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Chemical dynamics of =SiOC " O radicals grafted on
the activated silica surface
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The chemical dynamics of 2510C O radicals grafted on the silica surtace was studicd in
the 77—290 K temperature interval. The rotation ditfusion coethicicnts and characteristic
times of rotationai mobihity of the radicals were ostimuted
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Studies of the mobility of radicals erafted on the cquilibrium s almost completely shited toward the stanting
surface of a mincral quppo'r[ provide infb;mu(iou on the reactants.® Since after the interaction of CO with the =Si0° and
local cnvironment of paramagnetic specics. The mobility =Si7 radicals lhp x;l.njplc wils ‘«:vucuzncd at room _l:lnlwpgl’;lllxl'c o
or intensity of rotational motion of radicals is usuaily @ prossure £1N M7 we believe that at feast 93% of the toral

. , ‘ . number of paramagnetic centers are =510C 0 radicals.
characterized by the corrclation time t. frequencey
v = 71 and rotation diftusion coefficient D = (o)™

Paramagnetic probes and labels arc usually used for
studying the chemical dynamics of molecules in liquids gkt u
and polymers and on solid surfaces, whereas dat on the
chemical dynamics of radicals gratied on A suhid surface A
are scarce. The characternistic times and activation en- \k
eray of the rotational mobility of nitroxyl radicals grafted —
on the SiO- surtace by "bridges” with different lenaths
have previously been obtatned. ! The t values range from
161078 10 3.2-107% s at 20 °C. depending on the
length of the “"bridge.” and £, = 18—24 kJ mol~!. For * 1G
the =SiOC " H, and =SiOC " Me, radicals on the activated B S e
Acrosil surface al room temperature, the © values are
1.3-107% and 2.5 107% 5. respectively.? Comparison of
the rosults of quantum-chemical calculations and ESR
spectroscopy duta made it possible to establish? the
conformation of the =8i0C " H, radicals grafted on the
Si0O5 surface and conclude that the rotational mobility of
the radical can be retarded by its nteraction with the
potential ficld of the activated surface.

In this work, we studicd the chemical dynamics of
=510C " O radicals gratted on the Acrosil surface in a
wide temperature range.

g4=Si") b

Experimental

Aerosit A-175 was used. The =SiOC ™ O radicals were gencer-
ated by the interaction of =510 radicals (obtained by photo-
chemical activation of the Acrosit surface) with CO from the
gus phase at room temperature and CO pressure of =1 N~
The procedure of the photochemical activation of the Acrosil
surface has been described previously.? This method of Acrosi)
surfuce activation alse gives 2 minor amount of silyl radicals
=Si" (Fig. 1. a. b). However. their interaction with CO is Fig. 1. ESR spectra of =8i0C 0 (a. b) and =Si0"C 0O (0
reversible. and at ~300 K and a CO pressure of <133 N m™? the radicals recorded at 77 (a. ¢) and 295 K (4).
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ESR spectra in the X-range were recorded on an E-3
radiospectrometer (Varian) with a high-frequency modulation
ol 180 kHz under conditions excluding saturatton and modula-
tion broadening. To determine the components of the g fensor
as reference points, we used the known cliective values of the
g factors for the third and fourth HES components ol
diamagneticaily diluted Mn " ons in MeQ: gy = 2.032840.0001
and gy = 19812200001, the value between them being AH; =
86.76x0.03 G at 20 °C (data from the All-Union Rescarch
Institute of Phwsicotechnical and Radio Engincering Mceasure-
ments), and goo= 2.00033 for the silyl radical (=Si10).5¢ 6
SR spectra were recorded at different temperatures i a Dewar
tbe placed dircetly into the radiospectrometer cavity. The
temperature was maintained with an uccenracy ot =1 °C using
an E-4337-9 attuchment (Varian).

Results and Discussion

Conformation of radical =SiOC " O. The line shape in
the ESR spectrum of the =Si0C O radical rccorded at
77 K (sce Fig. 1, a) indicates a triaxial antsotropy of the
g tensor. The effective values of the components of the ¢
tensor were determined by the positions of the charac-
teristic points in the ESR specuoum at 77 K (g, =
2.003220.0002, g, = 2.0020%0.0001. and g.. =
§.9984:£0.0001). which agree satisfactorily with the 'prc-
viously determined analogous values?: 2.0031, 2.0012,
and 1.9977. respectively. The spectrum of the radical at
room temperature (see Fig. {, h) is not isotropic: there-
fore. it s tmpossible to cstimate the isotropic g factor
with good accuracy. -

