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a b s t r a c t

Methyl radicals interacting with silica gel surfaces have been investigated by means of DFT and direct ab-
initio molecular dynamics (MD) methods using cluster models. Four typical binding sites of CH3 on the
cluster models were found in the geometry optimization from several initial geometries of CH3 around
the silica gel clusters. These were two silanol Si–OH sites and two siloxane Si–O–Si sites. In both sites,
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magnitude of hyperfine coupling constants of the methyl radical (aH) was smaller than that of free CH3

(aH = 23.04 G). Temperature effects on aH of the methyl radical were investigated by means of the direct
ab-initio MD method. The hyperfine coupling constant of CH3 interacting with the SiOH group decreased
with increasing temperature. The methyl radical interacting with alkali metal supported silica gel was
also investigated for comparison. The electronic states of methyl radicals on silica gel were discussed on

sults.
FT
b-initio MD

the basis of theoretical re

. Introduction

Neutral and ion radicals of organic molecules on the solid surface
re important intermediates in catalytic reactions, electrochemical
eactions, and plasma-induced reactions [1–3]. Therefore, detec-
ion of the radical adsorbed on the surface has been carried out

ainly by electron spin resonance (ESR) spectroscopy. In particular,
ince the organic radical is an intermediate in the carbon–carbon
C–C), carbon–hydrogen (C–H), and carbon–halogen (C–X, where
= F and Cl) cleavage reactions of alkanes, the detection of the

rganic radicals on the solid surface is important in elucidating the
eaction mechanism. ESR spectroscopy is a powerful tool to know
he structure and electronic states of the paramagnetic radical on
he surface.

The methyl radical is the simplest organic radical, which is often
bserved as an intermediate in the catalytic reactions of organic
ompounds on the solid surface [1–3]. The electronic states of the
ethyl radical interacting with solid surfaces are much different

rom those in gas phase and in inert gas solid phase. The ESR spec-
rum of free CH3 shows an isotropic quartet lines with 1:3:3:1

ntensity ratio and hydrogen-hyperfine coupling constant (hfcc)
f 23.04 G [4]. On the other hand, the methyl radical interacting
ith solid surfaces shows significantly smaller hfccs (16.0–23.0 G)

5–12].

∗ Corresponding author. Fax: +81 11706 7897.
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Garbutt and Gesser [5] measured hfccs of the methyl radical
adsorbed on the porous Vycor glass. They showed that hfcc of CH3
is 19.3 G. Kubota et al. [6] have reported that the methyl radical sta-
bilized on silica gel shows the hfccs of 20.7 and 21.2 G. Shiotani et
al. [7] reported that the methyl radical adsorbed on Linde 4A type
Zeolite shows the hfcc of 22.3 G.

In 1995, Ogata et al. [11] observed methyl radicals on metal ion
supported silica gel generated by photoactivation of methane. The
methyl radicals were detected on Na, Mg, Ca, Sr, Y, and Ti at 77 K.
The hfccs of •CH3 on the several sites were distributed in the range
16.7–23.0 G. In the case of •CH3 on pure silica gel, hfcc was found to
be 22.7 G. All the reported hfccs are thus smaller than 23.04 G (free
•CH3). The methyl radical can bind several sites of pure and metal
supported silica gels. However, it is unclear why CH3 shows several
hfccs on solid surfaces. In particular, there is no direct information
on the binding site of •CH3 on the surface.

In the present paper, structures and electronic states of methyl
radicals trapped on the silica gel surface have been studied by
means of hybrid density functional theory (DFT) and direct ab-initio
molecular dynamics (MD) calculations. In order to elucidate inter-
actions between methyl radicals and trapping sites, we attempted
to search the trapping sites of •CH3 and calculate hfccs. We focus
our attention on the relation between trapping sites and hfcc in

order to shed light on the interpretation of ESR spectra of •CH3
on several trapping sites. In addition, temperature dependence of
the hfcc has examined on the basis of direct ab-initio (MD) calcu-
lations and the hfccs at several temperatures have been predicted
theoretically.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hiroto@eng.hokudai.ac.jp
dx.doi.org/10.1016/j.molcata.2009.06.022
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ig. 1. Schematic illustrations of cluster models of silica gel and binding structures
hile models III and IV are Si–O–Si siloxane model.

