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H atoms released by irradiation of surface silanol groups initiate radical formation in methylmethacry-
late, MMA. The radical attacks an MMA molecule at increased temperature forming a propagating radical
identified by EPR.
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a b s t r a c t

Electron paramagnetic resonance (EPR) spectroscopy was applied to study the paramagnetic species
formed from styrene, 1,1-diphenylethylene, a-methylstyrene, b-methylstyrene and methylmethacrylate
adsorbed on amorphous silica gel after c-irradiation at 77 K. Radicals formed by the hydrogen atom addi-
tion at the vinyl group of the monomers were observed in all samples. The hydrogen atoms were shown
to originate to a large extent from the adsorbent by using silica gel with deuterated silanol groups. An EPR
spectrum assigned to a propagating radical was observed at increased temperature for samples contain-
ing methylmethacrylate (MMA). The structures of the adsorption complexes, the respective hyperfine
splitting constants and the adsorption energies were calculated by applying DFT quantum chemical
methods. The reaction between an MMA molecule and the MMA radical and the structure of the propa-
gating radical was modeled. The calculated hyperfine splitting constants for all radicals confirmed the
assignment of the experimental spectra.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Free radical reactions of organic substances adsorbed on porous
solids are of particular interest from the perspective of both mate-
rials science and heterogeneous catalysis. High surface area oxides
ll rights reserved.
e.g. zeolites, alumina, aluminosilicalites or higher-order oxides are
attractive materials in numerous applications in catalysis. Previous
research has shown that those materials play a significant role in
the separation and stabilization of various reactive intermediates
as atoms, radicals, radical ions, and clusters [1–7]. Studies of such
intermediates are very important for a better understanding of the
mechanisms of chemical reactions in polymerization, heteroge-
neous catalysis, photochemistry, and radiation chemistry and
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biology. However, in comparison with the reactions in the gas or
the liquid phase the corresponding processes in such systems are
less well understood.

A number of experimental techniques has been applied to the
characterization of the bonding interactions between the adsorbed
vinyl monomers and the surface of catalysts. The early studies of
radiation induced radical polymerization have focused on the graft
polymerization on the solid supports. These early results showed
that only free radicals in the track of fast electrons were able to ini-
tiate polymerization process [8–10].

Due to the well defined structure, acidic and ion-exchange
properties, thermal and chemical stability, microporous natural
and synthetic zeolites have been considered more recently as cat-
alytic systems for controlled polymerization. Studies of vinyl
ethers adsorbed on acidic mordenite [11] and faujasite (H-Y) [12]
have shown that adsorbed monomers react near room temperature
to produce low molecular weight polymers. It has also been found
that monomers migrate to the catalyst–polymer interface and
polymerize there. Thermogravimetric analyses of zeolites and
polymer composites showed that only a very small fraction of
the polymer can be found inside the zeolite channels of mordenite
while in faujasite with larger pore size the amount of polymer is
significant [11,12].

Electron paramagnetic resonance (EPR) and nuclear magnetic
resonance (NMR) studies of radiation induced postpolymerization
of acronitrile (AN) and methyl methacrylate (MMA) adsorbed on
zeolite 13X show that overall postpolymerization kinetics may be
accounted for by assuming an exponential decay of radical propa-
gation and recombination reactions [13]. Studies of methylacety-
lene (MA) gas reaction in acid forms of the mordenite, omega, L,
Y, beta, ZSM-5 and SAPO-5 molecular sieves indicate that MA re-
acts with acid sites of zeolites and forms large, conjugated poly-
meric species within the zeolites channels [14].

Since the MCM-41 mesoporous silica (with a hexagonal
arrangement of the pores with 2–5 nm diameter) was invented
at the beginning of the 1990’s [15–17], applications of mesoporous
molecular sieves in controlled polymerization have attracted much
attention [18,19]. In contrast to zeolites these materials have the
ability to encapsulate relatively large molecules.

Radical polymerization of MMA with benzoyl peroxide within
the uniform channels of the mesoporous silica MCM-41 gives
poly(methyl methacrylate) (PMMA) with a much higher molecular
weight compared to those obtained in solution under identical
conditions [20]. Polymerization of MMA catalyzed by samarocene
complex supported on a series of mesoporous molecular sieves
with various pores size provide highly syndiotactic PMMA’s. Com-
pared to polymerization in solution, polymerization of MMA in
mesoporous silica provides PMAA with higher molecular weight
[21].

MCM-41 along with HY zeolite has been widely used in cationic
polymerization of vinyl monomers. Polymerization of vinyl mono-
mers can be initiated by acidic protons in the H-form of the zeolite
or by co-adsorbed arylmethylium ions in MCM-4 silica [22]. In or-
der to control polymerization reactions, the surface of the MCM-41
mesoporous silica can be modified (functionalized) with different
organic groups [23].

Amorphous silica is one of the most common supports in catal-
ysis and was the subject of several experimental studies during the
past decades [4,5,24]. Silica gel support systems are widely used in
studies of transition metal ions or complexes [25] and are success-
fully applied in controlled polymerization [26] and in studies of io-
nic radicals [27,28]. High resolution of the EPR spectra indicated a
high degree of mobility for benzene cation radicals in an adsorbed
layer.

