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ABSTRACT: This paper presents computational evidence for the occurrence
of diradical mechanism of self-initiation in thermal polymerization of methyl
methacrylate. Two self-initiation mechanisms of interest were explored with
first-principles density functional theory calculations. Singlet and triplet poten-
tial energy surfaces were constructed. The formation of two Diels-Alder
adducts, cis- and trans-dimethyl 1,2-dimethylcyclobutane-1,2-dicarboxylate and
dimethyl 2-methyl-5-methylidene-hexanedioate, on the singlet surface was
identified. Transition states were calculated using B3LYP/6-31G* and assessed
using MP2/6-31G*. The calculated energy barriers and rate constants with different levels of theory were found to show good
agreement to corresponding data obtained from laboratory experiments. The presence of a diradical intermediate on the triplet
surface was identified. When MCSCF/6-31G* was used, the spin-orbit coupling constant for the singlet to triplet crossover was
calculated to be 2.5 cm-1. Themechanism ofmonoradical generation via a hydrogen abstraction by both triplet and singlet diradicals
from a third monomer was identified to be the most likely mechanism of initiation in spontaneous polymerization of methyl
methacrylate.

1. INTRODUCTION

There has been significant interest in understanding sponta-
neous high temperature polymerization of styrene, methacry-
lates, and more recently alkyl acrylates, because the polymeri-
zation can be initiated thermally, in the absence of any known
added external initiators.1-9 Reducing the use of added thermal
initiators in thermal free-radical polymerization lowers operating
costs and the level of the initiators left unreacted in the end
product. The resistance of a coating, an end product, to UV
radiation decreases as the level of the unreacted initiators in the
coating increases. Understanding the mechanism of the sponta-
neous initiation is important, as the generated initiating species
can be used as controlling agents to produce products with
desired properties. Previous studies had speculated that trace
quantities of adventitious peroxide impurities, which are difficult
to remove from monomers, initiate spontaneous thermal polym-
erization of methyl methacrylate (MMA).10,11 However, the
absence of end group species from peroxide based impurities
and the identification of certain dimer species in solution via
gas chromatography-mass spectrometry led to the conclusion
that monomer self-initiation may be occurring in spontaneous
thermal polymerization of MMA.1 The two most important
self-initiation mechanisms for this class of monomers are the
Mayo2 and Flory3 mechanisms; the Mayo mechanism is favored
for styrene,5-8 while the Flory mechanism is thought to be
responsible in methacrylates and alkyl acrylates.1,12,13 According
to the Mayo mechanism, radical initiating species are formed
in two steps. In the first step, the monomers undergo Diels-
Alder dimerization, which in the second step (molecular-assisted

homolysis) reacts with a third monomer to form monoradicals
that initiate the polymerization. In the Flory mechanism, two
monomers combine to form a 1,4 singlet (ground state)
diradical, which is denoted by •M•2s. The 1,4-diradical either
reacts with a third monomer and abstracts a hydrogen to form
two monoradical initiating species, or undergoes ring closure
to form cyclobutane derivatives (Figure 1). Pryor and Lasswell8

postulated that the 1,4-diradical can initiate polymerization
only when it is in a triplet (excited) state. The triplet diradical is
denoted by •M•2t.

In spontaneous thermal polymerization of MMA, the
Diels-Alder adduct (DAA) of MMA was reported to be incap-
able of generating monoradical species via the molecular assisted
homolysis mechanism as in styrene.1,6 The inability to detect
these species in solution14 provided further evidence that the
Mayo mechanism does not generate initiating species in thermal
polymerization of MMA. Isolation of cyclobutane derivatives,
cis- and trans-dimethyl 1,2-dimethyl-cyclobutane-1,2-dicarboxy-
late (DDCD), in solution15 pointed to the occurrence of a
diradical mechanism of self-initiation in spontaneous thermal
polymerization of MMA. In addition, high concentrations of the
linear dimer, dimethyl 2-methyl-5-methylidene-hexanedioate
(DMMH), which is generated via the diradical intermediate
route, was reported.1,14-17 More evidence for the occurrence of
the diradical mechanism in self-initiation of MMA came from the
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isolation of dimethyl 2,5-dimethylhexanedioate (DDH), which
was reported to form via double hydrogen transfer from protic
solvents to the 1,4-diradical.18-20