. Method of calculations

.1. Static ab-initio and hybrid DFT calculations

As models of silica gel, two clusters were examined in the
resent calculations. Schematic structures of the clusters used are
iven in Fig. 1. One is a surface model of silica gel given as models I
nd II. It is known that the silica gel surface is generally covered with
silanol group ( Si–OH) [13]. Hence, the cluster having a Si–OH

roup was examined as a model of the silica gel surface. A cluster
odel of silica gel lattice composed of siloxane (Si–O–Si) is given

s models III and IV. The lattice model has no silanol group.
To determine the trapping sites of methyl radicals, several

nitial geometries of methyl radicals around the clusters were ran-
omly generated and then the geometries were fully optimized
t the B3LYP/6-311G(d,p) level. Twenty geometrical configurations
round each cluster were generated as an initial one in each clus-
er. The structures were fully optimized without any structural
estrictions. The hybrid density functional theory (DFT) calcula-
ions were carried out at the B3LYP/6-311G(d,p) level of theory,
here the B3LYP is Becke’s three-parameter hybrid functional using

he Lee–Yang–Parr correlation functional. Isotropic hyperfine cou-
ling constant of hydrogen of the methyl radical (denoted by hfcc)
as calculated using the optimized structure. All calculations were

arried out using the Gaussian03 program package [14].
.2. Direct ab-initio MD calculations

To elucidate temperature effects on the hfcc of CH3 interacting
ith a Si–OH group, direct ab-initio MD calculations [15,16] were
thyl radical to the cluster models. Models I and II indicate a surface Si–OH model,

carried out using a simplified H3SiOH–CH3 complex. The optimized
structure was chosen as an initial structure of H3SiOH–CH3. The four
temperatures, 10, 30, 40 and 50 K were chosen as the simulation
temperature. The direct ab-initio MD calculations were carried out
at the HF/6-311G(d,p) level. Twenty-six snapshots of the geometries
generated at the simulation time between 0.50 and 1.00 ps were
sampled at each temperature. Time interval of the sampling point
was 0.02 ps. The hfcc of each sampled structure was calculated at
the B3LYP/6-311G(d,p) level of theory. The hfccs calculated for each
structure were then averaged for each temperature to obtain the
hfcc at each temperature.

Temperature dependence of hfccs of the metal supported
system was investigated by means of the direct molecular
orbital–molecular dynamics (MO–MD) method at the PM3 level.
Details of direct ab-initio MD and direct MO–MD methods are
described elsewhere [17,18].

3. Results and discussion

3.1. Methyl radical interacting with the surface silanol group
( Si–OH)

First, the geometry optimizations were carried out for the
methyl radical on model I. The initial geometries of the methyl
radical around the silica gel were randomly generated and

then the geometries were fully optimized. Twenty geometrical
configurations around the silica gel were generated as initial
geometries. After the geometry optimizations, two structures were
obtained at the B3LYP/6-311G(d,p) level as shown schematically in
Fig. 1.
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directly to an oxygen atom of siloxane (model III). The bond distance
between CH3 and Si–O–Si group is 2.600 Å as an O–H distance. On
the other hand, in model IV, the hydrogen atom binds to three oxy-
gen atoms of siloxane sites. The binding distances in model IV are
2.886–3.384 Å, which are longer than that of model III.
ig. 2. Optimized structures of models I and II calculated at the B3LYP/6-311G(d,p)
evel of theory. Bond lengths and angles are in Angstrom and in degrees, respectively.