Here we present EPR studies of radicals formed by H-atom addi-
tion to vinyl monomers adsorbed on amorphous silica surface. The
understanding of the experimental results was supported by DFT
calculations of hyperfine splitting constants of radicals formed
from the vinyl monomers adsorbed on the silica surface, adapting
a previous procedure [29]. The formation of a propagating radical
in methylmetacrylate was investigated theoretically as well as
experimentally.

Experimental

Sample preparation

Silica gel with a specific surface area of 667 m2/g determined by
the BET method was obtained commercially (AB Kebo, Stockholm).
The main impurities determined by spectral analysis were Al
(350 ppm) and Fe (136 ppm). Further treatment by reflux boiling
in D2O was employed in some experiments in order to replace
the hydrogen atoms of surface silanol groups with deuterium
[30]. Methyl methacrylate (MMA) and styrene (ST) were distilled
after removing the stabilizer just before use. All other chemicals,
obtained from Fluka AG, were used as received. The silica gel sam-
ples were placed in 4 mm EPR sample tubes made of Suprasil
quartz and dehydrated at 500 �C for 17 h in vacuo to a final pres-
sure below 0.01 Pa. Additives of previously degassed vinyl mono-
mers in the range 1–5 wt.% were then vacuum-distilled onto the
silica gel as described previously [28]. The samples were sealed un-
der vacuum and irradiated with 60Co c-rays to a dose of 34 kGy at
77 K.

EPR measurements

The EPR spectra were recorded at X-band, using a solution of
Fremy’s salt for magnetic field calibration [31]. The g-factors were
determined relative to g = 2.0036 of DPPH kept in a double cavity
together with the sample under investigation. Measurements at
higher temperatures were made by warming the samples in a var-
iable temperature accessory attached to the EPR spectrometer.

Simulations

The experimental spectra were analyzed by previously de-
scribed software [32,33] modeled after the classical program by
Lefebvre and Maruani for the calculation of EPR spectra of free rad-
icals in amorphous systems [34]. The hyperfine splittings em-
ployed in the simulations were estimated by a combination of
the data obtained from the DFT calculations reported here, and a
manual stick-plot analysis.

Quantum chemistry calculations

Geometry optimization calculations for minimum energy and
transition-state structures were performed using DFT theory. Iso-
tropic and anisotropic hyperfine splittings of the radicals formed
from the vinyl monomers were calculated taking into account
the interaction with the silica surface, similar to the procedure
used in [29]. Details regarding the used theoretical methods are
presented in the Computations section. The anisotropic splittings
are given in the Supplemental information.

Results and discussion

EPR

Radicals formed by hydrogen addition to the vinyl monomers
were the main species observed by EPR after c-irradiation at
77 K of the vinyl monomers adsorbed on silica gel. A correlation
between the position of H atom addition and the free valence index



Fig. 1. (a) experimental EPR spectrum from a c-irradiated sample containing 5%
styrene adsorbed on silica gel c-irradiated and recorded at 77 K, (b–d) simulated
spectra for the hydrogen atom addition radical CH3ĊaHC6H5, with aCH3 ¼
14:5;15:5 and 16:5 G, respectively.
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[35] was observed as illustrated in Scheme 1 for styrene, using the
expression due to Burkitt et al. [36] to obtain the numerical values.

The isotropic hyperfine splitting constants of the spectra are gi-
ven in Table 1. The g-factors were in the range 2.0023–2.0027 with
an estimated uncertainty of ±0.0003. The anisotropic components
used in the simulations to support the assignments were taken
from the DFT calculations presented in the Supplemental
information.

An EPR spectrum assigned to a propagating radical was ob-
served at increased temperature for samples containing methyl
methacrylate (MMA), but not for the other monomers. Several of
the samples were colored after irradiation. It is possible that the
color is caused by ionic radicals. Radical cations of adsorbed unsat-
urated compounds have been observed previously [5, 27, 28, 37–
39]. This possibility was only briefly considered here, however. De-
tailed interpretations are presented below.

Styrene/silica gel (ST/SiO2)

The EPR spectrum in Fig. 1a recorded at 77 K from a c-irradiated
sample containing 5 wt.% of styrene adsorbed on silica gel is simi-
lar to that obtained by the c-radiolysis of a-phenylethylchloride in
3-methylpentane glass [40]. The latter spectrum was assigned to
the radical CH3ĊaHC6H5. The same radical is formed here by hydro-
gen atom addition to the vinyl group as shown in Scheme 1. The
hyperfine structure is attributed to the Ha and methyl protons.
Smaller splittings of ca. 5 G are assigned to the ring protons at posi-
tions 1, 3 and 5. The splittings at positions 2 and 4 (Scheme 1) were
not resolved.

Theoretical values of the anisotropic (dipolar) hyperfine split-
tings obtained from the DFT calculations were employed for the
simulations in Fig. 1b–d, while the isotropic values were slightly
adjusted to obtain a satisfactory fit to the experiments. For the
CH3 protons values in the range 14.5–16.5 G were used in the sim-
ulations, while an arithmetic average of the splittings due to Hb1
C
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Scheme 1. Formation of CH3ĊaHC6H5 radical by hydrogen atom addition to styrene at th
the bond order for the Ci–Cj bond in Hückel molecular orbital theory.

