compared to the experimental data.

1. SYNTHESIS
OF ORGANOSILICON PEROXO RADICALS

The main type of defects stabilized on the surfaces
of thermally activated silica samples (RSi) are diamag-
netic silylene groups (=Si-0),Si: [4, 11]. Their con-
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centration is about ~10!'3 cm2. On the surface of acti-

vated samples, paramagnetic radicals (=5i-0),Si  are
also stabilized in a small amount (=10'! cm™2) [4, 11].

Peroxo radicals (=Si-0),Si(C,Hs)(0-0") (B) were
synthesized in two steps: the formation of silyl radicals
(=Si-0),Si (C,Hs) (A) containing a hydrocarbon frag-
ment as one of the substituents and the oxidation of
these radicals by molecular oxygen at 200 K.

Radicals A are formed by the addition of a low-
molecular ethyl radical to the silylene groups [3]:

(=Si-0),Si: + 'C,H; — (=5i-0),8i —-C,H; (1)

Ethyl radicals were obtained from ethane by two meth-
ods:

(1) Freshly prepared RSi samples containing

(=Si~0);Si" radicals were converted into their oxy
form using N,O as an oxidant [12],

(ESi—O):;Si- + NzO —_— (ESi—O)3Si—O. + N2

Oxysilyl radicals are highly reactive toward saturated
hydrocarbon molecules, and they abstract hydrogen
atoms (even from methane at 77 K) {13]. Their reaction
with ethane molecules yields ethyl radicals [3, 13]:

(=5i-0),5i-0" + C,Hg — (=5i-0);Si-0-H + 'C, H;

Silylene groups are inactive toward ethane (at least
at room temperature), but they are efficient acceptors of
various radicals [2, 3]. The addition of ethyl radicals to
silylene groups is accompanied by the formation of sil-
icon-centered radicals (see reaction (I)).

(2) Ethyl radicals can be generated by diamagnetic
dioxasilirane groups [14]. The RSi sample was ini-
tially treated in the hydrogen atmosphere (=10~ torr)
at 800 K. This treatment removed paramagnetic cen-

ters (=Si—0),Si" and preserved silylene groups. Dioxa-
silirane groups were prepared by the oxidation of a

small amount (several percents) of silylene centers by
molecular oxygen at room temperature [4, 11]:

=Si-0),Si: + 0, — (5i-0),Si< %

0 (p

These groups readily react with ethane molecules.
According to [14], the reaction occurs as follows:

(ESi—O)ZSi/\g +C,H,
(IID)

— (ESi—O)ZSi((())H +'C,H;,



244

) O’
(=5i-0),8i{_ +C.H
(IIT)

OH .
— (=Si-0),8i{___+ C,H
( )2 \OH 2515
Thus, ethyl radicals are generated, and diamagnetic
silylene groups accept them (see reaction (I)).

Ethyl radicals also react with dioxasilirane groups to
form hydrocarbon radicals {13}:

(ESi—O)zsi(g + C,H;

(=851-0),81 00
NG oH,HC

The activities of two different diamagnetic groups
are comparable and the ratio between the products of
reactions (II) and (III) are determined by the concentra-
tions of silylene and dioxasilirane groups on the sample
surface. At a coverage of ~5%, more than 95% of radi-
cal products is formed via reaction (I). This method
enabled an increase in the concentration of radicals in
the sample by a factor of 10 as compared to the first
method. The second method for generating organosili-
con radicals was the main method used in this work.

Figure 1 shows the ESR spectrum of the radicals
(=Si-0),Si -CH,~CH;. In the low- and high-field
parts of the spectrum (Fig. 1b), we registered two satel-
lite bands assigned to the paramagnetic centers contain-
ing the #Si isotope (I = 1/2) whose natural content is
4.7%. The shape of these bands shows that the hyper-
fine interaction (HFI) tensor of an unpaired electron
with the 2Si nucleus is close to axially symmetric with
i, =—(29.1 £ 0.1) mT, b, = b, = (2.1 £ 0.05), and
b3 =—(4.2 £ 0.1) mT. The values of the HFI constants
for unpaired electrons and the silicon nucleus in this
radical point to the fact that the spin density is basically
localized on the silicon atom. That is, this radical is
indeed of the silyl type.

The central part of the ESR spectrum (295 K) is an
asymmetric band with the traces of a hyperfine struc-
ture (hfs) (Fig. 1a). At 77 K, the form of the central part
of the spectrum reversibly changes. The total width of
the spectrum increases, and several distinct hfs compo-
nents appear at a distance of several tenths of a mT due
to the protons of ethyl group. Thus, with a decrease in
temperature, the unpaired electron—proton HFI con-
stants increase. Reversible changes in the shape of the
ESR spectrum with temperature are associated with
restricted C,H; rotation.

Figure 2 shows the equilibrium geometry calculated
for F,Si" —CH,~CH; (I), which served as a molecular

model of surface centers. Tables 1-4 show geometric
and spectral characteristics for this radical. The DFT
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method gives adequate results when calculating
radiospectroscopic characteristics of paramagnetic
centers [15]. Table 2 shows that the calculation cor-
rectly describes the constants of the HFI of unpaired
electron and the 2°Si nucleus in this radical. The con-
stants of HFI with protons depend on the spatial config-
uration of an ethyl fragment in the radical in a compli-
cated manner. Analysis of these dependences and rele-

vant experimental data for the (=Si-0),Si —CH,
radical will be reported elsewhere. Here, we only note
that the calculation, which agrees with the experiment,
suggests that freezing out the internal rotations around
the Si-C bond in the radical results in a substantial
decrease in the HFI constant of the electron with the
protons of the methylene group.