Models I and II indicate that a methyl radical interacts with
silanol group ( Si–OH) on the surface of silica gel. In model I,

n OH group orients to the carbon atom of •CH3. The optimized
tructures calculated at the B3LYP/6-311G(d,p) level are illustrated
n Fig. 2. The 2p-orbital of •CH3 orients to the proton of Si–OH,

here 2p-orbital means a spin orbital of •CH3 with an unpaired
lectron. The distance of •CH3 from the Si–OH group is estimated
t 2.210 Å as a C–HO distance. The methyl radical in model I has
non-planar structure and the averaged H–C–H bond angle of

19.6◦, which is slightly smaller than that of the free methyl radical
120.0◦).

In model II, two hydrogen atoms of •CH3 interact with the oxy-
en atoms of the Si–OH and Si–O–Si groups. The distances of •CH3
rom the oxygen atoms are r(O–H) = 2.709 and r(O′–H) = 2.869 Å. The
veraged H–C–H bond angle of the methyl radical is close to 120.0◦,
ndicating that the methyl radical in model II has a planar structure.

The hyperfine coupling constants (hfccs) of the methyl radicals
n models I and II were calculated with the optimized geometries.
he hfcc of free •CH3, also, was calculated for comparison. The
fcc of the free methyl radical was estimated at −23.03 G at the
3LYP/6-311G(d,p) level. The magnitude of hfcc (denoted by aH)
as estimated at aH = 23.03 G, which is in good agreement with

he experimental value (aH = 23.04 G [4]). This agreement indicates
hat the level of theory used in the present study, i.e., B3LYP/6-
11G(d,p), gives a reasonable hyperfine coupling constant of the

ethyl radical.

The electronic state of methyl radicals was significantly affected
y the interaction with the silica gel. The average of hfccs of •CH3

n model I was found to be 20.98 G, which is significantly smaller
Catalysis A: Chemical 311 (2009) 54–60

than that of free •CH3 (aH = 23.04 G). The shift of aH from free •CH3
is −2.08 G in model I.

In addition to aH of •CH3, the calculation shows that the pro-
ton of Si–OH group has a large hfcc of −4.01 G. This result suggests
strongly that the methyl radical interacting with the Si–OH group
has a satellite splitting in its ESR spectrum. The second shift caused
by the proton of Si–OH is estimated at 4.01 G. This result suggests
that CH3 interacting with the Si–OH shows an ESR spectrum with
quartet of doublets.

In model II, the average of hfccs was estimated at −22.93 G,
which is slightly shifted from that of free •CH3 (shift is 0.13 G). It
is also expected that the ESR spectrum of model II shows a ratio
of 1:3:3:1 (i.e., normal ratio of free •CH3), but a slightly smaller
hyperfine coupling constant.

The hyperfine coupling constant of 13C was also calculated
for free and surface methyl radicals. The calculated 13C-hfccs are
26.61 G (free) and 26.33 G (on the Si–OH site), indicating that the
13C-hfcc is slightly shifted by the interaction with the Si–OH group.
The corresponding experimental value of 13C-hfcc of free CH3 is
38.34 G, which is significantly larger than the calculated values
(26.61 G).

3.2. Methyl radical interacting with the surface Si–O–Si group

Next, the bindings of •CH3 to the siloxane Si–O–Si group were
considered with the similar technique. The optimized structures
are given in Fig. 3. Two binding sites were found for the methyl
radical on the cluster. One is that a hydrogen atom of •CH3 binds
Fig. 3. Optimized structures of models III and IV calculated at the B3LYP/6-311G(d,p)
level of theory. Bond lengths and angles are in Angstrom and degrees, respectively.
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were −13.51 and 11.16 G, respectively. The aH of the methyl radi-
cal calculated was significantly smaller than that of the free methyl
ig. 4. Time profiles of bond distances (R1 and R2) and angles (� and �) of model sys-
em H3Si–OH–CH3 obtained by direct ab-initio MD calculation. Mean temperature
s 10 K.

The hfccs of methyl radicals in models III and IV are −22.97
nd −22.94 G, respectively. The aHs in the siloxiane site are larger
han that of silanol group, and it is close to that of the free methyl
adical.