Table 1
Isotropic hyperfine splitting constants (G, 1 G = 0.1 mT) of radicals in c-irradiated vinyl m

Adsorbate Amount (wt.%) Temperature (

Styrene 5 77

1,1-Diphenyl–ethylene 3 77
a-Methyl-styrene 3 77

b-Methyl-styrene 3 77

Methyl-methacrylate 3 77
Methyl-methacrylate 3 123
Hb2 and Hb3 in Table 2 yielded theoretical values in the range
16.6–18.9 G. Similar values were derived from McConnell’s rela-
tion [41] ab ¼ Aþ B cos2 h for b-protons using the theoretical split-
tings (ab) and dihedral angles (h) of the methyl protons, and
assuming an averaging due to the free rotation usually occurring
along the >Ca–CH3 bond in this type of radicals [42]. The anisot-
ropy of the methyl splitting was somewhat averaged by the rota-
tion to become axially symmetric. The isotropic splittings due to
the ring protons were fixed in the simulations with the values
aH1 = aH3 = aH5 = (�)5 G. For the Ha and CH3 protons uncertainties
of the order 1–2 G of the isotropic values may occur.
Hα

H
C

12

3

4 5

e position of highest free valence index, defined by Fi ¼
ffiffiffi
3
p
�
P

jPij , [36] where Pij is

onomers adsorbed on the surface of silica gel.

K) Assignment Hyperfine splitting (G)

CH3ĊaHC6H5 aa = 16.5
aCH3 ¼ 16:5
aring = 5.0 (3H)

CH3Ċa(C6H5)2 aCH3 ¼ 16:0
(CH3)2ĊaC6H5 aCH3 = 15.0

aring = 5.0 (3H)
CH3CbH2ĊaHC6H5 aa = 15.6

ab1 = 31.7, ab2 = 15.6
aring = 4.0 (3H)

(CH3)2ĊaCOOCH3 (R) aCH3 = 22.0
RCbH2Ċa(CH3)COOCH3 aCH3 = 22.2

ab1 = 14.7
ab2 = 7.5



Table 2
Calculated isotropic hyperfine splitting constants (G) of the H atom addition radical of
styrene adsorbed on the 8T silica model cluster.

M05-2X B3LYP

6-31 + G(d) EPR-III 6-31 + G(d) EPR-III

Ha �18.40 �12.50 �18.04 �15.49
Hb1 15.62 14.86 16.52 17.07
Hb2 3.51 2.98 3.61 3.47
Hb3 33.06 31.82 34.55 36.08
H1 �5.30 �3.58 �4.94 �4.13
H2 2.31 1.01 1.88 1.16
H3 �5.72 �4.16 �5.77 �5.12
H4 2.33 1.02 1.90 1.17
H5 �5.39 �3.60 �5.21 �4.35
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1,1-Diphenyl ethylene (DPE)

The analysis of the spectrum in Fig. 2a from a sample containing
5 wt.% of 1,1-diphenylethylene adsorbed on silica gel c-irradiated
and recorded at 77 K was less straight-forward. A quartet of lines
was observed as expected for the radical (C6H5)2ĊCH3 formed by
hydrogen atom addition to the methylene group. The observed
four lines were not equidistant, however, and the relative intensity
of the lines deviated from the 1:3:3:1 ratio due to the hyperfine
structure of the three equivalent protons of the methyl group. At-
tempts to simulate the spectrum taking into account the hyperfine
anisotropy of those protons and of the additional structure due to
the ring protons were not successful. It seemed reasonable, how-
ever, that the two lines on the wings were due to the outer hyper-
fine lines of the methyl group of this radical, while the two inner
lines overlapped with those of a second species. The isotropic split-
ting of the methyl group of the (C6H5)2ĊCH3 radical was accord-
ingly adjusted to aCH3 ¼ 16:0 G to fit the two outer lines of the
experimental spectrum. The anisotropy of this splitting and the
phenyl protons were estimated by the DFT calculations presented
in the Supplemental information and taken into account in the
simulations, even though the splittings of the latter protons were
not resolved experimentally. The spectrum in Fig. 2c was addition-
ally employed to obtain a fitting (dotted line in Fig. 2a) to the
experimental spectrum. The assignment of this component to the
Fig. 2. (a) Experimental EPR spectrum (solid line) from a sample containing 5% of
1,1-diphenyl ethylene (DPE), adsorbed on silica gel c-irradiated and recorded at
77 K, and fitted spectrum (dotted line) by superposition of (b) and (c), (b) simulated
spectrum due to DPE H-addition radical, (C6H5)2ĊCH3, with aCH3 ¼ 16:0 G, (c)
synthetic spectrum of another species assumed in the simulation of (a).
DPE cation was considered, but was not supported by the DFT cal-
culations in the Supplemental information. The signals decayed
around 250 K without changing the line shape.

a-Methyl styrene (AMST) and b-methyl styrene (BMST)

The resolution of the spectra from samples of a-methyl styrene
(AMST) and b-methyl styrene (BMST) shown in the Supplemental
information (Fig. 1S) was relatively poor, in part attributed to the
overlap with radiation induced EPR signals in silica gel [43].

The EPR spectrum from a sample containing 3% AMST was
attributed to the radical (CH3)2ĊC6H5 superimposed on a broad
background. The isotropic splitting, aCH3 ¼ 15:0 G, estimated from
a stickplot analysis deviated only slightly from the values 15.8–
17.9 G derived from the DFT calculations in Table 4. Rapid rotation
about the >Ċ–CH3 bond was assumed. The isotropic splittings of
the phenyl proton of (�)5 G also agreed quite well with the corre-
sponding calculated values. The agreement thus supports the
assignment to the (CH3)2ĊC6H5 radical formed by H atom addition
to the vinyl group of a-methyl styrene. The obtained constants
might, however, be less accurate than for the styrene case due to
the influence of the background signal on the shape of the spec-
trum. A simulation is shown in the Supplemental Information.

