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Abstract—Methods are developed for obtaining oxy radicals by the photodecomposition and thermal decom-
position of precursors (=Si-0),Si(N=N-O")(R) and (=Si-0),Si(0-C'=0)(R). The mechanism of these pro-
cesses is established. Kinetic data are obtained for the reaction of hydrogen atom transfer in oxy radicals
(Si—0),Si(0)(R) (R = H, D, CH3, CD3, and C,Hc). The activation energies of hydrogen atom transfer are
found for three-, four-, and five-membered transition states: 13.5 + 1, 18 + 1, and <10 kcal/mol, respectively.
For the reaction of H(D) atom transfer in the (=Si—0),Si(O" )(H(D)) radical, the kinetic isotope effect is found.

Quantum-chemical calculations were used to determine the structures of transition states in the studied pro-
cesses. Experimental studies were carried out using ESR spectroscopy.

INTRODUCTION

Although tremendous experimental and theoretical
work has been devoted to the structure and reactivity of
chemically active species, interest in this field does not
fade. Thisisdueto an important role of these speciesin
various processes in the gas and condensed phases.
However, most of the experimental data obtained so far
refer to bimolecular processes of reactive species, such
as hydrogen atom abstraction or the interactions of free
radicals with other radicals available in a system. Uni-
molecular reactions, such as isomerization and decom-
position of free radicals, received less attention. The
experimental studies of such processes are more diffi-
cult because of the following circumstances. Processes
with the participation of free radicals are usually stud-
ied in either gas or condensed phases, where unimol ec-
ular reactions are masked by bimolecular reactions of
radicals with ambient molecules and with each other.
Such bimolecular reactions are usually much faster.
The use of the matrix isolation technique enables the
stabilization of radicals, but these matrices are ther-
mally unstable. Therefore, these systems cannot be
used for the studies of thermal processeswith activation
energies of several kcal/mol.

A new method has been proposed in [1-3] for
obtaining free radical intermediates grafted on a solid
surface (reactive silica). In this work, we applied this
method to experimentally study the mechanism and
kinetics of the reactions of intramolecular H(D) atom

transfer in oxysilyl radicals >Si(O" )(R), where R = H,
D, CH5, CD, and C,Hs. Oxy radicals of the silicon type

belong to the most reactive species. Specifically, the
activation energy of the reaction of H(D) atom abstrac-

tion from unsaturated hydrocarbons with the participa-
tion of these radicals is close to zero [4]. However, in
this case, reactions of H(D) atom transfer occur viathe
cyclic transition state. Thus, these systems are conve-
nient for the study of the size effect of cyclic transition
states on the activation energies of reactions.

EXPERIMENTAL

The method of preparation and activation of the sur-
faces of highly dispersed silicawas described in detail
in the preceding paper [5]. Intermediates with the
desired structure were obtained in two stages. First,
silyl-type radicals were obtained using silylene centers

(=Si-0),Si: (henceforth denoted as >Si:), which are
stabilized on the surface of reactive silica [6, 7], and

low-molecular radicals R :
>S:+R —> >SI'R. D

Low-molecular radicals used in this work were H',
D', 'CH,, 'CD;,and 'C,Hs. They were obtained from
the H,, D,, CH,, CD,, and C,H, molecules using either

surface oxy radicals (=Si-0),Si-O" [4],
(=Si-0),Si-O + R-H(D)

—» (=S-0);S-O-H(D) + R,
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as radical generators or surface diamagnetic groups
>Si<0, [8]:

>Si<0, + R-H(D) — >Si(0")(O-H(D)) +R’,
>Si(0")(O-H(D)) + R-H(D)

—»>Si(0O-H(D))(O-H(D)) +R".
For more details, see[9].

Then, the >Si'R radicals entered a reaction with
N,O or CO, molecules at room temperature [10, 11]:

>Si'R+N,O — >Si(N=N-O")(R),

>S'R+ CO,—» > Si(0-C'=0)(R)

to obtain the desired free radical complexes.

These two types of paramagnetic complexes served
as precursors of oxy radicals. The reactions of their
thermal decomposition occurred as follows (see [11]
and subsection 2 of this paper):

>Si(N=N-O")(R) — >Si(O)(R) +N,, (I

>Si'R+ CO, == >Si(0-C'=0)(R
2 ( )(R) (11D

— >Si(0')(R) + CO.