Lower conversion (≈5%), higher concentration of dimers,
and highermolecularweight polymerswere reported in spontaneous
polymerization of MMA than in styrene.8,14-17 The overall rate of
spontaneous polymerization of MMA in nonpolar solvents such as
benzenewas shown to be significantly lower in comparison to that of
styrene.8,21 An increase in the conversion and rate of polymerization
was shown to occur in halogenated solvents and thiophenol.17 It has
been postulated19,22,23 that heavy atoms in halogenated solvents
and inert gases can facilitate crossover (intersystem crossing) of the
singlet diradical species to a triplet state via collisions. Further evi-
dence of the influence of heavy atoms was provided by the high rate
of spontaneous polymerization in chlorinated ethyl methacrylates.20

The rate of spontaneous thermal initiation in polymerization of
MMA was compared and reported to be comparable to the rate of
initiation in photochemically initiated polymerization of naphtha-
lene, in which intersystem crossing of diradicals was previously
known.20 On the basis of the similarities, conclusions were drawn
that intersystem crossing is probably occurring in the polymerization
of MMA. Initiation rate constants estimated using mechanistic
models were also used to conclude that the initiating species
are the triplet diradicals.19 One should note that such an analogy
is error-prone because the pathways for diradical formation
in thermal and photochemical systems have been shown to be
different.24 Furthermore, the estimated initiation rate constants19

were inconclusive about the true nature of the intermediates that
are formed because the model that was used was developed
without considering the rate of formation or decomposition of
these intermediates. As of yet, there is no evidence to support or
deny that (a) the intersystem crossing occurs, (b) the triplet
diradicals are formed, or (c) themultiplicity of the diradical species
that initiate the polymerization is triplet. In addition, it is unclear if
monoradicals can be generated from the triplet diradicals.

High rates of spontaneous high-temperature (>100 �C) poly-
merization of alkyl acrylates have been reported in the presence

of solvents with no heavy atoms.9,25-28 Also, higher conversion
and lower average molecular weight polymers were reported
in spontaneous polymerization of alkyl acrylates than in that of
MMA.14,15,26,28No cyclobutane derivatives or linear dimers in solu-
tion have been reported in spontaneous polymerization of acrylates
as of yet. It seems that structural differences between acrylate and
methacrylate monomers are responsible for the differences in
polymer morphology and kinetics of individual reactions.

In general, density functional theory (DFT) has been reported
to be a cost-effective and relatively accurate method for predicting
molecular geometries and rate constants of polymerization reac-
tions.12,13,29-32 Previously, DFT calculations using B3LYP/6-31G*
have been used to determine the mechanism of initiation in spon-
taneous thermal polymerization of styrene32 to be that of Mayo and
of methyl, ethyl and n-butyl acrylate12,13 to be that of Flory. DFT
is an exact ground-state technique in principle. However, due to
limitations in the current exchange-correlation functionals, DFT
chemical reaction transition state energies are not always highly
accurate.33 Calculated transition states can be verified and refined
with ab initiomethods [Møller-Plesset (MP),Multi-Configuration
Self Consistent Field (MCSCF)],34 and higher level composite
methods, such as Gaussian-n (n = 1, 2, 3, 4).35-39 These methods
have been reported to reduce the difference between calculated
and experimental values of energy barriers and rate constants.
Calculations using thesemethods for many-atom systems such as
MMA, however, can be generally computationally intensive.34 It
has been shown that using DFT to study a large number of mole-
cular geometries on the potential energy surface (PES), and then
assessing the computed transition states using an ab initio method
such as MP can be a reasonably accurate approach to calculate rate
constants of self-initation reactions.12,13 Salem and Rowland40

reported spin-orbit coupling to be a common mechanism of
intersystem crossing from singlet to triplet diradicals. In principle,
crossover can occur, when a dense continuum of vibrational
states is present in both singlet and triplet diradical and a few of
these states are degenerate. Calculation of the spin-orbit coupling
constant and using the constant in the Landau-Zener model41

Figure 1. Flory and Mayo mechanisms for self-initiation of methyl methacrylate proposed in previous studies. In this study, our computational results
indicate that the singlet diradical can also abstract a hydrogen from a monomer, leading to monoradical generation.
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provides a qualitative insight into whether the diradical species
is inherently capable of transition from singlet to triplet state
(high spin-orbit coupling constant) or requires external atoms
to facilitate such a crossover (low spin-orbit coupling constant).
The effect of solvent on the calculated energy barriers and rate
constants of spontaneous initiation reactions can be assessed using
solvent continuum models. Inclusion of these solvent models
for toluene has been reported to show insignificant change in the
calculated rate constants in comparison to the rate constants
computed from gas-phase calculations.21,42 In this study, solvent
models have been neglected, and gas-phase calculations have been
carried out.

