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Conformation and rotational mobility of-=SiOCH 2 radicals 
grafted onto the silica surface 
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The conlbrmation of-~SiOC" H_~ radicals was determined by comparison of the ESR data 
and results of quantum-chemical calculations. Based on the experimental data, the character- 
istic times (ze) of rotational mobility of -:SiOC" H~ radicals grafted onto a silica surface 
were estimated over the temperature interval from 77 (re = 15.8" 10 -s s) to 295 K (% = 
1.3" 10 -s s). 
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Conformation and mobil i ty of  radicals grafted onto 
a silica surface are o f  interest for analysis of the regu- 
larities of  many heterogeneous processes. However, the 
available experimental data are scarce. Using a "bridge" 
connecting the paramagnet ic  fragment with the surface 
of  the mineral support ,  characteristic times of motions 
of  nitroxyl radicals grafted onto the silica surface have 
previously I been determined.  At 20 ~ this parameter 
varies from 1.6, 10 - s  to 3.2" 10 -s  s, depending on the 
nature of  the "bridge," and the activation energies 
are 18--24 kJ mol - I .  The estimation z of  the character- 
istic times o f  r o t a t i o n a l  mobi l i ty  for -=SiOC'H2 
and -=SiOC'Me 2 radicals grafted onto an Aerosil sur- 
face at room temperature gave values of  1.3- l0 -8 and 
2 .5 .10  -8 s, respectively. 

In this work, the ESR data and results of  quantum- 
chemical calculations served to determine the confor- 
mation of  the grafted -=SiOC'H 2 radical and tempera- 
ture dependences of  the characteristic times of  rota- 
tional mobility of  the radical.  

Results and Discussion 

Conformation of  the =-SiOC" H e radical 

Molecular conformations of  various organosilicon 
compounds and the chemical  and dynamic features of  
the siloxane bond are well known3,4; however, data on 
the conformation o f  radicals containing the S i - - O - - C  
fragment are scarce. We u s e d  the exper imenta l -and 
calculated results o f  the present work and available 
published data to est imate the parameters that deter- 
mine the conformation o f  this radical. 

The shape of  the ESR spectrum of  the =SiOC" H 2 
radical recorded at 77 K (Fig. !, a) unambiguously 
indicates axial symmetry  the of  g tensor and HFC 
tensor of  the paramagnet ic  species under study. The 

HFC tensor determined from this spectrum has the 
following values: ~4.d = 57.4 MHz and [A!] = 52.5 MHz. 
it is known 5 that the H F C  tensor for the or-proton in 
the > C ' - - H  fragment does not possess axial symmetry: 
Txx = - 3 0  MHz, T y y - - - 9 0  MHz, and T= ~ - 6 0  MHz 
(the X axis is directed along the C - - H  bond, the Z axis 
coincides with the symmetry axis of  the p-orbital  of  a 
unpaired electron). The experimentally observed axial 
symmetry of  the H F C  tensor in the =-SiOC'H 2 radical 
indicates averaging o f  the Txx and Tyy components.  It 
can be assumed that  this occurs due to rotation of  the 
- - C ' H 2  fragment about the Si - -O bond. 

Experimental data on the barriers of  internal rota- 
tion about the S i - -O bond for carbon-centered radicals 
are scarce. The activation energies of  rotation about the 
Si- -O bond in monoalkoxysilane molecules 4 depend on 
the angle between the S i - - O - - C  bonds and do not 
exceed 4.5 kJ mol - l .  For  example, for F3SiOMe (see 
Ref. 6), the angle between the S i - - O - - C  bonds is equal 
to 132 ~ and the activation energy of  rotational mobility 
about the Si - -O bond  is 1.65 kJ mol -~. Data of  Raman 
spectroscopy 7 and quantum-chemical  calculations s ob- 
tained for the silyl group in disiloxane and electron 
diffraction data 9 related to the trimethylsilyl group in 
hexamethyldisiloxane indicate that the potential barriers 
for internal rotation of  these groups vary from 0 to 
0.I kJ tool -~. Since the barriers of  internal rotation 
about the Si - -O bond are low, the assumption about 
averaging of  the Txx and Tyy components of  the HFC 
tensor due to rotation o f  the - -C"  I-t 2 fragment about the 
Si--O bond at 77 K is valid. 

According to the previously published data, t~ the 
activation energy o f  rotational mobility of  the methy- 
lene fragment o f  the - C H 2 - - O - - C ' H  2 radical  in 
7-irradiated polyoxymethylene is close to 5 kJ mol - I .  
The barrier of  rotat ion of  the peroxide groups in the 
terminal peroxide radicals in Teflon II and that of  the 
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Fig. 1. a, ESR spectrum of---SiOC'H 2 radicals grafted onto an 
Aerosil surface recorded at 77 K: b, shape of the lower part of 
the central component of the ESR spectrum at 140 (1), 160 (2), 
180 (3), and 200 K (4). 

fluoroethyl radicals stabilized in an argon matrix 12 
do not exceed 1.05 kJ tool -I .  At the same time, the 
barrier of  rotation of the methylene groups in the 
- C H 2 - - O - - C "  H 2 radical is lower than those of methyl 
-groups in mt~leeutes~ for example; th-e- barrier of  rotation 
of the methyl group about the C- -O  bond in dimethyl 
ether is equal 13 to -11.4 kJ tool - I .  