However, these reactions occur with measurable rates
only at high temperatures (=373 K). Under these con-
ditions, the transfer of a hydrogen atom to oxygen in
group R occurs at a much higher rate than the rate of
oxy radical formation (see below). Therefore, we can
only obtain the lower estimate of the rate constant of
H(D) transfer to the oxygen atomin this case.

One of the ways to overcome this difficulty isto use
the method of competing reactions. For instance, if the
process of thermal decomposition of the precursor is
carried out in a CO atmosphere (reaction (111)), then an
aternative channel for the transformation of the oxy
radical appears, which is associated with the reverse
addition of the CO molecule and resultsin the reduction
of thesilyl-typeradical. By measuring theratio of prod-
uct yields in these two channels at different CO pres-
sures, we can determine the ratio of the rate constants
of these two competing processes.

Oxysilyl radicals can also be obtained by the photo-
chemical decomposition of >Si(N=N-O")(R) precur-
sors[11]. Photolysis can also be carried out at low tem-
peratures (77 K). Provided that oxy radicalsremain sta-
ble at low temperatures, the direct spectroscopic studies
of further thermal transformations in these systems
become possible. Spectroscopy was applied to study
H(D) atom transfer in the radicals >Si(O")R) (R =
H(D) and CH;5(CDy)).

RADTSIG

ESR spectra of radicals were recorded using an
EPR-20 radiospectrometer working in an X-range (a
frequency of 9.1 MHz). The frequency of high-fre-
guency modulation was 100 kHz. The magnetizing
force was registered using an NMR magnetometer. The
radiospectrometer was connected to a PC through an
interface. At 77 K, the ESR spectra were registered by
putting the sampleinto aquartz Dewar bottlefilled with
liquid nitrogen. The constant temperature of the sample
in the resonator was maintained by a flow of gaseous
nitrogen.

Photolysis of samples was carried out using a
DRSh-1000 high-pressure mercury lamp equipped
with a water filter, which transmits radiation with E <
5.2 eV and cuts off the infrared part of the spectrum of
lamp radiation, and with standard light filters. The sam-
ple was irradiated with the filtered (light filter FS-1)
light of the mercury lamp. Photolysis at 77 K was car-
ried out in a Dewar bottle filled with liquid nitrogen.

IR spectroscopic measurements were carried out for
the samples that were made of pressed highly dispersed
Aerosil semitransparent films (50—100-um thick) [12],
placed in a special cell with silica windows. For these
samples, one can register IR spectra at wavenumbersin
the region of =1300 cm!. IR spectra were recorded at
room temperature using a Digilab Fourier-transform
spectrometer with 4-cm™ resolution and 256 scans.

Quantum-chemical calculations were carried out
using Gaussian-94 [13]. The structures of molecules,
radicals, and transition states for different channels of
their transformation were optimized by minimizing the
gradient norm. For all optimized structures, vibrational
spectra were simulated. Each transition state had one
negative eigenvalue of the Hessian matrix.

RESULTS AND DISCUSSION

1. Generation of Oxy Radicalsinthe >Si(N=N-O")(R)
Systems by the Photochemical Method

1.1. Photolysis of >Si(N=N-O ")(CH,(CD5)) radi-

cals. Optical absorption spectrum of >Si(N=N-O")(R)
radicals consists of three bands with maxima at 3.25,
5.2, and >6 eV [11]. Irradiation with light in the region
of the long-wave absorption band of radicals (using an
FS-1 light filter) results in photodecomposition [11].
Figure 1ashows changesin the ESR spectrum of asam-
ple containing radicals >Si(N=N-O")(CH;) after its
irradiation for 30 min at 77 K (to prevent sample heat-
ing inthe process of photolysis, an ampule with powder
was filled with helium (0.5 torr)). A decrease in the
intensity of the lines of initial radical by afactor of ~2
is accompanied by the appearance of a characteristic
ESR spectrum of the >Si ' —CH, radical inthe center [8].
This spectrum, which is shown separately in Fig. 1b,
was registered at a decreased level of microwave power
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Fig. 1. ESR spectra of radicals >Si(N=N-O")(CH;) and products of their photolysis: (a) (1) before photolysis and (2) after photol-
ysisof thesampleat 77 K; (b) the central part of spectrum 2 registered at alow level of microwave power; (c) the spectrum of sample

2 after its treatment by '3CO molecules at 77 K (two lines marked with stars refer to the >Si(O—13C'=O)(CH3) radical; and (d)
sample 2 heated at 250 K (lines marked with stars refer to the >Si(OH)(CHé) radicals. Recording at 77 K.