This paper focuses on providing theoretical evidence as to
whether spontaneous initiation in thermal polymerization of
MMA occurs via diradical mechanism of self-initiation. It also
investigates whether the stable diradical is singlet or triplet, and
explores various mechanisms of monoradical generation. The
singlet and triplet potential energy surfaces are constructed using
B3LYP/6-31G*. Molecular geometries and transition states
for formation of cis- and trans-DDCD, DMMH, and DAA are
computed on the singlet surface. Validation of the calculated
transition states on the singlet surface is carried out using MP2/
6-31G*. Diradical intermediate formation on the triplet surface is
investigated. The spin-orbit coupling mechanism is studied
using MCSCF/6-31G*. Monoradical formation from the diradi-
cal and DAAs are explored, and the rates of monoradical
formation via hydrogen abstraction and hydrogen transfer from
the singlet and triplet diradicals are calculated.

This paper is organized as follows, section 2 discusses the
computational methods used, section 3 gives results and discus-
sion, and section 4 presents concluding remarks.

2. COMPUTATIONAL METHODS

All theoretical calculations are performed using GAMESS.43

DFT44 calculations on the singlet and triplet surfaces are per-
formed using restricted open shell and unrestricted wave func-
tions, respectively. B3LYP/6-31G*45,46 is chosen as the level of
theory to construct the potential energy surface profiles and
estimate transition states due to its successful use in the study
of free radical polymerization of alkenes29,30 and self-initiation of
styrene,32 methyl acrylate,12 ethyl acrylate, and n-butyl acrylate.13

To our knowledge, this is the first DFT study for self-initiation of
polymerization in MMA.

The molecular geometries of reactants, products, and transi-
tion states were optimized on the singlet and triplet surfaces.
Hessian calculations are carried out to characterize reactants and
transition states. Intrinsic reaction coordinate (IRC) calculations
in the forward and reverse directions are conducted to determine
minimum-energy pathways. Assessment of the transition states
and energy barriers are performed with MP2/6-31G*. Energy
barriers (relative to the energy of the reactant) are computed
using the rigid rotor harmonic oscillator approximation.47 Rate
constants were computed by means of the transition state
theory,48 and the Wigner tunneling correction49 was used.
Reaction rate constants are calculated using

kðTÞ ¼ kðc0Þ1-mkBT
h

eΔS
‡=Re-ΔH‡=RT ð1Þ

where κ is the transmission coefficient, c0 is the inverse of the ref-
erence volume assumed in calculating the translational partition
function, k(T) is the rate constant at temperature T, kB is the

Boltzmann constant, h is the Planck's constant, R is the universal
gas constant, and ΔS‡ and ΔH‡ are the entropy and enthalpy
differences between transition state and reactants, respectively.
ΔH‡ is given by

ΔH‡ ¼ ðE0 þZPVEþΔΔHÞtransition-reactants ð2Þ
whereΔΔH is the enthalpy correction factor, ZPVE is the zero point
vibrational energy of the molecule, m is the molecularity of the reac-
tion, and E0 is the difference in electronic energy of transition state
and reactants. The ZPVE, ΔΔH, and ΔS‡ are calculated at different
temperatures using rigid rotor harmonic oscillator approximation.47

The activation energy of each reaction, Ea, is calculated by

Ea ¼ ΔH‡ þmRT ð3Þ
and the frequency factor, A, by

A ¼ kðc0Þ1-mkBT
h

eΔS
‡=R ð4Þ

Scaling factors to calculate the activation entropy, temperature correc-
tion, and zero point vibrational energy at different levels of theory
are taken from the National Institute of Standards and Technology
(NIST) Computational Chemistry Comparison and Benchmark
Database.

3. RESULTS AND DISCUSSION

The potential energy surface contour plot is constructed by
constraining internuclear distances between 1.45 Å < r(C6-C16)
< 2.2 Å and 1.6 Å < r(C1-C17) < 3.6 Å on the singlet surface as
shown in Figure 2.