.3. Temperature dependence of hfcc of •CH3 interacting with
i–OH

In the actual system, the methyl radical on the surface of sil-
ca gel is affected by thermal activation. To elucidate the thermal
ffect on the hyperfine coupling constants of the methyl radical,
irect ab-initio MD calculations were carried out for a model sys-
em in the temperature ranges 10–50 K. The direct ab-initio MD
alculation needs a large memory and long CPU time. Therefore,
simple model composed of H3Si–OH and •CH3 was used in the

ynamics calculation. The dynamics calculations were carried out
t the HF/6-311G(d,p) level, and then hfccs were calculated at the
3LYP/6-311G(d,p) level using the geometries sampled from the

ynamics calculation.

Fig. 4 shows the model system used in the calculation,
3Si–OH–•CH3, and the results of calculations at 10 K. In this model

ystem, the methyl radical interacts with the silanol group of
Fig. 5. Temperature dependence of proton hfccs of methyl radical in the model
system H3Si–OH–CH3 calculated by direct ab-initio MD calculation.

H3SiOH. The binding energy of •CH3 to H3Si–OH is estimated at
2.5 kcal/mol, which is close to that of model I (3.2 kcal/mol).

Time profiles of bond distances (R1 and R2) and angles (� and
�) were plotted as a function of time. The bond distance between
•CH3 and Si–OH (R1) is varied in the range 2.58–3.0 Å, indicating
that the intermolecular stretching mode between •CH3 and SiOH
(R1) is excited by thermal activation. The bending angle of •CH3 (�)
also vibrates strongly at 10 K. On the other hand, the variation of
Si–O–H angle (�) is significantly small.

The temperature dependence of the averaged hfcc is shown in
Fig. 5. At zero temperature, hfcc is estimated at −21.40 G, by the
static calculation at the B3LYP/6-311G(d,p)//HF/6-311G(d,p) level.
The dynamics calculations showed that the hfccs at 10, 30, 40
and 50 K are −21.75, −22.17, −22.19, and −22.49 G, respectively.
The hfcc of •CH3 interacting with a Si–OH group decreases with
increasing temperature. This indicates that aH is gradually close to
that of free CH3 as temperature is increased. The result shows that
the interaction between the methyl radical and the silanol group
will be weaker with increasing temperature due to the enhance-
ment of the large amplitude stretching mode between •CH3 and
Si–OH by thermal activation. The structure of the methyl radical
becomes closer to that of the free methyl radical as temperature
rises.

3.4. Effects of proton on the binding structure of •CH3

In order to elucidate the effects of proton on the hfcc of •CH3,
the DFT calculation was carried out for two model systems. Struc-
tural modes are illustrated in Fig. 6 as models V and VI. In model
V, a proton is bound to an oxygen atom of Si–O–Si, and •CH3 inter-
acts with the proton. The CH3 radical interacts with the protonated
Si–OH group of the surface of silica gel in model VI.

In model V, the 2p-orbital of •CH3 is oriented to the proton
of the surface. The bonding distance of CH3 is 1.924 Å as a C–H+

distance and a O–H distance is 1.003 Å. The hfccs of CH3 and
proton are 15.37 and 0.04 G, respectively. In model VI, the bond dis-
tances of O–H+ and H+–CH3 were estimated at 1.031 and 1.784 Å,
respectively. The binding energies of •CH3 models V and VI are 9.2
and 12.6 kcal/mol, respectively. The hfccs of •CH3 and proton H+
radical. However, the experiments showed that aHs of methyl rad-
ical are in the range of 17.0–23.0 G. Therefore, it can be concluded
that a proton does not contribute to the hfcc of •CH3 on silica
gel.
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ig. 6. Schematic illustrations of cluster models of protonated and alkali metal supp
nd VI indicate a protonated surface model, while models VII and VIII indicate alkal

.5. Methyl radical interacting with alkali metal supported silica
els

From ESR experiment, Danilczuk et al. [12] indicated that methyl
adicals on alkali metal supported Na–A zeolite interact with alkali

etal ions. On the basis of their suggestions, the structural models
f alkali metal supported silica gel were constructed as shown in
ig. 6 (models VII and VIII). The methyl radical directly interacts
ith Na+ and Li+ in the present models.