Based on comparison of the experimental data and
resufts of semicmpirical calculations by the density func-
tional theory taking into account the p- and d-orbitals
{the DFT mcthod in the PBE approximation), we de-
scribed the configuration of the =Si0C ™ O radical grafted
on the Acrosil surtace. The main criterion for compari-
son of the calculated and cxperimental data was the
isotropic HEC constant a,, on the "*C nuclei deter-
mined from the spectrum of the =Si0PC O radical (sce
Fig 1, o) ay, = 24, + A3 = (2:218 + 215)/3 =
216 G. To represent the surface Sioatom in the Si0,
lattice. we used® the F1Si fragment in quantum-chemi-
cal calculations. The calculated HFC constant with the

Table 1. Structuryd parameters of £1Si0C O radicals and the
HEC constant on the 3C nuclei caleulated by the density
functional theory

Paramcter Value
Bond lengrh/A
Si—0O .67
0—-C 1.37
C=0 LIS
Angle/deg
Si—0—C 123
O0—-C-0 27
$i—0-C-0 )]
a../ G 207

iso

BC nucleus in the F;SiOC™ O radical with a conforma-
tion corresponding 1o its MinimMum ¢nergy agrees satls-
factorily with the experimentat value (Table 1).

Rotational mobility of radical =SiOC 0. The ESR
spectra at ~120 K exhibit transtormation tfrom the tnaxial
g tensor to that with axial svmmetry (Fig. 2). which
indicates the almost complete averaging of the x and v
components of the g tensor, occurring, in our opinion.
because of the rotation of the radical fragment about the
Si—0O bond. The band assigned to torsional vibrations of’
the molecular fragments about the siloxane bond in the
alkvisiloxane molecules in the gas phase lies? in the
region of 80—100 c¢cm™! hence, we accept the pre-
exponential factor vy = 10" 7 Taking into account
that the frequency of averaging vibrations should be at
feast equal to vy, = gy = &/gh - 9.5 - 107 = 6 1005
(g = 2.00, 9.5-107 ix the microwave frequency of the
radiospectrometer), we can estimate the activation ¢n-
¢erey of such a motion as €12 kJ mol™!,

When the temperature increases from 77 to 239 K.
the lines are broadenced and draw together (see Fig. ).
which is duc at first to averaging of the g and g,
components (below ~120 Ky and then to averaging of the
paralic! (g = ¢..) and perpendicular (g = (g, * ¢ )'2)
components of the g wensor. The changes found in the

Fig. 2. Simulation ot the ESR spectra of =S5i0C O radicaks
recorded at 77 (4. 129 (D). 1S (). and 239 K (). The
expertimental spectra, line: caleulation, points.
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spectra are stipulated by an increase in the intensity of
the thermal motion of the grafted radicals with tempera-
tire increasc.

The rotation mobility of the radicals was quantita-
tively characterized by two methods. The first of them is
bascd on the adaptation of the cquationt¥ for calculation
of the characteristic mobility time of radicals with axial
symmetry of the ¢ tensor, as it has been done previ-
ously3:

= 27V HT = B th

where v = 176107 rads™' G is the gyromagnetic
ratio for a free clectron, and 34, and &/, are the
distances between the lines (in magnetic field strength
units) in the abscnce and presence of mutual transfor-
mations of radicals with parallel and perpendicular ori-
entations of their magnetic moments, i 8H, = H: — I .

A disadvantage of this method of estimation of © is
the necessity to know the value of 8/, Meanwhile, in
our case the partial averaging of the Zecman interaction
anisotropy due to the rotation of the grafted radical
cannot be excluded even at 77 K. To calcudate the
characteristic time t of the rotational motion of the
radical, we used the value of 84, = 3385{0.5(g,, + g.) —
217200055 = 7.1 G (for specific experimental con-
ditions., wec may accept with good uaccuracy that
¢H = 6771.9). We assumed that at 77 K the averaging of
the components ol the g tensor is insignificant as com-
parced to the ditference 0.5(g + &) — .

The second method is the determination of the rota-
tion ditfusion coctficient D by comparison of cxperimen-
tal ESR spectra recorded at different temperatures with
the caleulated spectra. The experimental ESR spectra
were simulated by the nontincar least-squares method
using the Freed simulation program (version 1.6)'1*
under the assumption of Brownian radical motion. The
initial approximation was the componcents of the g tensor
and the individual linewidth found from the experimen-
tal spectrum recorded at 77 K. The components of the D
tensor (rotation diffusion tensor), angles determining the
mutual oricntation of the g and D tensors (Euler angles).
and parameters characterizing the individual line shape
could be varables in simulation. Analysis ot the correla-
tion matrices obtained by computer simulation of the
LSR spectra and visual comparison of the experimental
and calculated spectra suggested that the experimental
spectra should be simulated under the assumption of
axial symmetry of the D tensor and at unchanged Euler
angles. Since the dihedral Si—O—C—0 angle m the
F:SiOC " O radical is cqual to 0° (sce Table 1), the angle
between the : components of the g tensor and the
rotation diffusion tensor is the most impostant. being
equal to —~17° in our experiments. '