Taking into account that the experimental data 5 lead 
to an angle of 116+5 ~ for the HOOCC" H 2 radical, we 
may assume that the H - - C - - H  angle in the - - C ' H  2 
radical fragment is approximately equal to 116 ~ Taking 
this angle for the - - O - - C ' H  2 fragment and assuming 
that the conformation for which the Si--O bond is 
projected on the bisector of the H - - C - - H  angle is the 
optimum conformation of the radical for rotation around 

the Si--O bond, we optimized the other parameters 
characterizing the conformation of the R3SiOC' H 2 radi- 
cals (R = (HO)3SiO or F) by the semiempirical PM3 
method, determined the spin density of an unpaired 
electron in s-orbitals of protons of the methylene group, 
and in this way calculated the surfaces of potential 
energy of the radicals for different rotation angles about 
the Si--O and C--O bonds. 

The structures were chosen from the following con- 
siderations. It is known 4 that in organosilicon com- 
pounds the electron-donor or electron-acceptor proper- 
ties of substituents at the silicon atom have a substantial 
effect on the conformation of the molecules and dynamic 
parameters of the siloxane bond,  ke., on the force con- 
stants for different types of vibrations of this bond. The 
((HO)3SiO)3Si and F3Si fragments were used as models 
for approximate description of the surface silicon atom, 
because the F3Si fragment is the most adequate in quan- 
tum-chemical calculations for description of the surface 
silicon atom in the silica lattice. 14 

The results of calculations characterizing the opti- 
mized conformations of the R3SiOC'H 2 radicals and 
the surface of potential energy are almost identical. It is 
established that the angle between the C--O bond and 
the CHH plane is -132 ~ the S i - - O - - C  and O - - C - - H  
angles are equal to -118 ~ and -113 ~ , respectively, and 
the spin densities of a lone electron in the hydrogen 
s-orbitals are equal to -0.041. This results in an isotro- 
pic HFC constant for protons o f  58.5 MHz (-20.9 G),* 
and the energy barriers of rotat ion of the fragments of 
the radical about the Si--O and  C - - O  bonds are equal 
to ~1 a n d - 7  kJ tool -I ,  respectively. 

Assuming that the temperature dependence of the 
rota t ion frequencies (v) o f  the fragments about  
the bonds in the radical can  be presented as v = 
voexp(-E/RT)  (v 0 = 1012 s - I ,  E is the energy barrier of 
rotation), we can estimate the rotation frequencies about 
the Si--O and C--O bonds at 77 and 295 K. They are 
equal to - 2 - l 0  II s - l  and - 3 "  107 s -1 at 77 K and 

* For the F3SiOC'H2 radical, we performed the complete 
optimization of the geometry and solved the electron problem 
in terms of the unrestricted Hartree--Foek method 
(UHF/6-31 lg***//U HF/6-31 lg***). The following parameters 
of the thus optimized geometry of the radical were obtained: 
Si--O, O--C, and C--H bond lengths are equal to 1.585, 1.362, 
and !.074 A, respectively; H--C--H,  Si--O--C, and O--C--H 
angles are i20.9, i3~.3, a h a l I 5 . ~ ~  res~&ively;ihe angle 
between the HCH plane and the C--O bond is equal to 146.8% 
and the dihedral Si--O--C--H angles are 105.7~ the isotropic 
HFC constant was determined by the standard method based 
on the known value of the S wave function calculated by the 
self-consistent field method, and at the point of the nucleus of 
the neutral atom it was -92.1 MHz. The calculations con- 
firmed the assumption on the optimum conformation of the 
radical for rotation of the methylene fragment about the Si--O 
bond; however, the isotropic HFC constant obtained for pro- 
tons substantially exceeds the experimental value (-55.8 MHz 
or-19.9 G). 
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- 4 . 1 0  ~ s - I  and -7 .  t0 t0 s - l  at 295 K. This implies 
that for recording the ESR spectrum, rotation about the 
Si--O bond at both temperatures should be considered 
free, rotation about the C- -O bond at 77 K should be 
absent, whereas that at 295 K should be free. This result 
is completely consistent with the spectroscopic experi- 
ment. 