The optimized geometry of model VII is given in Fig. 7. In the
ptimized structure, the Na+ ion binds three oxygen atoms of sil-

ca gel lattice (Si–O–Si) with a Na–O bond distance of 2.537 Å. The
inding distance of •CH3 is estimated at 2.726 Å. The aH of •CH3 was
stimated at 16.08 G which is significantly smaller than that of free
H3 (23.04 G). In the case of Li+, the distance of •CH3 from Li+ is
stimated at 2.354 Å, which is shorter than that of Na–•CH3. The aH
s −15.38 G, which is also smaller than that of free •CH3.

To elucidate the temperature effect on the hyperfine coupling
onstant, the dynamics calculations were carried out at the PM3
evel, and then hfccs were calculated at the B3LYP/6-311G(d,p) level.
he simulation temperatures were 20, 50, 75, and 100 K. The results
f 20 and 100 K are given in Fig. 8 (upper). By thermal activation, the
ending mode of •CH3 is activated. In addition, the intermolecular
tretching mode of Na–•CH3 is also excited. Amplitudes of •CH3
ending and intermolecular stretching modes are found to be 15.0◦

nd 0.4 Å, respectively.

The average of hfccs obtained by the dynamics calculation is

iven in Table 1. The hfccs of •CH3 at 0, 20 and 100 K are estimated
t +17.52, −17.58 and −17.55 G, respectively. This result indicates
hat thermal activation of •CH3 on Na+ cluster slightly increases
fcc of •CH3.

Fig. 7. Optimized structures of models VII and VIII calculated at the B3LYP/6-
311G(d,p) level of theory. Bond lengths and angles are in Angstrom and in degrees,
respectively.
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Table 2
Isotropic proton hyperfine coupling constants (hfcc in gauss) of methyl radical (CH3)
binding to several sites of silica gel calculated at B3LYP/6-311G(d,p) level. Their bind-
ing energies (in kcal/mol) are also listed. Binding energies of methyl radical to several
clusters were calculated at the B3LYP/6-311G(d,p) level.

System hfcc (G) 13C-hfc (G) Binding site Binding
energy

Model I −20.98 26.33 Si–OH 3.2
Model II −22.93 25.56 Si–OH 0.6
Model III −22.97 24.68 Si–O–Si 0.7
Model IV −22.94 24.94 Si–O–Si 0.9
Model V −15.37 24.79 O–H+ proton 9.2
Model VI −13.51 21.61 O–H+ proton 12.6
Model VII −16.08 24.05 Na+ 8.8
Model VIII −15.38 24.68 Li+ 10.7
SiH3OH–CH3 −21.40 26.54 2.5
Free CH3 −23.03 26.61

Experimental
CH3/SiO2 22.7 Ogata 1995
CH3/SiO2 20.7 [6]
CH3/SiO2 22.2a [19]
CH3/Vycor 20.2 [5]
CH3/zeolite (4A) 22.3 [7]
CH3/Na+/zeolite (Na-A) 22.9 [12]
CH3/Na+/SiO2 19.3 Ogata 1995
ig. 8. Time profiles of bond distances (R1 and R2) and angles (� and �) of model VII
btained by direct MO–MD calculation. Mean temperatures are 20 and 100 K.

However, it should be noted that the increase of hfcc of •CH3 in
a+ is smaller than that in the Si–OH group. This is due to the fact

hat binding energy of •CH3 to Na+ is larger than that of Si–OH–CH3.
herefore, deformation of •CH3 in the Na+ cluster caused by ther-
al activation is smaller than that of the Si–OH group. Hence, the

hermal activation of the bending mode is small in the Na+ clus-

er.