(thissignal saturates at the level of microwave power at
which the spectrum shown in Fig. 1a was registered).

Photolysis also yielded oxy radicals. Their direct
registration by ESR spectroscopy is hampered due to
the specific features of their electronic structure[2]. For
their detection using the ESR method, we used the fol-
lowing expedient. The sample was treated with 13CO
molecules without preliminary heating (i.e., at 77 K). It
is known that oxy radials react with carbon monoxide
molecules even at 77 K [10]:

>S-O'(R) + °CO — >Si(0-"C'=0)(R).

Figure 1c shows the ESR spectrum of the product of
this reaction. Stars mark lines corresponding to the
splitting of the spectrum components on the 3C
nucleus (I = 1/2). The constant of hyperfine interaction
of the unpaired electron with the *C nucleus was
208 Oe. Thisvalue is characteristic of the oxycarbonyl

radials >Si(O-C'=0)(R) containing hydrocarbon sub-
dtituent R at a silicon atom [8]. Thus, the photolysis of
the radical at 77 K was accompanied by the formation

KINETICS AND CATALYSIS  Vol. 43

No. 4 2002

of two main products of photodecomposition: silyl and
oxysilyl radicals:

>Si(N=N-O")(CH3) — >Si" (CH3) + N,O

(channel 1),
(Iv)

>Si(N=N-O")(CH;) —~ >Si(O")(CH3) + N,
(channdl 2).

The relative yields of these products are shown in
Table 1. In another run, the sample subjected to photol-
ysis under analogous conditions was heated from 77 to
350 K (5-min heating at a certain temperature with fur-
ther registration of the ESR spectrum at 77 K). When
the sample was heated to 180 K, the appearance of two
lineswas noticed in the ESR spectrum (they are marked
with stars in Fig. 1e). These lines belong to the

>Si(OH)(CH, ) radical. The ESR spectrum of this rad-

ical was registered and described in [14] and is aso
shown in Fig. 4c. Figure 2 (curve 1) shows achangein
the relative intensity in the sample heating to 350 K.
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Fig. 2. Formation of products of oxy radical isomerization
(1) >Si(0")(CHjy), (2) >Si(O)(CDy), (3) >Si(O")(D),
1—>Si(OH)(CH, ), 2—>Si(OD)(CD, ), 3—>Si '(OD) on
heating from 77 K. The units are relative: Np/Nssq

(N7/Ny95), where Nt isthe intensity of the ESR signal after
sample heating at temperature T (5 min).

Thus, the above experimental data point to the fact
that, in the process of photolysis, oxy radicas
>Si(O")(CH;), which are stable at low temperatures,
are formed in the system. When the sample is heated in
the temperature range 180-300 K, intramolecular
hydrogen atom transfer occurs:

>Si(0O") (CHz) — >Si(OH)(CHy).

Table 1. Relativeyields of photolysis products via chan-
nels 1 and 2 of reactions (IV)<(VI), T=77+ 1K

Radical Viachannel 1 | Viachannel 2
>Si(N=N-O")(H) 0.61 £ 0.05 0.39+0.05
>Si(N=N-O")(D) 0.61 + 0.05 0.39+0.05
>Si(N=N-O")(CHg) 0.18 £ 0.05 0.82 £ 0.05
>Si(N=N-O")(CDg) 0.24 £ 0.05 0.76 £ 0.05

RADTSIG

The activation energy estimated from kinetic data
(Table 2) for this processis 16 (17) kcal/mal (the value
of the preexponentia factor is taken equal to 102
(10'3) s7).

In another run, we prepared the deuterated radical

>Si(N=N-O")(CD;) (in which case we used deuterated
methane instead of methane in radical synthesis). Pho-
tolysis of this sample was carried out under analogous
conditions. A decrease in the concentration of the

>Si(N=N-O")(CD;) radical and the partial reduction of

>Si"(CD,) radicals was registered after photolysis
(77 K) using the ESR method. Sample heating is

accompanied by the formation of the >Si(CD, )(O-D)

radical. Thus, the process occursin asimilar manner in
this system: the formation of two main photolysis prod-

ucts, >Si (CD;) and >Si(O’)(CD;) radicals, was found
inthis system, too. Theseradicals are stable at low tem-

peratures and transform into the >Si(CD,)(O-D) radi-

cals on heating via the intramolecular transfer of the
deuterium atom.