The formation of radicals A is accompanied by the
appearance of IR bands in the region of C-H stretching
vibrations (Fig. 3a, spectrum I). If radicals were pre-
pared according to the second method, the IR spectrum
contained a band at 3746 cm™ (not shown in Fig. 3),
which is relevant to the formation of an O-H group {16]
in the course of reaction (III'). Several bands in the
region of C—H stretching vibrations belong to the bonds

of the hydrocarbon fragment in the (=Si-0),Si" —-CH,—
CH, radical. There are two intense bands at 2973 and
2890 cm™!.

Table 4 describes the vibrational spectrum of
radical 1. For empirical correction (1) of the calculated
frequencies, we used the D;CCHD, molecule with
Vexp(C-H) = 2950 cm! [17] and v (C-H) = 3066 cm".
Upon correction, the frequencies of C-H stretching
vibration for the methylene group I were 2916 and
2900 cm™! and, for the methyl group, 2985, 2973, and
2916 cml. According to the calculation and experi-
mental data, the intensity of stretching for the Si-H and
C—H bonds in organosilicon compounds changes in the
following manner: Si-H > Si—C-H < Si-C-C-H. Two
bands with comparable intensities near 2960 and
2890 cm™! are characteristic of antisymmetric and sym-
metric stretching vibrations of the C-H bond in the
methyl group of hydrocarbons [18]. Thus, two intense
bands at 2973 and 2890 cm~! should be assigned to
analogous vibrations in the methyl group of the radical A.
Other, less intensive bands are likely due to the stretch-
ing vibrations of the methylene group in the radical.

The peroxo radicals B were obtained by the oxida-

tion of radicals A by molecular oxygen at =10~ torr
and 200 K:

(=8i-0),8i"-CH,-CH, + 0,
. av)
— (=5i-0),51 0 ©°
CH,-CH,

Under these conditions, oxygen only reacts with
radical centers, and the process is accompanied by the
almost complete transformation of silyl radicals into

KINETICS AND CATALYSIS  Vol. 41 No.2 2000
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Fig. 1. ESR spectra of radicals at 77 (dashed lines) and 295 K (solid lines). The singlet signal with g = 2.0027 is due to an impurity
signal: (a) (=8i-0),28Si"(CHs), (b) (=5i-0),2%Si"(C,Hs) and (=5i-0),%%S i -O-H, and (c) (=5i-0),23S { -O-H.
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Fig. 2. Spatial configurations, symmetry, and atom number-
ing in molecules and radicals.

their peroxo form. As this takes place, a characteristic
signal appears in the ESR spectrum from the organosil-
icon peroxo radicals [19]. The shape of this signal is
stipulated by the anisotropy of the g-tensor (at 77 K,
81 =2.002, g, =2.010, and g, = 2.068). In the spectra
registered at room temperature, this is a broad singlet
band with a g-factor of ~2.026. Reversible changes in
the ESR spectrum shape with temperature are stipu-
lated by freezing out the rotation of the oxygen frag-
ment along the Si—O bond.

The formation of the peroxo radical changes the IR
spectrum in the region of C—H bond stretching (Fig. 3a,
spectrum 2). These changes are band shifts (by ~6 cm™!)
in the higher wavenumber region. Because the oxida-
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tion reaction involves only the radical centers, these
experimental data support the conclusion that the bands
at 2800-3000 cm! belong to radicals A and B.

Figure 2 shows the equilibrium structure of

F,Si(C,Hs)(0-0") radical (II), which is a molecular
model of the corresponding surface center. The calcu-
lation shows that the formation of a peroxo radical
results in a small (several reciprocal centimeters) short-
wave shift of the C-H vibration frequencies in the ethyl
fragment (see Table 4).

2. THERMAL TRANSFORMATIONS
OF PEROXO RADICALS

The transformation of peroxo radicals starts when
the sample is heated to room temperature. Figure 4
shows a kinetic curve in the coordinates of the first-
order rate law. The concentration of peroxo radicals
decreases. The rate constant determined from the slope
of the straight line is k(296 K) = (1£0.1) x 103 57

A decrease in the concentration of peroxo radicals is
accompanied by the appearance of a new paramagnetic
center. This ESR spectrum is shown in Figs. 1b and Ic.
The transformation of radical centers occurs with the
conservation of their overall concentration (within the
limits of measurement accuracy, which is not worse
than 20%). The ESR signal observed belongs to the free

radical (=Si-0),Si" —OH (C) [20]. This is evident from
its spectroscopic characteristics. (1) In the low- and
high-field parts of the spectrum, two satellite bands are
present (Fig. 1b), which are characteristic of paramag-
netic centers containing the 0-?Si atom (I = 1/2; the
natural concentrations is 4.7%). The HFI tensor of an
unpaired electron with the °Si nucleus is axially sym-
metric. At 295 K, the principal components of the HFI
tensor are g;,, =—(41.4 £ 0.1) mT, b; = b, =(1.85 £ 0.05),
and b; =—(3.7 £ 0.05) mT. At 77 K, the isotropic constant
decreases: a;,, =—(40.6 £0.1) mT, b, = b, = (1.85 £ 0.05),
and b; = —(3.7 £ 0.05) mT. (2) The form of the central
portion of the spectrum reversibly changes when
changing the registration temperature from 300 to 77 K
(Fig. Ic). These changes are stipulated by freezing out
the O-H group rotation in the radical with a tempera-
ture increase. All these properties are characteristic of
radicals C [20]. We reported earlier the results of quan-
tum chemical calculations of the radiospectroscopic
characteristics of the radicals of this type [21]. These
results agree well with the experimental data.

Figures 3b and 3¢ show the differential IR spectra of

a sample containing radicals B and a sample that was
kept for a long time at room temperature. This treat-
ment of the second sample results in a complete decay
of radicals B. We observed two new bands in the
IR spectrum in two spectral ranges. A band at 3715 cm™!
(Fig. 3b) is in the spectral range, which is characteristic
of stretching vibrations of the O-H bonds in hydroxyl
groups bound to the silicon atom. The intensity of this
KINETICS AND CATALYSIS  Vol. 41
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Table 1. Optimized geometries*

247

No.