The EPR spectrum from a sample containing 3% BMST shown in
the Supplemental Information was attributed to the radical CH3-

CH2ĊaHC6H5 radical superimposed on the EPR signals present in
the c-irradiated silica gel. According to this interpretation the ob-
served splittings of 4 G is attributed to the ring protons, while the
overall width of ca. 80 G is accounted for by the hyperfine split-
tings with one Ha and two Hb protons. According to a previous
analysis one of the b-protons has a hyperfine splitting twice as
large as that of the other b-proton and the a-proton [44]. The good
agreement between the hyperfine splittings obtained from the
stickplot analysis reproduced in the Supplemental information
with those obtained by DFT calculations supports the assignment.
Attempts to obtain more precise values for the splittings by simu-
lations were unsuccessful. Unequal b-proton splittings may also
occur in the radical CH3ĊaHCH2C6H5. This alternative with hydro-
gen atom addition at the b-position of the vinyl group was consid-
ered less likely, however, since the DFT calculations of this species
could not account for the observed 4 G splitting attributed to the
ring protons. It is therefore concluded that free radical formation
occurs by hydrogen atom addition at the position of highest free
valence index in this case as well.

Methyl methacrylate (MMA)

The EPR spectrum from a sample containing 3 wt.% MMA ad-
sorbed on silica gel c-irradiated and recorded at 77 K, Fig. 3a, has
seven equidistant lines split by 22 G. The spectrum was assigned
to the radical (CH3)2ĊCOOCH3. Similar spectra have been observed
in pure irradiated MMA and PMMA [45–47]. The radiation induced
reactions are similar, the main net reaction at 77 K being a hydro-
gen atom addition to the vinyl group. It was observed, however,
that the atoms that take part in the reaction originate mainly from
the hydroxyl groups on the surface of the silica gel. This was veri-
fied by an experiment in which a sample of MMA adsorbed on deu-
terated silica gel was irradiated. Fig. 3b shows the spectrum
obtained from this system. It is composed of the ordinary 7-line
spectrum due to (CH3)2ĊCOOCH3 and a 6-line structure with a
splitting constant of 22 G. The 6-line spectrum is assigned to the
radical CDH2Ċ(CH3)COOCH3. The five methyl protons give rise to
the sextet, while the hyperfine structure of the added deuterium
atom is too small to be resolved. The sextet spectrum (b–a) in
Fig. 3 was obtained by subtracting (a) from (b). The D atoms used
in the formation of this radical originate from deuterated –OD



Fig. 3. EPR spectra from samples c-irradiated and recorded at 77 K containing 3%
MMA adsorbed (a) on ordinary (b) on partly deuterated silica gel. The difference
spectrum (b–a) was attributed to the radical CDH2Ċ(CH3)COOCH3 obtained by D
atom addition to MMA. Weak lines attributed to unreacted D are marked by arrows.

Fig. 5. (a) Experimental EPR spectrum of a sample c-irradiated at 77 K containing
3% MMA adsorbed on silica gel, recorded at 123 K, (b) simulated spectrum with
aCH3 ¼ 22:2 G, ab1 = 14.7 G, ab2 = 7.5 G at an exchange rate of 32 MHz for the b-
protons of the CH2 group in the radical RCbH2Ċa(CH3)COOCH3, R = (CH3)2Ċa

COOCH3, (c) simulated rigid limit spectrum.
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silanol groups on the surface of the adsorbent. There might be two
reasons for the observation of the 7-line spectrum at the same
time. Firstly, the deuteration of the silica gel might not be complete
and secondly H atoms can also be formed by the radiolysis of the
monomer as indicated by the observation of the 7-line spectrum
in irradiated pure MMA [45–47].
Radical reactions

The MMA spectrum observed at 77 K changed to the 9 line pat-
tern in Fig. 4 at 123 K. Similar irreversible changes have been ob-
served for example in the benzoyl peroxide (BPO)-initiated
polymerization of MMA in frozen aromatic solvents [48]. The nine
lines, designated as the 5 + 4 lines were assigned to the propagat-
ing radical –CH2Ċ(CH3)R. Details about the radical were obtained
from the shape of the spectrum, especially the relative intensity
of the lines which has been interpreted in terms of various factors
such as that there is more than one conformation [49], there is a
distribution of dihedral angles for a single conformation [45] or a
site exchange motion around the –CH2–Ċ< bond [50]. Analysis of
EPR spectra of PMMA radicals measured at different conversion
Fig. 4. EPR spectra of a sample c-irradiated at 77 K containing 3% MMA adsorbed on
silica gel, recorded (a) at 77 K, (b) at 123 K.
indicated a conformational change with the chain length. Spectra
attributed to a very short PMMA chain probably consisting of the
initiating radical and one monomer unit were observed [51].