To establish adequacy of the "optimized" geometry. 
of the radical to the parameters of the experimentally 
detected ESR spectra, we calculated the HFC tensor for 
rotation of the fragment of the radical only about the 
Si--O bond (77 K) and for rotation of the fragments of 
the radical about the Si--O and C--O bonds (at 295 K) 
using the angles between the bonds of the "optimized" 
conformation. To achieve the best agreement between 
the calculated values and those determined from the 
ESR spectrum (77 K) for the HFC tensor of the 
--SiOC" H2 radical ([A• = 57.4 MHz, JAIl I = 52.5 MHz) 
and isotropic HFC constant (Aiso = 55.8 MHz), we 
changed only the value of the S i - -O- -C  angle, which in 
monoalkoxysilanes can vary. from 120 to 132 ~ In the 
calculations for the ---SiOC'H2 radical, we used the 
main values of the components of the HFC tensors of 
protons, which are equal to the mean values of the 
corresponding components for the H O O C C ' H  2 radical 
and were reduced to the ratio 55.8/61 = 0.915. The 
value of 55.8 MHz is the isotropic HFC constant on 
protons of the uSiOC" H 2 radical Ais o = (2[,4.1.] + tA~I)/3 = 
(2-57.4 + 52.5)/3, and the value of 61 MHz is the 
mean value of isotropic HFC constants on protons of 
the HOOCC" H2 radical 6"7: ~ = -0.915(55 + 59)/2 = 
-52.2 MHz, T~, = - 8 4 . 6  MHz, and Txx = - 3 0 . 7  MHz. 
It was shown that the geometry of the radical optimized 
by the UHF method corresponds best to the experimen- 
tal data. For example, when the fragments of the radical 
rotate only about the Si--O bond (77 K), the best 
agreement between the experimental ([A• = 57.4 MHz, 
t.4t11 = 52.5 MHz) and calculated data (A• = 
-57.3 MHz, All = -53.0 MHz) were obtained for a 
S i - -O--C angle of 133 ~ (the angle calculated by the 
UHF method is equal to 135~ Under the assumption 
of rotation of the fragments of the radical in all three 
directions (295 K), the best agreement between the 
experimental ([Aisol = 55.8 MHz) and calculated data 
(A~ = -55 .8  MHz) was obtained for a S i - -O- -C  angle 
equal to 135 ~ . Similar data for the geometry of the 
radical optimized by the PM3 method were obtained 
only under_the__assumption that  for  rotation of the 
fragments of the radical only about the Si--O bond, the 
Si - -O--C angle is equal to 125 ~ and for rotation of the 
fragments of the radical in all three directions, this 
angle amounts 126 ~ At the same time, the Si--O--C 
angle calculated by the PM3 method is equal to 119 ~ 

Rotational mobility o f  the - S i O C ' l t  2 radical 

Figure 1, b shows how increase in temperature af- 
fects the shape of the lower part of the central component 

of the ESR spectrum of the -=SiOC" H 2 radical, Le., the 
component for which the total spin of protons of the 
radical is equal to zero. It can be seen that as the 
temperature increases the difference 6He = Hi - HI 
decreases, indicating a decrease in the characteristic 
time of rotational mobility xe of the grafted radical. 

Based on the experimental data obtained and using 
the previously described method, 15 we estimated x c for 
the -SiOC" H 2 radicals: 

x c --- {2-1/~,et(SH0) 2 - (~n~)2ll/2} - ' ,  (1) 

where ?e is the gyromagnetic ratio of a free electron 
(-1.76-103 tad s - l  T - l ) ,  and 8H 0 and ~5H e are the 
distances between the lines in the absence or presence 
of intertransformations between parallel and perpen- 
dicular orientations of the radical. 8Ho was determined 
from the temperature dependence of 3He under the 
assumption that 8H 0 = lim6He at T ~ 0. We obtained 
8H 0 --- 0.137 mT (Fig. 2). The data obtained which 
illustrate the temperature dependence of % are pre- 
sented in Table 1. 

The dependence of lnv - ln(1/ze) on l / T  substan- 
tially deviates from linearity (Fig. 3). The effective acti- 
vation energies E of rotational mobility of the radical 

Table 1. Characteristic time (Xe) of rota- 
tional mobility of the ~SiOC' H 2 radical at 
different temperatures 

T/K zc" 108/s v*- 10-7/s -I 

77 15.8 0.63 
140 8.9 1. I 
160 8.0 1.3 
180 6.4 1.6 
200 6.0 1.7 
295"* 1.3"* 7.7"* 

* v = l/z c.** Ref. 2. 
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Fig. 2. Temperature dependence of M-/e. 
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Fig. 3. Temperature dependence of rotational mobility (corre- 
lation time z c = I/v) of=SiOC" H 2 radicals in the coordinates 
of the Arrhenius equation. 

determined from the tangent slope of the lnv versus 
I / T  plot are equal to -0.2 kJ mo1-1 (77 K) and 
--6 kJ mo[ - I  (295 K). 

In our opinion, the increase in the effective activa- 
tion energy for rotational mobility of the radical with 
temperature increase is due to an increase in the contri- 
butions to the rotational mobility of the grafted radical of 
rotation of the methylene group about the C--O bond 
and deformation vibrations of the S i - -O- -C  angle. It can 
be assumed that our estimations of the activation energies 
of rotational mobility of the radical at 77 and 295 K are 
the upper limit of the activation energy of rotation about 
the Si--O bond (-0.2 kJ tool -~) and the lower limit of 
the activation energy of rotation about the C--O bond 
(-6 kJ tool -1) in the ---SiOC'H~ radical. 

Thus, in this work, based on the experimental data 
and results of quantum-chemical  calculations, we estab- 
lished the conformation and estimated the molecular 
mobility o f -=S iOC 'H 2 radicals grafted onto an Aerosil 
surface over a wide temperature range. 
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