Structure

Parameters

W N -

10

F,5i=0 (Cyy)
H,C=CH, (D)
F,Si'C,Hs (C,,T)

F,Si(00")(C,Hs) (C,, II)

F,Si0,C,Hs (C,, HI)

F,Si(OOH)(CH,~CH, ) (C;,IV)

F,Si0,C,Hs (Cy, V)

F,SiOC,H, (C,, VI)

F,SiOC,H, (C,, VII)

F,SiOC,H, (C;, VIII)

R(Si0) = 1.510, R(SiF) = 1.586, LOSiF = 127.9

R(CC) =1.327, R(CH) = 1.085, ZHCC = 121.8

R(SiC)) = 1.891, R(SiF)) = 1.6244, R(SiF;) = 1.625, R(CC) = 1.536,

R(CH,) = 1.094, R(C,H,) = 1.098, R(C,H,) = 1.093, R(C,H,) = 1.092,
R(C;Hs) = 1.093, ZC,SiF, = 107.7, ZFSiF = 105.8, £SiC,C, = 114.3,
ZSiC{H, = 108.0, £SiCH, = 104.8, ZC,C,H, = 111.6, ZC,C,H, = 111.3,
AC1C2H5 = l 108, AFSIC1C2 = 170 1, ASICI C2Hl = 61.6, AHICI C2H3 =—60.2,
éFlSiCle = 1136, AHzCl C2H1 =-1 189, £H4C2C1H3 = —1204,
AH5C2C1H3 =-1 19.8

R(SiO() = 1.709, R(O0) = 1.349, R(SiF) = 1.600, R(SiC,) = 1.842,

R(CC) = 1.543, R(C{H,) = 1.095, R(C,H,) = 1.092, R(C,H3) = 1.092,
Z£00Si=111.9, ZOSiC = 107.7, £SiCC = 113.9, £SiC|H, = 107.7,
£CC,H, =110.5, £C{C,H; = 111.4, ZOOSIF = 57.7, ZOSiC;H, = 57.0,
éSiC1C2H3 = 602

R(8i0) = 1.671, R(00) = 1.439, R(SiF)) = 1.601, R(SiF,) = 1.600,

R(SiCy) = 1.877, R(CC) = 1.513, R(C;H) = 1.364, R(O,H) = 1.190,

R(C,H,) = 1.094, R(C,H,) = 1.094, R(C,H;) = 1.087, R(C,H,) = 1.088,
Z00Si = 1044, Z0SiC = 106.9, £SiCC = 110.9, ZOOH = 103.3,

ZOHC, = 156.2, ZHC,C, = 104.3, ZC,C,;H, = 111.7, ZC,C;H, = 111.5,
£C,C,H; =116.3, LC,C,H, = 116.5, ZCSiF, = 111.7, ZCSiF, = 112.8,
ZCSiO0 = -56.4, £SiOOH = 58.9, ZO0HC = -50.6, ZOHCC = 16.0,
£LHCCSi =-1.5, ZCCSiO = 26.6, £CSiF,0 = 120.2, ZCSiF,0 =-116.7,
AH]CICZH:; = —12.1, AH2C1C2H3 = —1327, £H3C2CISI = 1088,
£H,C,CSi=-1125

R(Si0O) = 1.668, R(O0) = 1.468, R(OH,) = 0.968, R(SiF;) = 1.607, R(SiF,) = 1.603,
R(SiC) = 1.865, R(CC) = 1.488, R(C,H,) = 1.095, R(C;H;) = 1.096,

R(C,H,) = 1.082, R(C,Hs) = 1.082, ZH,00 = 99.6, Z00Si = 108.7,

Z0SiC =107.5, £SiCC = 111.0, LCSiF, = 111.8, ZCSiF, = 1114,

ZH,C,Si = 111.0, ZH,C,Si = 106.9, ZH,C,C, = 120.5, ZH,C,C, = 120.5,
ZH,008i = 120.1, LOOSiC = 177.5, LOSiCC = 179.4, LOSiF,C=-119.1,
ZOSiF,C = 119.6, Z0C,SiH, = 56.8, ZOC,SiH; =-58.4, ZH,C,C,Si = —86.0,
ZHyC,C;Si = 84.1

R(SiO) = 1.652, R(0O0) = 1.696, R(OH) = 0.968, R(SiF,) = 1.602,

R(SiFy) = 1.607, R(SiC) = 1.882, R(CC) = 1.482, R(0,C,) = 2.258,

R(CH)) = 1.092, R(C;H,) = 1.092, R(C,H;) = 1.081, R(C,H,) = 1.081,
£ZHOO0 =95.5, Z0O0Si = 91.1, £00C, = 169.5, L0C,C, = 88.0,
£08iC=973, £8iCC=96.2, LCSiF;=111.7, ZCSiF,=111.2, ZH,C;Si= 1114,
£H,C,Si = 111.6, ZH,C,C, = 121.0, ZH,C,C, = 120.9, ZHOOSi = -117.3,
Z00SiC =-177.7, Z0SiCC =-2.1, ZCSiF,0 = 110.0, ZCSiF,0 = -108.5,
ZH,C;Si0 = 116.1, ZH,C;Si0 =-120.4, ZH;C,C,Si = 95.0, £H,C,C;Si =-94.7
R(SiO) = 1.652, R(SiF) =1.603, R(SiC)) = 1.855, R(SiC,) = 2.259,