The spectrum observed in this work at increased temperature
can be accounted for by the attachment of the initial radical (CH3)2-

ĊCOOCH3, (R), to the vinyl group of MMA forming a secondary rad-
ical with the structure RCbH2Ċa(CH3)COOCH3. EPR spectra of this
type of radicals observed in the solid phase with hyperfine split-
tings aCH3 ¼ 22:2 G to the methyl protons and ab1 = 14.7 G,
ab2 = 7.5 G of the methylene group [50] are very similar to that in
Fig. 4b. The theoretical values, obtained by the DFT calculations
in the Computation section (Table 6) also support the assignment.
Thus, values in the range 19.0–21.9 G were predicted for the split-
ting of the methyl protons, assuming free rotation about the Ca–
CH3 bond in this type of radicals [45]. Different splittings of the
two b-protons were also predicted, in agreement with the
experiments.

According to Fig. 5c a rigid structure of the radical cannot ac-
count for the selective broadening of certain lines in the experi-
mental spectrum. Better agreement was obtained by considering
an internal motion that exchanged the ab1 and ab2 splittings be-
tween 7.5 and 14.7 G at a rate of ca. 30 MHz. A simulation taking
account of the chemical exchange with the program ESREXN [52]
is shown in Fig. 5b. Rate constants of the same order were obtained
from the observed EPR spectra of methacrylic acid radicals in fro-
zen solution [50]. Good agreement between experimental and sim-
ulated spectra has also been achieved by assuming a distribution of
conformations of the methylene group [45]. Irrespective of the de-
tailed mechanism of the broadening the 9 line spectrum in Fig. 5a
can safely be attributed to a radical of the type R-CH2Ċ(CH3)-
COOCH3, i.e. either the dimeric species predicted by the DFT calcu-
lations given below or a polymer radical with a similar local
geometry about the radical site.
Computations

Geometry optimization

Geometry optimization calculations for minimum energy and
transition-state structures were performed using DFT theory. Cal-
culations were carried out using the hybrid meta GGA exchange–
correlation functional M05-2X with a double fraction of Hartree–
Fock exchange developed by Zhao and Truhlar [53]. According to
literature data this functional performs very well in DFT studies
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of the adsorption of hydrocarbons on a large 16T zeolite model
cluster [54,55] or modeling of water-zeolite interaction [56].

All geometries presented here were optimized with the
LANL2DZ [57–59] basis set for silicon atoms and the 6-31G(d)
[60] basis set for carbon, oxygen and hydrogen atoms. Effects of
hybrid functional and basis sets (including 6-31 + G(d,p) were ini-
tially tested on the AMST/SiO2 model. We found no significant dif-
ference in structural parameters between M05-2X/6-31G(d) and
M05-2X/6-31 + G(d,p), however. The C–H bond lengths were for
example1.08201 Å for 6-31G(d) and 1.08254 Å for 6-31 + G(d,p),
while the the O–H bonds in the silica cluster were 0.96393 Å and
0.96073 Å, respectively.

Silica model

The adsorption site of a hydroxylated amorphous silica surface
was represented by a molecular cluster terminated with –OH sila-
nol groups. As shown in Fig. 6 the molecular cluster of SiO2 consists
of 8T (tetrahedral) sites. The cluster was fully optimized (without
any restrictions) with the M05-2X functional and LANL2DZ basis
set for silicon atoms and 6-31G(d) basis set for hydrogen and oxy-
gen atoms. The calculated O–H distances are 0.96 Å which is in a
very good agreement with literature data [61]. The Si–O bond
lengths are 1.64 Å and Si–O–Si angles are in the range of 143–150�.

Hyperfine splitting constants

The proton hyperfine splitting constants (hfsc’s) were calcu-
lated for the radicals formed by the addition of a hydrogen atom
to the adsorbed vinyl monomers. The atom originates from the
cleavage of a silanol bond. A hydrogen-loss �O–Si„ radical center
is then also formed in the 8T cluster. Calculations of hfsc’s were
carried out in single-point runs with a combination of M05-2X
and B3LYP [62] functionals and with 6-31 + G(d) or EPR-III [63] ba-
sis sets. The best overall agreement between experimental and cal-
culated values was obtained for the B3LYP hybrid functional and
EPR-III basis sets combination. This approach has been proven to
give reliable results for the Ag(C2H4)2 or Na+ÆÆÆCH3 complexes stabi-
lized in SAPO-11 molecular sieve and 4A zeolite, respectively
[64,65].

All calculations presented here were performed using the
Gaussian 09 package [66]. Since most of the experimentally ob-
served EPR spectra had an isotropic appearance, only isotropic
Fig. 6. Optimized structure of 8T cluster as a model of SiO2.
hfsc’s are listed in the tables. The anisotropic values of the hfsc’s
obtained in the calculations are presented in the Supplemental
Information, however.
Radical structures and hyperfine splitting constants

ST/SiO2

Fig. 7 shows the optimized structure of the styrene (ST) radical
adsorbed on the hydroxylated surface of silica gel represented here
by the 8T molecular cluster. Selected structural parameters are also
shown in Fig. 7. The most stable conformation of the styrene rad-
ical adsorbed on the silica surface interacts via Ha with the nearest
oxygen atom and via C6 of the aromatic ring with the H atom of a
silanol group. The calculated distance C6ÆÆÆH–O– was found to be
2.41 Å and the hydrogen-bond distance between Ha and the near-
est oxygen atom of the silica cluster was 2.83 Å. Such long dis-
tances between silica and the ST radical indicate very weak
interaction of the adsorbate molecule with the SiO2 surface. The
calculated adsorption energy (total energy relative to the isolated
8T cluster and the ST radical) was found to be 6.8 kcal mol�1.