Figure 2 shows the dependence of therelative inten-
sity of the ESR spectrum of radicals on the temperature
of sample heating (curve 2; ESR measurements; the
time of heating at each temperatureis5 min). Thus, the
isotopic substitution only affected the kinetics of H(D)
atom transfer (see Table 2) and noticeably increased the
temperature of the corresponding transformation. This
fact points to the effect of isotopic substitution on the
rate constant of this process. The value of the activation
energy of deuterium transfer is 21.5 kcal/mol (thisis
estimated similarly asin the previous case).

In the classical case, the value of the isotope effect
for the reactions of thistypeis dueto the differencesin
the zero-point energies of the C-H and C-D bonds,
whose H(D) atom participates in the process. For the
processes of considered type, we could expect that this
valueis 1.5 kcal/mol [15]. The observed isotope effect
was noticeably higher. To find the reasons for such a
difference, detailed kinetic studies of these reactions at
different temperatures are needed.

1.2. Photolysis of >Si(N=N-O")(H(D)) radicals.
We begin this section with experimental data obtained
for the >Si(N=N-O")(D) system. Figure 3a shows the
ESR spectrum of sample photolysis at 77 K (the ESR
spectra shown in this figure were registered under con-
ditions when the signa from the much broader
>Si(N=N-O")(D) radical with a much smaller ampli-
tude is poorly discernible). On the edges of the spectra,
two asymmetric lines of a triplet signal from the
>Si'(D) radical are seen (the third component of this
radical isinthe middle of the signal). Thisisdueto the
interaction of an unpaired electron with deuteron
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(I =1). Their positions are marked in the figure with
stars.

Sample heating resulted in the appearance of new
paramagnetic centers. The anisotropic linein the center
of spectra (marked with arhomb) belongs to them and

is due to the >Si (OD) radicals. The ESR spectrum of
thisradical wasidentified in [14]. The concentrations of

two other radicals, >Si(N=N-O’)(D) and >Si'(D),
which were present in the system, remained constant.

The kinetic curve of >Si'(OD) formation in sample
heating is shown in Fig. 2 (curve 3).

Thus, two channels of phototransformations were
detected in the photolysis of this system:

>Si(N=N-O") (D) — >Si"(D) + N,O (channel 1),
V)
>Si(N=N-O")(D) — >Si(O")(D) + N, (channel 2).

The relative yields of photolysis products are shown in
Table 1.

Thekineticsof >Si*—O-D radical formation (Fig. 2,
curve 3) istypical of athermally activated reaction.
The rate constant of thisreaction at 210 K isk,(D) =
2 x 1073 s7! (see Table 2). Thismakesit possible to esti-
mate the activation energy of deuterium atom transfer:
~15 kcal/mol (the preexponential factor is taken equal
to Ag =101 s71),

Let us now proceed to the experimental data
obtained in the study of processes with the H-form of
this radical. The general picture of the phototransfor-
mation is preserved: the intensity of the lines of theini-
tial radical decreases, and the intensities of the reaction
product lines synchronously increase. However, an
important difference appeared. Figure 3b shows the
ESR spectrum of photolysis products at 77 K (registra:
tion at 77 K without intermediate sample heating). The

lines of >Si'H and >Si "OH radicals are distinctly seen
in the spectrum (these are marked with arhomb and an
aderisk, respectively). Sample heating to room tempera-
ture did not lead to a change in the concentrations of radi-
cadsinthe system. Thus, the photochemical processin this

system occurs asin the case of the >Si(N=N-O")(D) rad-
ical via two channels: with the elimination of N, and
N,O molecules, but the reaction of hydrogen atom
transfer completes even at 77 K:

>Si(N=N-O")(H) — >Si"(H) + N,O (channel 1),
(VI)

>Si(N=N-O")(H) — >Si"(OH) + N, (channel 2).
Only the lower estimate of the rate constant of this
reaction of hydrogen atom transfer can be obtained:
k,(H, 77 K) > 1073 s~ (which islower than the recipro-

cal time of system photolysis (~10° 9)). If the value of
the rate constant of D atom transfer for the deuterated
KINETICS AND CATALYSIS Vol. 43
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radical is extrapolated to 77 K and we consider that, in
the case of the classical isotope effect, the activation
energy of the hydrogen atom transfer should be decreased
by 1.5kca/moal [15], weobtaink,(H, 77 K) =102 s!. This
pronounced difference can only be explained by the
fact that hydrogen atom transfer in the >Si(O")(H)
radical occurs viathe tunneling mechanism.