R(OC,) = 1.477, R(C,C,) = 1.558, R(C,H,) = 1.089, R(C;H,) = 1.090,

ZCSiF =119.3, ZOSiC, = 83.9, £SiC,C, = 82.4, £C,C,0= 1014,

£C,08i =92.3, ZH,C,Si = 116.9, ZH,C,C, = 113.6, ZOSiFC, = 97.0,
ZOSiCH, = 113.4, ZH,C,C,Si = 116.5

R(SiO) = 1.519, R(SiF,) = 1.605, R(SiF,) = 1.603, R(SiC;) = 2.586,

R(SiCy) = 2.403, R(OC,) = 2.897, R(CC) = 1.346, R(C,H,) = 1.084,

R(C,H,) = 1,084, R(C,Hj) = 1.083, R(C,H,) = 1.085, ZOSiF, = 125.0,
ZOSiF, = 125.5, Z0SiC, = 120.1, ZOSiC, = 92.4, ZC;SiC, = 31.0,
ZH,C(C, = 121.5, ZH,C,C, = 121.6, ZH;C,C, = 121.9, ZH,C,C, = 121.3,
ZOSiF,C; =119.9, ZOSiF,C, =-126.7, ZOSiC,C, =29.7, ZOSiCH, =-88.4,
ZOSiCH, = 150.7, £SiC,C,H; = -97.3, £SiC,C,H, = 89.3

R(Si0) = 1.541, R(SiF) = 1.606, R(SiC,) = 2.146, R(SiC,;) = 2.334,

R(OC,) =2.358, R(CC) = 1.378, R(C{H,) = 1.084, R(C,H,) = 1.082,

ZOSiF = 122.2, ZOSiC, = 107.2, £SiC,C, =79.7, ZH,C,C, = 119.9,
ZH,C,C, = 121.9, LOSIFC, = 115.7, ZH,C,SiO = 118.6, £H,C,C,Si = 93.0

* The column “structure” indicates the stoichiometric composition of compounds. Their spatial configurations and atom numbering are
shown in Fig. 2. Roman numbering corresponds to the numbering of structures in Fig. 2. Bond lengths are in angstroms, and the angels
are in degrees. All calculations were carried out using the density functional theory at the B3LYP/6-311G** level. The subscripts in the
third column correspond to the numbers of atoms in the structures shown in Fig. 2.
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Table 2. Radiospectroscopic  characteristics of  the

F,Si"CH,CH,* radical
Atom Qiso b] b2 b3
si -28.9 2.52 243 | -4.96
H, -0.35 -0.29 -0.09 0.38
H, 0.99 -0.28 -0.02 0.29
H, 0.25 -0.06 -0.03 0.09
H, 0.02 -0.10 -0.06 0.16
H; 0.03 -0.08 -0.05 0.13

* Numbering of hydrogen atoms in the radical (subscripts) is
shown in Fig. 2 (structure I). The values (mT) of isotropic (a;s)
and anisotropic (three principal values by, by, and b3) of the HF1
constants are calculated using density functional theory at the
UB3LYP/6-311G** level [25].

band increases in proportion to the concentration of
radicals C (registration with ESR). An analogous band
was registered when the other method was used for rad-
ical C generation—by the addition of hydrogen atoms
to the silanone groups [20]:

=5i-0),5i=0 + H —= (=5i-0),Si -0-H

Table 3. Electronic and zero-point energies (ZPE)*

RADTSIG, KOSTRITSA

Quantum chemical calculations [21] also point to
the low-frequency shift of the O-H bond stretching
band in the radical as compared to the terminal surface
group of silica (3749 cm™! [5]). Based on these data, we

assigned this band to O-H stretching in the >Si’ ~OH
radical.

In one of the runs we prepared a sample which con-
tained diamagnetic groups in the dioxasilirane form
(silylene groups in this sample were oxidized by
molecular oxygen, see reaction (II)) and peroxo radi-
cals. In this sample, the decay of peroxo radicals
occurred at the same rate, but the ESR method regis-
tered other paramagnetic products of transformation:

the (=5i-0),5i1(0" }(O-H) and (=Si~0),Si(0-0" )(O-H)
radicals.

These experimental data suggest that new paramag-
netic centers formed during the reaction are produced
by accepting low-molecular radicals, formed by the
decomposition of peroxo radicals, by diamagnetic sur-

face groups. The formation of the (=Si-0),Si -O-H
radicals in the presence of silylene groups suggests that

No. Structure Electronic energy, at.u. ZPE, kcal/mol
1 F,Si + 'C,H; (—489.34462) + (-79.18365) = -568.18365 29+37.0=139.9
2 F,Si'C,Hs (Cy, D) -568.58840 444
3 F;Si'C,Hs + O, (-568.58840) + (-150.36479) = -718.95319 444 +23=46.7
4 F,8i(00")(C,Hs) (G, II) -719.03788 48.8
5 F,Si0,C,Hs (C;, III) -718.99950 452
6 F,Si(OOH)(CH,-CH, ) (Cy, IV) -719.01840 471
7 F,Si0,C,H;s (€1, V) -719.001445 46.7
8 F,SiOC,H, (C;, V) + 'OH (—643.29596) + (-75.75453) = -719.05049 41.5+53=46.8
9 F,Si=0 + H,C=CH, (-564.61018) + (-78.61398) = —-643.22416 59+319=378
10 F,SiOC,H, (C,, VH) —643.24567 39.5
11 F,SiOC,H, (C;, VIII) —-643.24073 39.6
12 F,SiOC,H, (C,, VI) —-643.29596 41.5
13 CH3CH2CH; +0, (-118.50782) + (-150.36479) = —268.87261 55.1+235=5745
14 CH;CH,CH,00’ —268.92629 62.6
5%+ | TS-1 —268.88175 589
16 "CH,CH,CH,00H -268.89136 60.45
[7H** | TS-2 -268.86303 59.95
i8 cyclo-C3HqO (C;,) + 'OH (-193.15922) + (=75.75453) = -268.91375 54.5+53=59.8

* The second column shows the stoichiometric composition of compounds. Their spatial configurations and atom numbering are shown
in Fig. 2. Roman numbering (in brackets) corresponds to the numbering of structures in Fig. 2. Electronic energies are in atomic units
(1 at.u. = 627.5 kcal/mol). Zero-point energies are in kcal/mol. All calculations were carried out using density functional theory at the

B3LYP/6-311G** level.