Figure 2. Singlet potential energy surface contour plot for the interac-
tion of two MMA monomers as a function of two intermolecular
carbon-carbon distances (Figure 3). Structure 1 is a pair of weakly
interactingmonomers (see Figure 3), structure 3 is theDiels-Alder adduct
(DAA), structure 4 is the transition state for trans-DDCD formation
(Figure 4), structure 5 is the transition state for cis-DDCD formation,
structure 6 is the singlet diradical structure (Figure 5), structures 7 and 8 are
trans- and cis-DDCD products (Figure 6), and structure 10 is the linear
dimer DMMH (Figure 8). All contour lines represent energy relative to
the reactants. Relative level of energy that each line represents: red > green>
blue > pink > cyan > yellow. The energy difference between each two
successive contour lines is 30 kJ mol-1.
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3.1. Singlet Surface: Diels-Alder Adduct (DAA) Forma-
tion. We found a thermal [4 þ 2] cycloaddition reaction
between C6dC1-C2dO3 of a MMA monomer and C16d
C17 of another MMA monomer to form a Diels-Alder adduct
(DAA) via a concerted pathway with a singlet transition state
geometry, 2. The transition state geometry for the formation
of the DAA is r(C6-C16) = 1.71 Å, r(C17-O3) = 2.32 Å and
φ(C1-C6-C16-C17) = 62.2� (Figure 3). IRC calculations
were performed in the forward and the reverse directions to
verify the transition state. We found a preference for the
formation of a meta-like DAA. Table 1 depicts the energy barrier
and rate constant for the formation of the DAA using different
level of theory. The calculated barrier for the DAA formation
(105 kJ mol-1) is lower than those for the DAA formation in
thermal polymerization of styrene (148 kJ mol-1)32 and methyl
acrylate (122 kJ mol-1).12 However, no DAA species have been
found in spontaneous solution polymerization of MMA, even at
low concentrations (≈10-3 mol L-1).14 The absence of DAA in
solution indicates that at high temperatures the reverse
Diels-Alder reaction is also occurring. In addition, the enthalpy
of the DAA formation, computed from the difference between
potential energies of the product and the reactants, is nearly zero,
which shows that the reaction has little or no overall thermo-
dynamic driving force. In view of these, we suggest that the DAA
is not centrally involved in initiating thermal polymerization of
MMA, although it is formed.
Validation studies of transition state geometry were performed

usingMP2/6-31G* level of theory. The transition state geometry

is r(C6-C16) = 1.66 Å, r(C17-O3) = 2.28 Å, and φ(C1-C6-
C16-C17) = 63.2�. As no in-laboratory experimentally obtained
rate constant for the formation of DAA has been reported,
a comparison is not possible.
3.2. Singlet Surface: Dimethyl 1,2-Dimethylcyclobutane-

1,2-Dicarboxylate (DDCD) Formation. Thermal [2 þ 2]
cycloaddition between C1dC6 bond of a MMA monomer and
C16dC17 of another MMA monomer was found to form a four-
membered ring. We found a nonconcerted, single transition state
and a flat potential energy surface with no energyminimum for the
singlet diradical, for the formation of cis- and trans-isomers of
DDCD using B3LYP/6-31G*, as shown in Figure 2. Figures 4-6
show the calculated transition state geometries and singlet dir-
adical (•M•2s) for trans-DDCD, 7, and cis-DDCD, 8, formation.
The calculated distances, energy barriers, and rate constants using
B3LYP/6-31G* andMP2/6-31G* are compared in Table 2. These
computed activation energies showed good agreement with
experimental predictions of 141 and 126 kJ mol-1, for cis-DDCD
and trans-DDCD formations, respectively.
Based on IRC calculations carried out using B3LYP/6-31G* in

the forward and reverse directions from the transition states of
cis-DDCD and trans-DDCD, a stereorandom one-step diradical
mechanism is predicted for the formation of these dimers. This is
in agreement with the pathway identified for spontaneous
polymerization of pentafluorostyrene50 and alkyl acrylates.12,13