2. Thermochemical Method for the Preparation
of Oxy Radicalsin the Systems >Si(O-C '=0)(R)
and >Si(N=N-O")(R)

21. Thermal decomposition  of  the
>Si(0-C '=0)(CHj;) radical. When the sample con-
taining the >Si(O—C'=0)(CH,) radicals is alowed to
stay at 373 K in avacuum (under evacuation), oxy rad-

icals decay (this was monitored by a decrease in the
intensity of the ESR spectrum) and new product radi-

cals >Si"—-CH; and >Si(CH, )(OH) are synchronously

formed. The ESR spectrum of reaction products is
shown in Fig. 4a. The same figure shows individual

ESR spectra of the radicals >Si'-CH; (Fig. 4b) and

>Si(CH,)(OH) (Fig. 4c). In the course of the thermal

reaction, the formation of CO, and CO was registered
by the volumetric method.

Theformation of the above products should be asso-
ciated with the thermal decomposition of oxycarbonyl

Table2. The rate constants of the reaction
>Si(O')(RH) —» >Si(OH)(R")

Radical ks, s (E5 , kcal/mol) T.K
>Si(O")(H) (0.1£0.2) x 10° (13.5) 373
>Si(O')(CHy) | (2.0 0.4) x 10% (17) 373
>Si(0")(C,Hs) >10° (<10) 373
>Si(0')(CHs) |(0.1%0.2) x 103 (18) 250
>Si(0")(D) (2.3+0.4) x 103 (15) 210
>Si(O)(CDy) |(0.1+0.2) x 103(18) 250

* Actlvatlon energies of processes calculated assuming that Ag =
103 s for the reaction with the participation of thefirst radical
and A = 10%% s for other reactions.
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Fig. 3. ESR spectra of photolysis products of radicals

>Si(N=N-O")(H, D) (singlet line with ag-factor of 2.0026
belongs to a foreign signal): (8) (1) after irradiation of

>Si(N=N-O")(D) at 77 K and (2) after sample heating for
5minat 230K (linesmarked with arhomb and astar belong

to radicals >Si'OD and >Si'D, respectively); (b) after
>Si(N=H-O")(H) irradiation at 77 K (lines marked with a

rhomb and astar belong to the >Si"OH and >Si 'H radicals,
respectively). Recording at 77 K.

radicals via two channels; with the elimination of CO
and CO,:

>Si(0-C'=0) (CH;) === >Si(0") (CH3) + CO
' (VID)
12, >Si(CH;)(OH) + CO,

>Si(0-C'=0) (CHg)%\Si '(CH3) + CO,. (VIII)

Therdtio of yields of radical productsis shown in Table 3.

When the thermal decomposition of radicals was
carried out in a CO, atmosphere (P¢o, = 10 torr, T =
373 K, areaction time of ~60 min), the only products
of the reaction were carbon-centered radicals. Figure 4c

showstheir ESR spectrum. Thischannel for the product
formation became dominating, because silyl radicals

RADTSIG

transform into oxycarbonyl radicals in a CO, atmo-
sphere viathe reverse reaction (reaction V1I1).

If the process is carried out in a CO atmosphere
(Pco =10 torr, T =373 K), the only product of decom-
position is the silyl radical. Figure 4b shows its ESR
spectrum. The channel for the formation of the second
product under these conditions is completely sup-
pressed because of an equilibrium shift to the left in
reaction (VI1) in a CO atmosphere.

Thus, by changing the CO pressure on the sample,
we can change the ratio of product yields and obtain
information on the rate constant k.

Using the method of steady-state concentrations for

the >Si(O")(CH,) radicals, we derived the following
expression for the ratio of the product yields depending
on CO pressure:

[>Si"CH,]/[>Si(CH,)(OH)] 1)
= K3(k_1Pco + ko)/(kiky).

10~ torr (373 K), theratio of product yields was equal
to unity (see Table 3). Therefore, we obtain from for-
mula (1) that k | Peo = k(373 K). If thevalueof k_; isset
to 1.6 x 1072 cm® molecule! s (for reaction HO™ +
CO —~ H-O-C'=0 [16]), we obtain k, (373 K) =
2 x 10% 57! (see Table 2).

The value of k, for this reaction at 250 K was
measured earlier (see subsection 1.1): k,(250 K) =
(1.0 £ 0.2) x 107 s~!. Assuming that the dependence
of k, on temperature is of Arrhenius type, we obtain
k, = 6 x 10"2exp(—(18 kcal/mol)/RT). Note that the

value of the preexponential factor is reasonable in this
expression.