** Transition state for H abstraction from a methyl group by a peroxy radical.

*** Transition state for the reaction of hydroxy radical formation.
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Table 4. Vibrational spectra of the structures*

249

No. Structure

Positions and intensities of IR bands

1 | B,Si'CHs (Cy, I

2 | F,Si(00")(C,Hs) (C,, IT)

3 | F,8i0,C,H;s (C;, D)

4 | F,Si(OOH)(CH,~CH, ) (C}, IV)

5 | F,8i0,C,Hs (Cy, V)

6 | E,SiOC,H, (C,, VI)
7 | E,SiOC,H, (C,, VII)

3250(0.3)
8 | F,SiOC,H, (C,, VHI)

61(0.8), 140(0.6), 196(3.2), 265(15), 308(6.5), 340(12), 621(16), 707(28),
833(143), 883(142), 969(6.1), 979(5.9), 1031(10), 1247(4.9), 1257(0.3),
1420(2.1), 1449(3.9), 1504(6.9), 1508(6.6), 3014(9.0), 3031(28.7), 3068(3.0),
3090(22), 3102(25)

41(0.3), 85(0.0), 109(0.5), 173(0.2), 182(4.7), 244(1.7), 282(4.3), 306(12),
328(25), 425(63), 654(2.5), 711(7.3), 775(192), 907(147), 940(121), 986(11),
1010(65), 1034(41), 1137(72), 1265(3.3), 1298(14), 1425(0.9), 1454(8), 1509(9),
1510(8), 3032(2.3), 3038(29), 3068(1.2), 3104(19), 3106(22)

1670i(331), 40(0.2), 134(1.8), 193(0.3), 257(4.6), 290(13), 303(4.1), 333(26),
407(41), 473(2.6), 600(4.2), 653(6.4), 734(5.9), 814(101), 917(155), 940(134),
968(62), 994(65), 1020(13), 1061(31), 1180(53), 1202(33), 1243(1.2), 1437(0.0),
1466(3), 1526(16), 3037(3.4), 3086(1.3), 3095(8.8), 3185(4.6)

50(0.3), 94(4.3), 109(1.2), 166(2.5), 173(10), 229(14), 255(57), 276(12), 329(22),
339(55), 416(65), 512(101), 663(0), 715(4.5), 793(122), 890(114), 918(76),
968(83), 983(113), 1064(3), 1185(44), 1249(0.6), 1379(57), 1442(8), 1468(0.4),
3019(4.9), 3069(3.6), 3151(8), 3258(5.8), 3774(68)

628i(530), 78(0.3), 115(5.5), 159(4.4), 212(1.3), 229(5.4), 286(11), 302(25),
345(87), 399(82), 431(40), 476(0.3), 655(29), 735(2.9), 785(4.1), 818(19),
894(28), 956(179), 970(163), 1062(35), 1074(71), 1115(60), 1238(0.4),
1449(1.4), 1486(3.4), 3054(3.6), 3116(1.8), 3165(5.8), 3272(1.1), 3789(98)

126(0), 186(0.2), 294(16), 301(15), 328(26), 538(23), 719(2.1), 752(37), 825(92),
882(16), 925(101), 935(53), 965(173), 992(167), 1133(88), 1170(0), 1217(0.6),
1338(6.4), 1453(15), 1523(0), 3066(41), 3090(3.7), 3119(16), 3149(8.8)

63(0.2), 133(5.3), 159(1.4), 186(15), 213(2.1), 318(33), 330(10), 367(229),
418(1.7), 779(52), 837(1), 924(156), 1001(6.7), 1040(82), 1063(7.4), 1241(0.2),
1285(116), 1370(1.6), 1479(17), 1643(1.8), 3142(0.3), 3148(0.5), 3226(0.4),

249i(20), 57(1.2), 259(4.1), 336(31), 337(8.4), 376(16), 418(195), 568(0),
785(76), 831(1.3), 908(?), 925(162), 993(5.6), 1057(5.6), 1200(115), 1242(0),
1312(76), 1479(15), 1578(18), 3133(5), 3175(0.7), 3224(0.2), 3270(1.8)

* The second column shows the stoichiometric composition of compounds. Their spatial configurations are shown in Fig. 2. Roman num-
bering (in brackets) corresponds to the numbering of structures in Fig. 2. Frequencies are in reciprocal centimeters, and the intensities of
IR bands are in km/mol (in brackets). Calculations were carried out using density functional theory at the B3LYP/6-311G** level. The

calculated frequencies are not scaled.

low-molecular radicals are hydroxyls:
(=Si~0),Si: + OH —= (=Si~0),Si -OH (V)

The reaction is accompanied by the restructuring of
the IR spectrum in the region of C-H stretching (Fig. 3c).
The bands at 2979 and 2896 cm™! disappear, and new
bands appear at 3017, 2989, and 2919 cm™'. The latter
are due to the stretching vibrations of the C~H bonds in

O
silaoxacyclobutane >Si’\CI/?ICH2 (D). These groups
2
can be synthesized on the silica surface by other chem-
ical reactions. We found that they have identical IR
spectra in this spectral region.