The interaction of the ST radical with a silanol group results in
slight O–H bond elongation to 0.97 Å compared to 0.96 Å in the iso-
lated cluster. The bond lengths of the adsorbed radical remained
unchanged compared to the isolated radical (gas phase). The radi-
cal optimized with a silica cluster is slightly twisted (1�) along the
Ca–C6 bond, however. The calculated C–H bonds distances have
values of 1.08–1.10 Å, and Ca–Cb and Ca–C6 bond distances are
1.49 and 1.42 Å, respectively. All structural parameters of the aro-
matic ring are in a very good agreement with the geometry of ben-
zene adsorbed on various types of zeolites [67].

Calculated isotropic hyperfine splitting constants for the ST rad-
ical adsorbed on the SiO2 surface are listed in Table 2. The isotropic
Ha hfsc’s calculated with the M05-2X/6-31 + G(d) and B3LYP/6-
31 + G(d) methods are �18.40 and �18.04 G, respectively. Lower
values were obtained with M05-2X/EPR-III and B3LYP/EPR-III
Fig. 7. Optimized styrene radical structure adsorbed on the 8T silica model cluster.



Table 3
Calculated isotropic hyperfine splitting constants (G) of the the H atom addition
radical of DPE adsorbed on the 8T silica model cluster.

M05-2X B3LYP

6-31 + G(d) EPR-III 6-31 + G(d) EPR-III

Hb1 28.14 29.94 29.07 30.40
Hb2 4.23 1.72 2.25 2.11
Hb3 17.38 14.58 15.44 16.00
H1 a/b �1.73/�4.08 �2.22/�2.88 �2.88/�3.80 �2.37/�3.12
H2 a/b 2.29/1.91 0.93/1.04 1.52/1.78 1.10/1.18
H3 a/b �2.97/�4.18 �2.11/�3.01 �3.12/�4.31 �2.67/�3.72
H4 a/b 1.47/2.73 0.84/0.92 1.42/1.65 0.98/1.03
H5 a/b �3.14/�4.23 �2.14/�2.87 �2.96/�2.26 �2.41/�3.40
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methods and are �12.50 and �15.49 G. Compared to the value
�16.5 G used in the simulation of the experimental spectrum all
used methods give reasonable Ha splittings. However, the closest
value was obtained with the B3LYP/EPR-III method. The calculated
average (aHb1 + aHb2 + aHb3)/3 of the isotropic Hb hyperfine splitting
constants varied from 16.55 G for M05-2X/EPR-III to 18.87 G for
the B3LYP/EPR-III method. Also the hyperfine splitting constants
of the aromatic protons of H1, H3 and H5 strongly depended on
the method and were in the range of �3.58–(�)5.77 G. Much lower
splittings, 1.01–2.33 G were obtained for the aromatic protons H2

and H4, supporting the experimental assignment. The best agree-
ment with experiments was obtained with the B3LYP/EPR-III
method. The M05-2X/EPR-III method gives slightly underesti-
mated values of the calculated hyperfine splittings.

DPE/SiO2

The optimized geometry of the DPE radical adsorbed on the SiO2

surface is shown in Fig. 8. Compared to the isolated DPE radical,
only small changes in the \(Cb–Ca–C1–C2a) and \(Cb–Ca–C1–C2b)
dihedral angles were observed. Similar to the other radicals in this
study the DPE radical interacts with the SiO2 surface via a C atom of
one of the aromatic rings and the Hb atom. The calculated distances
are 2.54 and 2.56 Å respectively. The calculated adsorption energy
was found to be slightly higher compared to the smaller radicals
and is 11.36 kcal mol�1.

Calculated hyperfine splitting constants for the DPE radical are
listed in Table 3. As expected the CH3 group exhibits the largest
hyperfine splittings. The average isotropic constants (aHb1 + aHb2 + -
aHb3)/3 depended on the calculation method and were in the range
of 15.41–16.58 G compared to the experimental 16.0 G. All Hb pro-
tons also exhibit small anisotropy and this was taken into account
in the simulation of the experimental EPR spectrum of the DPE rad-
Fig. 8. Optimized structure of DPE radical adsorbed on the 8T silica model cluster.
ical. The calculated hyperfine splitting constants of the phenyl pro-
tons, not resolved in the experimental EPR spectrum of DPE, are
�1.73–(�)4.23 G for H1, H3, H5 and 0.84–2.73 G for H2, H4.
AMST/SiO2 and BMST/SiO2

Fig 9a and b illustrate the M05-2X/6-31G(d) optimized geome-
tries of the AMST and BMST adsorption complexes, respectively.
Similar to the ST radical both AMST and BMST interact with the sil-
ica surface through the C atom located in the aromatic ring and
through the hydrogen bond between one of the Hb and the ÆÆÆO–
Si„ radical center. The calculated distance between C1 of the AMST
radical and the silanol proton was found to be 2.40 Å compared to
2.41 Å calculated for the ST radical. The H-bond distance between
oxygen and Hb of the CH3 group („Si–OÆÆÆH–C) was 2.79 Å. Com-
pared to the isolated AMST radical, the –CH3 groups of a radical ad-
sorbed on the silica surface are about 6� out of plane of the
molecule (dihedral angle (Cb–Ca–C1–C2) = 6.2o). The bond lengths
in the aromatic (phenyl) ring are in the same range as in the ST
radical.