2.2. Thermal decomposition of the >Si(0O-C '=0)
(CH,~CHj) radical. Itwasfoundin [5] that, if the sam-
ple containing the >Si(O—C =0)(CH,—CH,) radical is
allowedto stay for alongtimeat 300 K, the equilibrium
is established between the radicals

>Si(0-C'=0)(CH,~CH,) (A),
>Si(0—CH=0)(CH,~CH3, ) (B),
>8i(0-CH=0)(CH —CHj) (C).

When this system is heated to 373 K in a vacuum
(under evacuation), the ESR method registered the
decay of radicals A, B, and C and the simultaneous

appearance of radicals >Si(OH)(CH,~CH,) and

>Si'-CH,—CH, (the ratio of their concentrations is
shown in Table 3). Based on these experimental datathe
scheme of the process of thermal decomposition of rad-
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Fig. 4. ESR spectraof (a) products of thermal decomposition of (T = 373 K) the >Si(O-C '=0)(CHj3) radicals and the superposition
of ESR spectraof radicals >Si '~CH; and >Si(CH,, )(OH); (b) >Si '~CHj radicals; and (c) Si(CH, )(OH) radicals. Recording at 77 K.

icalsinthissystemin avacuum can be described asfol-
lows:

>Si(O—CH=0)(CH —CH,)

« - >Si(0-C'=0) (CH,~CH,)

—»>Si(0)(CH,—CH,) + CO
—>Si(OH)(CH,—CH,) + CO,
>Si(0O-C"'=0)(CH,—CHs,)
—+>Si"(CH,~CH,) + CO,.
The results of IR spectroscopic measurements sup-

port this mechanism of thermal decomposition of radi-
cals. Figure 5 shows the difference IR spectrum of the
KINETICS AND CATALYSIS  Vol. 43

No. 4 2002

sample after its heating at 373 K. We see the disappear-
ance of the bands at 2945 and 2975 cm!, which refer to
the stretching vibrations of the C-H bonds in the
>Si(O-CH=0)(CH —CH,) radical, and the appearance
of three new bands at 3739, 3119, and 3032 cm!. The
band at 3739 cm! is due to the stretching vibrations of
the O—H bond in the S—O—H group. Thisis character-
istic of the S—O—H group that has a hydrocarbon sub-
stituent at the silicon atom [17] (for the terminal
(=Si—0),;Si—O-H group on the silica surface, the fre-
quency is 3749 cm!). The bands at 3119 and 3032 cnt!
should be assigned on the basis of literature data[18] to

the antisymmetric and symmetric vibrations of C-H
bonds in the terminal CH, group of the hydrocarbon

radical R-CH,—CH, Thus, these IR spectroscopic data
support the conclusion that the >Si(OH)(CH,—~CH,)
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Fig. 5. Difference IR spectrum (difference of bands measured before and after the reaction) for the process of radical transformation
>8Si(0O-CH=0)(CH ~CH3) — >Si(OH)(CH,~CHy) (heating at 373 K).

radical is formed in the course of the reaction. The
formation of the only product is associated with the
conditions of this experiment. We did not remove
volatile decomposition products (CO and CO,). Asa

Table 3. Ratio of yields (W) of products of thermal decom-
position of radicals (T = 373 K)

Radica Pco, torr w

W= [>Si(OH)(R")] /[>Si" (RH)]

>Si(O-C'=0)(CHy) Vacuum 0.8
(1.5+0.4) x 10 1

>Si(0O-C'=0)(CH,—CH3)| Vacuum 2.6

30+0.5 2.6

W= [>Si"(OH)] /[>Si'H]

>Si(0O-C'=0)(H) Vacuum 5.7
(1.2+0.2) 1

>Si(N=N-O")(H) Vacuum 100
(1.0£0.2) 1

result, the main portion of the products consisted of

>Si(OH)(CH,—CH,) radicals. In aCO, atmosphere,

the >Si'-CH,—CH; radicals transform into
>Si(OH)(CH,~CH,): >Si'(CH,~CH;) + CO, —~
>Si(0-C'=0)(CH,~CH;) — >Si(OH)(CH,-CH,) +
CO.

Note that the oxy radical formed in the elimination
of CO abstracts a hydrogen atom from the CH; group
of the —-CH,-CH; fragment rather than from the
CH,-group, athough the latter channel is thermody-
namically more favorable. This points to the fact that
the main factor here is a decrease in the activation
energy of hydrogen abstraction when passing from the
four-membered transition state to afive-membered one.