3. PRODUCTS OF REACTION
(=Si-0),8i=0 + H,C=CH,

Radtsig and co-workers [22, 23] have shown that the
silanone groups (=Si—0),Si=0 stabilized on the silica

KINETICS AND CATALYSIS Vol. 41 No.2 2000

surface react with acetylene molecules. The reaction is
accompanied by the addition of an acetylene molecule
to the nt-bond of a silanone group to form a four-mem-

@)
bered cyclic structure >Si(C>CH. Ethylene molecules

are also active in the reactions with silanone groups.
The rate constant of this reaction is k(298 K) > 3 x
1077 cm? molecule! s!. This allows us to estimate the
apparent activation energy of the process: E,, = (2%
2) kcal/mol (for more details, see [23]).

Figure 3d shows the differential IR spectrum of the
silica sample, which initially contained the >Si=0
groups (they have a band at 1306 cm™! [22]) and was
then treated with ethylene. As a result of ethylene
chemisorption, silanone groups disappear, and new
bands appear in the region of C-H stretching vibrations
at 3017, 2989, 2972(?), and 2919 cm™'. The positions
and ratios of their intensities are analogous to those of



250

(a)
2973
f

0.22

0.21

0 0.20

banc

= 0.19

Abso!

0.18

0.17

0.16 SN NN NS NN NN (N MNN SN SN HU WU RN S S
3100 3060 3020 2980 2940 2900 2860 2820
v, cm!

©

0.03

0.02
2980

0.01f 2895

3017 2989

-0.01F
2919
-0.02 N T N N NN [N [ TN AU N N N |

. 1
3100 3060 3020 2980 2940 2900 2860 2820l
v, cm”

Absorbance

RADTSIG, KOSTRITSA

0.03r (b)
0.02} 37'15
0.01+-
0 -
~0.01F
-0.02 1 1 } 1 ) )
3760 3740 3720 3700 3680 3660
v, cm!
0.10 @
2972
0.05 1
x4
1306
0r 3017
. - Si=0
0.05 2989 e
~0.10
2919
-0.15¢
1 —0.20L I ] I 1 I I I I |
3250 3150 3050 2950 2850 1320 1280
v, em™!

Fig. 3. IR spectra of surface groups (295 K): (a) radicals (=Si—0),Si (C,Hs) (A) and (=Si-0),Si(C,H5)(0-0") (B); (b) radicals
(=Si~0),Si ‘O-H (C) in the stretching vibration region of the O-H group; (c) differential spectrum obtained by subtracting from the

spectrum of the sample with (ESi—O)zsi(Csz)(O—O') radicals the spectrum of the same sample after thermal decomposition of these
radicals; (d) differential spectrum obtained by subtracting from the spectrum of the sample with (=5i~0),Si—O groups the spectrum

of the same sample after treatment with ethylene molecules. The band of the >8i=O group (1306 cm™!) is shown separately.

the bands formed by the thermal transformation of per-
oxo radicals B.

Proceeding from the chemical properties of reacting
molecules, we may expect that the reaction is accompa-
nied by the addition of a silanone group to the double
bond of an ethylene molecule:

(=8i-0),Si=0 + CH,=CH,

VI
— (sSi—O)ZSKgHCHz b
2

Quantum chemical calculations support this
hypothesis. Figure 2 shows the structure of the F,Si <
OC,H, molecule (VI) and Tables 1, 3, and 4 specify its
characteristics. For the empirical correction (1) of cal-
culated C-H stretching frequencies in the F,SiOC,H,
molecule, we used the frequencies of C-H stretching
frequencies in the cyclo-(CH,);0 molecule {24]. For
the methylene group bound to two carbon atoms

Vexp(C-H) = 3006.5 and 2935 cm!, v y(C-H) = 3124

and 3070 cm™. For the methylene group bound to oxy-
gen, Vey,(C-H) = 2935 and 2890 cm! and v, (C-H) =
3049 and 3007 cm™!. After appropriate corrections, the
frequencies of C(1)H, bond stretching vibrations in a
F,Si0C,H, molecule became 3030 and 2977 cm™!. For
the C(2)H, bond, the corrected values are 3003 and
2947 cm!. On the average, the calculated values are
overestimated by 15 cm! as compared to the experimen-
tal values. This is probably due to the somewhat inappro-
priate choice of the reference molecule. The C(1)H,
bonds are characterized by higher values of vibration fre-
quencies and lower intensities. The fact that the vibration
frequencies of C(2)H, bonds are lower may be due to the
effect of an electronegative substituent (oxygen).

Using the methods of quantum chemistry, the mech-
anism of reaction (VI) was analyzed. Figure 5 shows
the energy diagram of this process. The silanone group
reacts with CO,, N,O, and HC=CH molecules in a sim-
ilar way [23]. First, a relatively stable (-11.8 kcal/mol)
intermolecular complex (VH) is formed. Figure 2
shows its structure, which is typical of the n-complex

KINETICS AND CATALYSIS Vol. 41 No.2 2000
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formed by a low-coordinated silicon atom of the sil-
anone group and the n-bond of the ethylene molecule.
Some portion of the electron density (0.14¢) of the eth-
ylene molecule transfers to the silanone molecule (a
donor and acceptor, respectively). The low-coordinated
silicon atom mediates this transfer. However, in the sil-
anone molecule, this charge is distributed between the
electronegative substituents of the silicon atom (oxy-
gen and fluorine), whereas the charge of the silicon
atom remains virtually unchanged.

Figure 2 shows the “complex—cycle” transition state
(VIID). The arrows point to the directions of atomic
shifts as the system moves along the reaction coordi-
nate. The transition state is well below the states of iso-
lated molecules, and the corresponding activation bar-
rier is small. Thus, the rate-limiting step of the process
is the step of intermolecular complex formation. The
experimental activation energy of this reaction is 2 *
2 kcal/mol.