The interaction of the AMST radical with the silica surface leads
to slight bond elongations in the 8T cluster. The calculated O–Si„
bond length is 1.66 Å and the O–H bond in the silanol group is
0.97 Å. The calculated adsorption energy for the AMST/SiO2 system
was found to be 8.7 kcal mol�1 indicating a very weak interaction
of the AMST radical with the silica surface like for the ST radical.

Similar to the AMST/SiO2 system the shortest radical to cluster
distance in the BMST/SiO2 system was found between the H atom
of silanol and C4. The calculated distance was 2.41 Å. The hydro-
gen-bond distance between oxygen and Hb2 of the methylene
group („Si–OÆÆÆH–C) is shorter compared to the AMST and ST sys-
tems and was found to be 2.64 Å. As seen in Fig. 9b the BMST rad-
ical is twisted along Ca–Cb. The calculated dihedral angle (Cc–Cb–
Ca–C1) is 14.1�. Adsorption on the silica surface does not affect
the geometry of the phenyl ring and all bond distances are in the
same range as in the ST and AMST radicals. This radical also weakly
interacts with the SiO2 surface. The calculated adsorption energy
was 10.9 kcal mol�1.

Calculated hyperfine splitting constants for both the AMST/
SiO2 and the BMST/SiO2 systems are listed in Table 4. The isotro-
pic hyperfine splitting constant of the six equivalent Hb protons
in the AMST radical is very close to the experimental value. The
values depend on the method, however, and vary from 15.8 G for
M05-2X/EPR-III, 16.55 G for M05-2X/6-31 + G(d), 17.49 G for
B3LYP/6-31 + G(d) and 17.95 G for B3LYP/EPR-III. The largest
hyperfine splitting constants of the phenyl protons were ob-
tained for H1, H3 and H5 and are in the range of �3.24–
(�5.37) G, while the splittings of H2 and H4 are in the range of
0.94–2.11 G. All these values are in very good agreement with
the experimental ones and support the interpretation of the
experimental spectrum.



Table 4
Calculated hyperfine splitting constants (G) of of the H atom addition radicals of a-methyl styrene (AMST) and b-methyl styrene (BMST) adsorbed on the 8T silica model cluster.

AMST BMST

M05-2X B3LYP M05-2X B3LYP

6-31 + G(d) EPR-III 6-31 + G(d) EPR-III 6-31 + G(d) EPR-III 6-31 + G(d) EPR-III

Hb1 19.25 18.41 20.33 20.87 Ha �17.83 �12.06 �17.96 �15.21
Hb2 1.45 1.10 1.70 1.40 Hb1 �7.99 29.03 31.69 33.04
Hb3 28.78 27.75 30.27 31.38 Hb2 14.74 14.10 15.84 16.38
Hb4 23.65 22.75 25.02 25.86 Hc1 �0.34 �0.24 �0.33 �0.28
Hb5 0.58 0.25 0.77 0.43 Hc2 �0.36 �0.22 �0.35 �0.29
Hb6 25.6 24.61 26.88 27.77 Hc3 �0.34 �0.28 �0.42 �0.38
H1 �4.94 �3.27 �4.97 �4.02 H1 �5.32 �3.64 �5.36 �4.37
H2 2.11 0.94 1.96 1.10 H2 2.14 1.02 2.06 1.18
H3 �5.22 �3.82 �5.37 �4.69 H3 �5.80 �4.25 �5.96 �5.21
H4 2.11 0.95 1.97 1.10 H4 2.12 1.02 2.04 1.18
H5 �4.90 �3.24 �4.93 �3.97 H5 �5.21 �3.59 �5.08 �4.13

Table 5
Calculated isotropic hyperfine splitting constants (G) of the of the H atom addition
radical of methyl methacrylate adsorbed on the 8T silica model cluster.

M05–2X B3LYP

6–31 + G(d) EPR-III 6–31 + G(d) EPR-III

Hb1 15.58 15.33 16.48 17.45
Hb2 35.90 35.86 38.14 40.71
Hb3 4.25 4.09 4.45 4.60
Hb4 32.78 32.56 34.82 37.08
Hb5 20.39 20.12 21.66 22.99
Hb6 2.10 1.98 2.12 2.11

Table 6
Calculated hyperfine splitting constants (G) of the PMMA radical RCbH2Ċa(CH3)-
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MMA/SiO2

The most stable geometry of the MMA radical adsorbed on the
SiO2 surface is illustrated in Fig. 10. The radical is adsorbed via
interactions of the C@O group with the hydrogen atom of a silanol
group and between one of the Hb atoms and oxygen on the silica
surface. The calculated distances C@OÆÆÆHO–Si„ and HbÆÆÆO–Si„
are 1.79 and 2.57 Å, respectively. The adsorption energy is slightly
higher compared to the other radicals and was found to be
12.9 kcal mol�1, still indicating a weak interaction with the surface
of silica, however.

The calculated hyperfine splitting constants for the MMA radi-
cal are listed in Table 5. Because only Hb protons contribute to
the experimental EPR spectrum of MMA, only these values are
listed in the Table.
COOCH3, R = (CH3)2Ċa COOCH3.