Table 1
Temperature dependence of hyperfine cou-
pling constants of proton of CH3 interacting
with Na+ supported silica gel. The values are
calculated at the B3LYP/6-311G(d,p) level.

T (K) 〈hfcc〉 (G)

0 −17.52
20 −17.58

100 −17.55
300 −17.84
a Anisotropic hyperfine coupling constants are |A⊥| = −22.6 ± 0.2 and
|A//| = −21.9 ± 0.2.

4. Discussion

4.1. Summary

In the present study, the hyperfine coupling constants of methyl
radicals interacting with the surface silanol ( Si–OH) group and
Si–O–Si site have been investigated by means of the hybrid DFT
method using model systems. The calculated hfccs of CH3 on several
binding sites are summarized in Table 2. The results derived from
the present study can be summarized as follows:

(1) The methyl radical interacting with the surface Si–OH group
shows a significantly smaller hyperfine coupling constant than
that of free •CH3. In addition, it is predicted that the proton
of Si–OH causes a satellite splitting of •CH3. The aH of main
peak is estimated at 21.0 G, and that of satellite splitting is 4.0 G.
This result suggests that the methyl radical interacting with the
Si–OH group shows quartet of doublet lines (4 × 2) in the ESR
spectrum.

(2) The methyl radical interacting with the Si–O–Si oxygen sites of
silica gel shows a slightly smaller hyperfine coupling constant
than that of free •CH3. The ESR spectrum of the •CH3 in the
Si–O–Si site shows no-satellite bond and shape of the spectrum
is close to that of free •CH3, but the hfcc is slightly smaller than
that of free •CH3 (4 lines with a typical ratio 1:3:3:1).

(3) Temperature dependence of the hfcc of the methyl radical inter-
acting with the Si–OH group has been newly predicted in the
temperature range of 10–50 K. The magnitude of the hfcc, aH,
increases significantly with increasing temperature and gradu-
ally reaches aH of the free methyl radical.

4.2. Comparison with previous works

Kubota et al. [6] reported that the hfcc of methyl radicals on

the silica gel surface was significantly smaller than that of the free
methyl radical (23.04 G): i.e., hfccs are 20.7 and 21.2 G (on silica
gel). They also reported that the methyl radical shows satellite lines
in the ESR spectrum (11.5 G) when the silica gel was preheated
at low temperature below 300 K. They speculated that the methyl
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[
[
[

[14] M.J. Frisch, et al., Gaussian 03 Revision B. 04, Gaussian, Inc., Pittsburgh, PA, 2003.
0 T. Takada, H. Tachikawa / Journal of Mole

adical adsorbed on the silica gel preheated at low temperature
ould interact with the proton of the surface silanol group. Gar-

utt and Gesser [5] have also proposed a similar interpretation.
he present calculation suggests that the methyl radical interact-

ng with a silanol Si–OH group shows a satellite line in the ESR
pectrum. In addition, it is suggested that the methyl radical inter-
cting with Si–O–Si site shows a slightly smaller hfcc than free •CH3.
hese results are in good agreement with pervious experimental
esults.

Danilczuk et al. [12] observed a methyl radical in alkali metal
upported Na–A zeolite using ESR spectroscopy and indicated that
ethyl radicals interact with alkali metal ions. The present calcu-

ations indicated that the binding energies of •CH3 to Na+ and Li+

upported silica gels are 8.8 and 10.7 kcal/mol, respectively. These
inding energies are significantly larger than those of the other
tructures (0.6–3.2 kcal/mol). Therefore, the methyl radical binds
referentially to the alkali metal site. This result is in reasonable
greement with Danilczuk’s experimental result.