* The authors thank Prof. A. Kh. Vorobicev for adaptation of the
program of calculation of anisotropic ESR spectra for solution
of the problems formulated in this work. The simulation proce-

dure has been published in detail previously 12:13

Table 2. Rotation diffusion coctficients and characteristic times
of the rotational mobility of =SiOC " O radicals

17K Doyl T 0%

D, D D, 1+ 1+
129 .30 5.1 1.94 5.59 278
140 0.31 3.6 2.07 5.04 2.36
151 0.93 71 3.0 5.56 247
162 .21 6.5 2.97 3.60 2.05
173 1.57 6.3 3.13 3.30 2.03
134 1.92 6.1 3.5 3.03 1.89
193 1.89 6.1 3.29 3.06 .80
206 291 44 3.31 304 178
217 3.31 32 3.27 5.09 1.27
228 442 39 4.25 3.92 1.67
239 4.49 4.0 4.33 385 —
* Determined  from the average  diffusion coctticient

=620, + D3N
“* Calculated by tormula (1.

Thus. in calculations we varied the dvnamic param-
cters (the rotation diffusion cocetlicients B and D)) and
used the most general forms ot the shape of the indi-
vidual line. viz., the convolution of the Lorentzian and
Gaussian functions. The simulation of the spectra at
different temperatures is presented in Fig, 2.

The t values caleulated by formula (1) and obtained
by computer simulation of the ESR spectra using the
weil-known program!! ditter 2.5—3.5-fold. The results
indicate that the characteristic times calculated by for-
mula (1) can be used as satisfactory estimates of the
rotational mobility of radicals.

The values of rotation ditfusion coctlicients indicate
the existence of at Jeast two types of motions partictpat-
ing in the averaging of the anisotropic Zeeman mterac-
tion in the =Si0C O radical. In addition. despite the
calculated and recorded at 77 K spectra coinciding un-
satisfactorily. it is scen that even at this temperature the
radicals retain a high mobility (Dy and D, arc =3 - 10°
and =2 - 10% 57 respectively). The plots of InD; (D, is D,
or D)) vs inverse temperature (Fig. 3) give the activation
cnergies of the types of motions characterized by the
corresponding rotation diffusion coctticients of the radi-
cals, which arc equal to ~0 and 6.3 kJ mol™!. The last
value can be attributed to rotation of the grafied radical
about the Si—O bond. It is known that the rotation
barricr of SiR; proups (R = H. Cl. and Mce) mn
alkvistloxane molecules in the gas phase about the silox-
ane bond is very low (<3.4 kJ mol™H)Y¥=17 due to the
specitic structure of the siloxane bond. and the Si—0—C
angle can vary in wide intervals from 121° 1o 132° The
transformation of the ESR spectrum of the radical with
the triaxial g tensor into that with the axial-svmmetry
g tensor found by us at 120 K results in a rotation
activation energy of €12 ki mol™!, which doces not con-
tradict the data presented above.

However, complete averaging of the Zeeman interac-
tion anisotropy was not found in the ESR spectra of the
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Fig. 3. Temperatare plots of the cotation diffusion coctheients
O, 1y and D {2y in the Arrhenius coordinates.

=510C O radicals in the whole temperature range: at
290 K 8H, = 2 G. Possible motions resulting in the
incomplcte averaging of the g factor anisotropy can be
deformational vibrations of the Si—O—C angle or tor-
sional vibrations about the O—C bond (changes in the
dihedral Si~-0O—C—=0 angic) with the amplitudes de-
pending on the thermal motion cnergy. These motions
do not require overconung ot the activation barnier
because they occur near the minmmum of the potential
surtace, but therr amphitudes are restricted by intraradical
mteractions and, most likely, by interaction of the radi-
cal with the potential ficld of the surface. In our opinion,
such motious cannot completely average the g factor
ANSOIropy.

Thus, in this work, we estimated the rotation diffu-
sion cocfficients in the temperature range of 77—2340 K
and suggested the character of the motions resulting in
the partial averaging of the Zeeman intcraction anisot-
ropy for the =510C O radical gratted on the activated
Acrosil surtace.

The authors thank N. Yu. Osokina for help in cxperi-
meuts and D. A, Tyurin for calculations by the density
functional method.
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