M05-2X B3LYP

6-31 + G(d) EPR-III 6-31 + G(d) EPR-III

aCH3 ð1Þ 10.62 10.48 11.40 12.12
aCH3 ð2Þ 37.97 37.94 40.58 43.50
aCH3 ð3Þ 8.62 8.53 9.32 9.93
aCH3 ðavÞ 19.07 18.98 20.43 21.85
ab1 16.60 16.54 18.24 19.42
ab2 2.74 2.59 3.07 3.14
MMA polymerization

The free radical mechanism for the polymerization of vinyl
monomers has recently been intensively studied theoretically.
Density functional calculations of the Mayo and Flory mechanisms
for the self-initiation of styrene polymerization showed that
hydrogen atom transfer generates two radical species. This was
predicted to be a reasonable process that initiates MMA polymer-
Fig. 9. Optimized structures of AMST (a) and BMST (b) radicals adsorbed on the 8T silica model cluster.



Fig. 10. Optimized structure of the MMA radical adsorbed on the 8T silica model
cluster.
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ization [68]. Zhang et al. have investigated the mechanism of the
spontaneous initiation of the MMA polymerization. Six possible
Fig. 11. Molecular structures and energy profile for the reaction R + CH2@C(CH3)COOCH
M05-2X/6-31G(d) level. (ZPE corrected energies in kcal/mol).
reaction paths were calculated at the B3LYP/6-31G level. They
found that the most favorable paths supported the Flory mecha-
nism [69]. Degirmenci et al. have applied various functionals such
as BMK, BB1K, MPW1B95, MPW1K, and MPWB1K in studies of
propagation kinetics [70] during free radical polymerization of a-
substituted acrylates and in the modeling of solvent effects for
the polymerization of MMA [71].

In our studies the interaction of the MMA radical with the sur-
face of SiO2 is rather weak and for computational reason and for
simplicity the polymerization reaction of MMA was therefore
investigated in the gas phase only. The transition state for the free
radical polymerization of MMA was localized by employing the lin-
ear synchronous transit followed by quadratic synchronous transit
algorithm [72,73]. Additionally, a transition structure (TS) was
checked by IRC (intrinsic reaction coordinate) calculations [74].
Single point energies were calculated at M05-2X/6-311 + G(2df,p)
level of theory. The transition state structure was characterized
by only one imaginary frequency.

The polymerization reaction is initiated by the hydrogen atom
transfer from the silanol group to the adsorbed MMA molecule.
The formed radical can then attack the double bond of the mono-
mer. The formation of the dimeric radical species depends on the
relative orientations of the monomer radical and the MMA mono-
mer [71]. Fig. 11 shows the potential energy surface and geome-
tries of MMA, the monomer radical, (CH3)2ĊCOOCH3 (R), and the
dimer radical, RCbH2Ċa(CH3)COOCH3, computed at the M05-2X/6-
311 + G(2df,2p)//M05-2X/6-31G(d) level of theory. In the transi-
tion structure the CÆÆÆC distance between the radical and the mono-
mer unit is 2.27 Å in good agreement with the value calculated at
the MPWB1K/6-311 + G(3df,2p)//B3LYP/6-31 + G(d) level in a
study of the polymerization of MMA in methanol [71]. The calcu-
lated activation energy of 8.6 kcal mol�1 is slightly higher, how-
ever, compared to the values obtained in the presence of solvent
molecules. The activation energy was unfortunately not deter-
mined experimentally.

The calculated hyperfine splitting constants for the PMMA
radical are listed in Table 6. Because of the small anisotropy
only isotropic splittings are presented. The average value
3 ? RCbH2Ċa(CH3)COOCH3, R = (CH3)2ĊCOOCH3, at the M05-2X/6-311 + G(2df,2p)//
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aCH3ðavÞ ¼ 21:85 G, calculated by the B3LYP/EPR-III method agrees
well with the experimental splitting, supporting the assignment,
while the other methods predict slightly too low splitting. The val-
ues for ab1 and ab2 deviate somewhat from the splittings 14.7 G and
7.5 G obtained experimentally. This may be due to difficulties in
estimating those values in the presence of chemical exchange
(Fig. 5b), inaccuracies in the theory or a combination of both.
Conclusions

Radicals formed by hydrogen atom addition, preferably to the
carbon atom with highest free valence index, were the main spe-
cies identified by EPR after c-irradiation at 77 K of several vinyl
monomers adsorbed on silica gel. Experiments with deuterated sil-
ica showed that the hydrogen atoms originated from the surface
silanol groups of the silica gel.

The structures of the adsorption complexes were modeled and
the adsorption energies were calculated applying DFT quantum
chemical methods. Calculated hyperfine splitting constants at var-
ious levels of theory verified the assignment of the experimental
EPR spectra. The best overall agreement with experimental values
was obtained with a combination of the B3LYP hybrid functional
and the EPR-III basis set.

A polymerization reaction was observed in the MMA/silica gel
system. Based on the experimental EPR spectra alone, it is impos-
sible to determine the chain length of the formed PMMA radical.
Gas phase DFT calculations at the M05-2X/6-311 + G(2df,2p)//
M05-2X/6-31G(d) level gives an activation barrier of 8.6 kcal mol�1

for the first step in the free radical polymerization mechanism of
MMA. The close agreement between the calculated hyperfine cou-
plings of the formed dimeric radical and the experimental ones
may indicate a short chain length under the experimental
conditions.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2012.08.054.
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