Shiga and Lund [19] measured hfcc of the methyl radical on silica
el and analyzed the asymmetric ESR spectrum. The spectrum has
n apparent hyperfine splitting of 22.2 G, which is smaller than free
CH3. By analyzing the parameters, it was found that the methyl rad-
cal has A⊥ = −22.6 G and A// = −21.9 G at 77 K. This indicates that the

ethyl radical on the silica gel surface shows anisotropic hfccs. In
he present study, the isotropic hfccs were only discussed. The anal-
sis of anisotropic hfccs may be required to elucidate the detailed

lectronic states of methyl radical. The present dynamics calcula-
ions suggested that the rotation of methyl radical occurs easily
long the C3 axis, but the other rotations are strongly restricted.
his effect causes the anisotropy of hfcc of methyl radical on the
ilica gel surface.

[
[
[
[
[

Catalysis A: Chemical 311 (2009) 54–60

Acknowledgments

The authors are indebted to Dr. Kenji Komaguchi and Dr.
Yoshiteru Itagaki (Hiroshima University, Japan) for their helpful
advice about ESR spectra of the methyl radical. The present work has
been supported by a Grant-in-Aid from the Ministry of Education,
Science, Sports and Culture of Japan.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molcata.2009.06.022.

References

[1] X. Ma, L. Liu, J. Jin, P.C. Stair, D.E. Ellis, Surf. Sci. 600 (2006) 2874.
[2] Z. Changa, W.H. Tang, Surf. Sci. 601 (2007) 2005.
[3] K. Todnem, K.J. Børve, M. Nygren, Surf. Sci. 421 (1999) 296.
[4] R.W. Fessenden, R.H. Schuler, J. Chem. Phys. 39 (1963) 2147.
[5] G.B. Garbutt, H.D. Gesser, Can. J. Chem. 48 (1970) 2685.
[6] S. Kubota, M. Iwaizumi, T. Isobe, Bull. Chem. Soc. Jpn. 44 (1971) 2684.
[7] M. Shiotani, F. Yuasa, J. Sohma, J. Phys. Chem. 79 (1975) 2669.
[8] I.A. Zlochower, W.R. Miller Jr., G.K. Fraenkel, J. Chem. Phys. 40 (1964) 1593.
[9] G.B. Garbutt, H.D. Gesser, M. Fujimoto, J. Chem. Phys. 48 (1968) 4605.
10] L.O. Andersson, Phys. Chem. Miner. 35 (2008) 505.
11] A. Ogata, M. Matsuura, A. Obuchi, H. Yagita, K. Mizuno, Chem. Lett. (1995) 1117.
12] M. Danilczuk, D. Pogocki, A. Lund, J. Michalik, J. Phys. Chem. 110 (2006) 24492.
13] L.-L. Chua, J. Zaumseil, J.-F. Chang, E.C-W. Ou, P.K-H. Ho, H. Sirringhaus, R.H.

Friend, Nature 434 (2005) 194.
15] H. Tachikawa, A.J. Orr-Ewing, J. Phys. Chem. A 112 (2008) 11575.
16] H. Tachikawa, H. Kawabata, J. Phys. Chem. B 112 (2008) 7315.
17] H. Tachikawa, J. Phys. Chem. C 112 (2008) 10193.
18] H. Tachikawa, J. Phys. Chem. C 111 (2007) 13087.
19] T. Shiga, A. Lund, J. Phys. Chem. 77 (1973) 453.

http://dx.doi.org/10.1016/j.molcata.2009.06.022

	DFT and direct ab-initio MD study on hyperfine coupling constants of methyl radicals adsorbed on model surface of silica gel
	Introduction
	Method of calculations
	Static ab-initio and hybrid DFT calculations
	Direct ab-initio MD calculations

	Results and discussion
	Methyl radical interacting with the surface silanol group (Si-OH)
	Methyl radical interacting with the surface Si-O-Si group
	Temperature dependence of hfcc of CH3 interacting with Si-OH
	Effects of proton on the binding structure of CH3
	Methyl radical interacting with alkali metal supported silica gels

	Discussion
	Summary
	Comparison with previous works

	Acknowledgments
	Supplementary data
	References