To complete this section, we note that the cyclic
compound D was synthesis by another method, namely
by the reaction of ethylene oxide with the surface
silylene centers:

(=Si-0),Si: + CH,~CH,

— (ESi—O)zsi’\g/\ HCHz
2

This reaction occurs at room temperature (it was
controlled by a decrease in the concentration of silylene
centers in a sample). IR spectroscopy registered analo-
gous adsorption bands in the region of C-H stretching
vibrations for the products of this reaction.

4. MECHANISM
OF HYDROXY RADICAL FORMATION

The products of the transformation of peroxy radical B
contain hydroxy radicals and silaoxacyclobutane D.
This suggests the following mechanism of their forma-
tion:

(=5i-0),81 00
CH,-CH,
(VID)
e (=5i-0), SO
= CH,-CH,
(ESi—O)ZSi(g;{O:(I;IH,
re (VIID)

o, (ESi—oz)sK%H CH, + HO'
2

KINETICS AND CATALYSIS Vol. 41 No.2 2000

According to this scheme, the intramolecular trans-
fer of the hydrogen atom forms a hydroperoxy group
and an alkyl radical. Then, the O—O bond of the hydro-
peroxy group cleaves, being attacked by a radical. This
is accompanied by the formation of a hydroxy radical
and by the formation of a diamagnetic four-membered
ring. The diamagnetic groups on the solid surface are
accepted by the hydroxy radicals resulting in the stabi-
lization of the corresponding radical product. Both
steps (intramolecular H atom transfer and the elimina-
tion of the hydroxy radical) occur via cyclic transition
states.

The data on the energetic barriers of the separate
steps of such a process were obtained by quantum
chemical calculations. The properties of silicon-con-
taining systems are often compared to their carbon-
containing analogs. On the one hand, this allows better
understanding of specific features in the system behav-
ior, which are stipulated by the presence of silicon
atoms. On the other hand, this makes it possible to cor-
rect the calculated results, because carbon-containing
systems are studied better. Therefore, in parallel with
the calculation of silicon-containing systems, we calcu-
lated the characteristics of analogous processes with
hydrocarbon (the F,Si group was replaced by the CH,
group). Data are available on the values of the activa-
tion barriers for these processes with hydrocarbons
[25]. This is also useful for the critical analysis of the
results of quantum chemical calculations. Figure 2
shows spatial configurations of the reactants and transi-
tions states. Tables 1, 3, and 4 specify optimized geom-
etries, complete energies, and vibrational spectra (for
hydrocarbon radicals only the energies are specified).
Figure 5 shows the energetic diagrams of the processes
and the differences between the enthalpies AHy(0 K) rela-

tive to the F2SI(C2H5)(O—O.) and CH3CH2CH20—O.
radicals.

In[(>Si(00")/(>Si00")]
20r

1.5

1.0

0.5

1500

|
2000
Time, s

1000

Fig. 4. Kinetics of radical (ESi—O)ZSi(C2H5)(O-—O°) decay
at 296 K.
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Fig. S. Energy diagrams of the processes: (a) F,Si=0 +

H,C=CHj,, (b) Fzsi'C2H5 + O,, and (c) CH3CH2CH; +
O,. Numbers on the diagram are the enthalpies of the struc-
tures (AHj at 0 K in kcal/mol, DFT calculation) relative to

(a) the level of free molecules; (b) Fzsi(C2H5)(O—O°), and
(c) H3C-CH,CH,-0-0".

We also calculated the heat of ethyl radical addition
to the silylene center F,Si: (-33.3 kcal/mol), which
agrees with the experimental fact that radicals A are
thermally stable below 450 K. The heat of the reaction
of oxygen addition to this radical to form a peroxy rad-
ical (=51 kcal/mol) is much higher than in the case of a
carbon-containing radical (—28.5 kcal/mol). The exper-
imental heat of this reaction in the case of a carbon-con-
taining radical is =30 % 2 kcal/mol [26].

Figure 2 shows the transition state (III) of hydrogen
atom transfer from a hydrocarbon fragment to oxygen.
The transition state for the transfer of a hydrogen atom
in the hydrocarbon radical has a similar structure. The
arrows show the directions of atomic shifts as the sys-
tem moves along the reaction coordinate. It can be seen
that the hydrogen atom plays the most important role in
this movement. The arrangement of O---H---C atoms in
the six-membered transition state is not linear (ZOHC =
156.7°). This points to the internal strains in the cyclic
structure. A relatively high value of the activation
energy calculated for this reaction is further evidence

RADTSIG, KOSTRITSA

for that. According to the experimental data [27], the
activation energies of hydrogen atom abstraction by the

=Si-0-0" radical from ethane and methane molecules

are 8 and 12.5 kcal/mol, respectively. The activation
energy of hydrogen atom transfer calculated for the
hydrocarbon radical (24.3 kcal/mol) can be compared
to a value of 28 kcal/mol reported in [25] for the reac-

tion (CH,;),CCH,00" — (CH;),C(CH,00H)CH,.

We also calculated the transition states for the
hydrogen atom abstraction from the CH, group of rad-
icals (a five-membered transition state). As expected,
the corresponding transition states are higher (by 6.9
and 8.9 kcal/mol for silicon- and carbon-containing
radicals, respectively). Despite the more favorable ther-
mochemistry of the process, the activation energy
increases because of the energy of the strain in the tran-
sitions state.