Wefailed to measure the rate constant k;, in this sys-
tem. An increase in the CO pressure in the system to
30 torr (T =373 K) did not result in achangein theratio
of radical product yields. Thus, we were only able to
obtain alower estimate of the constant: k, > 10°s™! (E, <
10 kcal/mol) (see Table 2).

Earlier, the therma decomposition of the
(=Si—0);Si—-0-C =0 radicals was studied [10] and it
was found that the main channel is the elimination of
the CO, molecule and the formation of the silyl radical

(=Si—0);Si". At the same time, the study of the prod-
ucts from the therma decomposition of radicals
KINETICS AND CATALYSIS  Vol. 43
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(=Si—0),Si(0-C =0)(R) (R = H (see sections 2 and 3),
CH,;, C,H;) shows that their thermal decomposition
occursviatwo channelswith comparableyields: viathe
elimination of CO, and CO. Thus, a change in the
chemical nature of one of the substituents at a silicon
atom resulted in a substantial increasein the role of the
second channel for the radical center transformation.

2.3. Thermal transformations of radicals

>Si(0-C'=0)(H) and >Si(N=N-O")(H). The forma-
tion of products of two main types was also registered
in the thermal decomposition (T = 373 K, vacuum) of

>Si(0-C'=0)(H) radicals (see Table 3):
>Si(0-C'=0)(H) — >Si"(H) + CO,,

>Si(0-C'=0)(H) — >Si"(OH) + CO.

In a CO atmosphere (Pco = 1.2 torr, T = 373 K), the
ratio of product yields changed (see Table 3). This
allowed usto determine the rate constant k, (373 K) for
this process using formula (1) (Table 2).

Heating the radical >Si(N=N-O")(H) at 373 K led
to its decomposition, the quantitative formation of
molecular nitrogen (according to the results of volu-
metric measurements), and the appearance of the new

paramagnetic center, which is the >Si'(OH) radical
(Fig. 6). Moreover, we registered the formation of
nitrous oxide elimination products in small amounts
(~1%).

To determine the rate constant k,, the thermal

decomposition of the >Si(N=N-O")(H) radicals was
carried out in a CO atmosphere. In this case, aswell as
in the experiment with the oxycarbonyl radical, we reg-
istered two products using ESR spectroscopy:

>Si"(OH) and >Si "H radicals (their yields are shown in
Table 3). The value of the rate constant is shown in
Table 2.

If we assume that the transfer of ahydrogen atom at

373 K inthe >Si(O")(H) radical occurs with the usual
overcoming of an activation barrier, then its height is
E, = 13.5 kcal/mol (if we assume the preexponential

factor equal to 10'? s7!). Thisvalue agrees well with the
height of the activation barrier estimated from the data
on D transfer in this system (the 1.5-kcal/mol differ-
ence can be associated with the difference in the zero-
point energies of atoms H and D [15]). Therefore, the
reaction of hydrogen atom transfer at 373 K occursvia
the classical over-the-barrier pathway.
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Fig. 6. ESR spectrum of radicals >Si"(OH), which is the
product of thermal decomposition at 373 K of the radicals
>Si(N=N-0")(H) (the singlet linewith ag-factor of 2.0026
belonging to the foreign signal). Recording at 295 K.

It was shown in subsection 1.2 that the reaction of
hydrogen atom transfer to the oxy radical in the

>Si(O")(H) system at 77 K occursat ahigh rate, and we
hypothesized that this is stipulated by tunneling of the
hydrogen atom under these conditions. Thus, with a
decrease in temperature the mechanism of hydrogen
atom transfer changes in this system.

A temperature a which the rates of over-the-barrier
pathway and under-the-barrier tunndling of the atom (usu-
aly, these are light H or D atoms) are equd is called the
critical temperature T, [19]. Therate constant of tunneling
can be described in the smplest case in the following

form: Kypnet = Voe€Xp E—EJ'( 2mE(x))°~5d)E =V exp(-a),

where v, is the frequency of collisions of the tunneling

atom and a barrier (~10"3 s7! for H and D atoms), mis
the weight of the tunneling atom, and E(x) isthe poten-
tial energy surface of the system [19]. In the case of the
classical over-the-barrier pathway, the temperature
dependence of the reaction rate constant has the Arrhe-
nius form: k, = vy exp(—E,/RT). Therefore, the critical
temperature is determined by the following expression:

Te = Ed(Ra). 2

The obtained experimenta datamakeit possibleto esti-
mate the interval of possible valuesof a. Indeed, in the
case of the D-containing radical, the value of the critical
temperatureislower than 150 K (seeFig. 2). Therefore,
a(D) = E,/(RT,,) 015 000/300 = 50. Because o ~ m>,
it should be expected on switching from D to H that
a(H) = 35. On the other hand, the rate constant of the
tunneling hydrogen atom transfer at 77 K Ky =
voexp(—a) =102 s, Therefore, assuming v, =103 s7!,
we obtain that a(H) < 34.5. Thus, the experimental data
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Fig. 7. Structures of transition states for the reactions of hydrogen atom transfer, their symmetry, and the calculated minimal fre-
quency of motion along the reaction coordinate (v). Points refer to the directions of atom shiftsin the transition states of reactions

() F3Si-O" + HCH3 — F3Si-O-H + 'C H3, (b) F,Si(H)(O") — F,Si (OH), (c) F,Si(CH3)(O") — F,Si(CH, )(OH), and

(d) F,Si(C,H;)(O") — F,Si(CH,~CH, )(OH).

suggest that the value a(H) of the process under consid-
eration is ~35 and the critical temperature for the H
atom transfer is ~200 K according to formula (2). The
results of measurements of the rate constant of this
reaction at 373 K are in agreement with the above esti-
mate. These results suggest that the hydrogen atom
transfer occurs via the classical, over-the-barrier path-
way under these conditions.

Thus, we obtained experimental data on the rate

constants of H(D) atom transfer inthe >Si(O")(R) rad-
icas, where R = H, CH;, and C,Hs. Based on these
data, we estimated the activation energies of the corre-
sponding reactions. 13.5 + 1, 18 = 1, <10 kcal/moal,
respectively. The considered reactions demonstrate the

dependence of the activation energy on the size of the
cyclictransition state. The most unfavorableisthefour-
membered rather than three-membered transition state.

Radicals of the =Si-O" type are very reactive in the
reactions of hydrogen atom abstraction from saturated
hydrocarbons [4]. According to these data, the activa
tion energy of the reaction of oxy radical with the meth-
ane molecule is at most 1-2 kcal/moal (in this case, the
transition state is not cyclic). Thus, the high activation
energies of hydrogen atom transfer in the >Si(O')(R)
radicals are stipulated by the structures of the corre-
sponding transition states, in which the radical center
and the hydrogen atom approach each other as aresult
of the substantial deformation of the initial structure.
KINETICS AND CATALYSIS  Vol. 43
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3. Quantum-Chemical Modeling of Hydrogen Atom
Transfer with the Participation of Oxy Radicals

Figure 7 shows the structures of transition states
(TS) for reactions with the participation of radicals that
model surface sites (the choice of this models was jus-
tified in [20]). Along with cyclic transition states, we
also calculated a linear transition state for hydrogen
abstraction by the oxy radical from the methane mole-
cule. These data give an idea of the degree of deforma-
tion in the transition state geometries.

Below we provide the results of calculations of
hydrogen transfer energetics (enthalpies and activation

F;Si-O" + HCH; — TS + 0.5 —= F;Si-O-H + CH;,
F,Si(H)(O") —= TS +20.3(17.1) — F,Si'(OH)
F,Si(CH;)(Q") — TS +22.9(22.4) —» F,Si(CH, )(OH)
F,Si(C,Hs)(O") — TS + 11.6 —» E,Si(CH,—~CH,)(OH)

The reaction enthal py was calculated by extrapol at-
ing the reaction enthalpies for smaller systems calcu-
lated at the G2 level to the latter reaction. This gives us
avalue of —23 kcal/mol.

First, we would like to note that, for the reaction of
hydrogen atom abstraction by the oxysilyl radical from
the methane molecule, the calculation predicts an acti-
vation energy close to zero, which agrees with the
experimental data [8]. Note also that the enthalpies of
hydrogen atom transfer reactions with the participation
of oxysilyl radicals are higher than 20 kcal/mol, which
is higher than for the analogous reactions with the par-

ticipation of their hydrocarbon analogs, H,C-O".
According to the published data, the enthalpy of reac-

tion H,C-O" + HCH; — H;C-O-H + CH; is
0.8 kcal/mol [24]. Thisisdueto the high strength of the
O—H-bond in the silanone group.

Calculations predict a trend in the changes of the
activation energiesin the considered series of reactions
that agree with experimental data. The maximal activa-
tion energy was calculated for the reaction of hydrogen

atom transfer inthe F,Si(CH;)(O") radical withacyclic
transition state.
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