According to the literature data, the reaction heat of
intramolecular hydrogen transfer from the methyl
group to form a hydroperoxy group in the hydrocarbon
radical is 10-12 kcal/mol [26, 28]. Thus, the calcula-
tion overestimates the reaction heat. To introduce an
empirical correction, we calculated at the same level
the heats for hydrogen atom abstraction from the
HOOH and C,Hg molecules. These are 79.7 and
97.3 kcal/mol, respectively. The experimental values
are 89 [26] and 100.4 kcal/mol [28]. That is, our calcu-
lations underestimated the strength of the O-H bond in
hydroperoxide. As a result, the calculated energies for
silicon- and carbon-containing hydroperoxides are
probably overestimated by ~7 kcal/mol. However, the
calculations correctly reflect the trend of increasing O-H
bond strength in silicon-containing hydroperoxides.
There are no experimental data on the strengths of
O-H bonds in hydroperoxide groups connected to a sil-
icon atom. However, analysis of the kinetic data sug-
gests that the O—H bond is stronger in these compounds
than in their organic analogs [27]. Therefore, we may
assume that the heat of hydrogen atom transfer in the
radical B is 3-5 kcal/mol. If we assume that the
strength of the C-H bond in methy! group of the ethyl
fragment is 100 kcal/mol, we obtain the strength of the
O-H bond in the Si-O-O-H group (95-97 kcal/mol).
This value is much higher than in the hydrogen perox-
ide molecule and organic hydroperoxides.

Figure 2 shows the structure of the transition state
(V) for the reaction with the formation of a hydroxyl
radical. The arrows point to the directions of atomic
shifts as the system moves along the reaction coordi-
nate. The transition state for the hydroxyl abstraction
from a hydrocarbon radical has a similar structure, but
the activation barrier height is much higher in this case.
According to the calculation, the energy of the transi-
tion state is even higher than the energy of the

(CH;CH,CH; + O,) system in the nonbound state.

However, the activation energy for the formation of the
hydroxy! radical from the alkylhydroperoxide radical

KINETICS AND CATALYSIS Vol. 41  No.2 2000
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(17.3 kcal/mol, Fig. 5) agrees with an estimate based on
experimental kinetic and thermochemical data for the
activation energy of oxetane and hydroxyl radical for-
mation by the decomposition of the alkylhydroperox-

ide radical (CH,),C(CH,O0H)CH, — cyclo-

(CH,;),CCH,0CH, + OH, which is 17 * 2 kcal/mol
[25). This fact suggests that our calculations overesti-
mated the energies of the hydroperoxide structure and
the transition state in the reaction of hydroxyl radical
abstraction by ~10 kcal/mol.

Thus, the energies of two transition states for the
reactions of hydrogen-atom transfer and hydroxyl rad-
ical abstraction from the carbon-containing radical are
very close in their values. In the case of a silicon-contain-
ing radical, the rate-limiting step of the overall process is
the reaction of the intramolecular transfer of a hydrogen
atom. The calculated activation energy (~20 kcal/mol)
suggests that the reaction may occur at a noticeable rate
at room temperature.

Let us discuss the “structure” of the rate constant of
radical B transformation. According to the kinetic
scheme of the process, the decay of peroxy radicals fol-
lows the first-order rate law. This agrees with the exper-
imental data (Fig. 4). The apparent rate constant is

kapp = (kikp)/(ky + ky).

Although we hypothesized the rate-limiting step for
this process, let us discuss two variants. If k_; > k,, then
kapp = (ki/k_pk, and the rate-limiting step of the process
is hydroxyl radical abstraction. According to transition
state theory, k,,, = (kT/h)exp(AS,/R) X exp(-AH,/RT),
where AS, is the difference between the entropies of the
transition state for OH radical abstraction and radical B
and AH, is the difference of their enthalpy. To estimate
the value of the preexponential factor in the rate con-
stant of the reaction (AS)), we used the results of quan-
tum chemical calculations. The difference in the vibra-
tional entropies of II and V at room temperature is
21.9 -25.4 =-3.5 cal K! mol! (for the radicals grafted
to the solid surface translation and rotational degrees of
freedom are absent). At 296 K, (kT/h)exp(AS,/R) = 1.0 X
10'2 571, The experimental value of the rate constant
kapp(296 K) = (1 £ 0.1) x 107 57!, Therefore, AH, =
203 keal/mol. The value of the heat of peroxy radical
transformation into hydrocarbon radicals is 3-5 kcal/mol
(see above). Then, the activation energy of reaction (VIII)
is 15—17 kcal/mol.

In the extreme case when k_; < k,, ko = k;, and
AS,=19.9-25.4 = -5.5 cal K™! mol™! (the difference
between the entropies of the peroxy radical and the
transition state of hydrogen atom transfer),
(KT/R)exp(ASy/R) = 3.9 x 10'! 57! The estimated experi-
mental activation energy for the intramolecular transfer
of hydrogen in radical B is 19.7 kcal/mol, which agrees
with the calculated value for the activation barrier of
hydrogen atom transfer in the silicon-containing radical.

KINETICS AND CATALYSIS Vol. 41

No.2 2000

253

The thermal decomposition of the
(=Si~0),Si(C,Hs)(0O-0") radical can be considered as
a convenient heterogeneous reaction for the generation
of hydroxy radicals under mild conditions. The possi-
bility for the formation of low-molecular radicals on a
“wall,” which is usually the surface of a quartz vessel,
has been discussed in the literature since the start of
chain reaction studies. Our experimental data show the
mechanism of this process with concrete surface sites.

CONCLUSION
(1) We developed the method for the synthesis of the

(=Si-0),Si(C,H;)(0-0") radicals grafted on the silica
surface and determined the mechanism for their ther-
mal decomposition to form the hydroxy radical and
silaoxacyclobutane group. We determined the rate con-
stant for this reaction. It is more facile for silicon-con-
taining peroxy radicals than for carbon-containing rad-
icals.

(2) IR spectral bands were registered for the
radicals (=Si-0),Si —C,H;, (=Si-0),Si(C,Hs)(0-0"),
and (=Si-0),Si ~OH.

(3) The mechanism of the interaction of surface sil-
anone groups with molecules was determined. The

reaction is accompanied by the formation of silaoxacy-
clobutane group.
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