However, it was observed that the ring closure and DDCD
formation was slower inMMA than in alkyl acrylates. To identify
whether the methyl group on carbon atom C1 was retarding ring
closure, the energy (relative to reactants) of the singlet diradical,
6, as a function of dihedral angle φ(C5-C1-C6-C16) was
studied by traversing at a step size of 30�, as shown in Figure 7.
The favorable diradical conformation for rapid ring closure and
formation of DDCD is most likely at φ(C5-C1-C6-C16) = 0.
It can be seen from Figure 7 that a barrier of 7-8 kJ mol-1 has to
be overcome for the singlet diradical in a gauche (φ = 60)
conformation to reach φ = 0. We attribute the slower forma-
tion of DDCD inMMA than in methyl acrylates to this barrier.
This barrier also caused an increase in the number of IRC

Figure 3. (1) Weakly interacting methyl methacrylate monomers; (2)
transition state for DAA formation.

Table 1. Bond length in Å, Activation Energy (Ea) in kJ mol-1,
Enthalpy (ΔH298) in kJ mol-1, and Rate Constant (kDAA)
in M-1 s-1 at 298 K Using Different Levels of Theorya

level of theory r(C17-O3) r(C6-C16) Ea ΔH298 kDAA

B3LYP/6-31G* 2.32 1.71 106.3 101.3 3.1 � 10-15

MP2/6-31G* 2.28 1.66 82.7 77.6 1.4 � 10-10

aThe reported energies are zero point vibrational energy (ZPVE)
corrected.

Figure 4. (3) DAA product via [4 þ 2] cycloaddition reaction; (4)
transition state for trans-DDCD formation.
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steps, and perhaps this relates to an increase in the lifetime
of the singlet diradical species. Thus, the reported low final
concentrations of DDCD in solution14,17 can be attributed to
the possible preference of the singlet diradical to remain open
rather than to undergo ring closure for DDCD formation.
3.3. Singlet Surface: Dimethyl 2-Methyl-5-Methylidene-

Hexanedioate (DMMH) Formation. It was found that thermal
[2 þ 2] cycloaddition between C1dC6 and C16dC17 atoms
can lead to the formation of DMMH via concerted pathway. The

transition state geometry, 9, was found to be r(C6-C17)=1.75 Å,
r(C1-C16) = 3.05 Å, and φ(C1-C6-C17-C16) = -52.7�.
The calculated DMMH geometry, 10, was found to agree closely
with the reported structures from laboratory experiments.14,15

The formation of DMMH was observed to occur via intramole-
cular hydrogen (H16) transfer from the carbon atom (C22) on
the first monomer to carbon atom (C1) on the second monomer
(Figure 8). The energy barrier for the DMMH formation was
calculated to be 116.8 kJ mol-1 using B3LYP/6-31G* and was
calculated to be 96 kJ mol-1 using MP2/6-31G*. The calculated
enthalpies and rate constants, given in Table 3, were found to be
in good agreement with experimental values.14

The energy barrier of DMMH formation was found to be
lower than that of DDCD. This indicates that DMMH formation
will be kinetically preferred over DDCD formation, which agrees
with previous experimental observations of higher concentration
of DMMH in solution.17 As the rapid DMMH formation can also
retard the formation of diradical initiating species, it can be the
cause for the slow rates of initiation reported in spontaneous
polymerization of MMA in inert solvents such as benzene
and toluene.17 This indicates that the methyl group strongly
influences spontaneous initiation in polymerization of MMA.
Thus, we believe that the absence of linear dimer formation on
the singlet potential energy surface of methyl, ethyl, and n-butyl
acrylate, calculated using B3LYP/6-31G*,12,13 and rapid rates of
initiation in spontaneous polymerization of methyl acrylate and
other acrylate monomers,9,27,28 can be directly related to the lack
of methyl group in acrylate monomers.

Figure 5. (5) Transition state for cis-DDCD formation; (6) singlet
diradical species.

Figure 6. Products formed are 7 (trans-DDCD) and 8 (cis-DDCD).

Table 2. Bond Length in Å, Activation Energy (Ea) and
Enthalpy (ΔH298) in kJ mol-1, and Rate Constant
(kDDCD) in M-1 s-1 at 298 K Using Different Levels of
Theorya

level of theory isomer r(C17-C1) r(C6-C16) Ea ΔH298 kDDCD

B3LYP/6-31G* trans 3.33 1.59 188.2 183.3 1.8 � 10-29

B3LYP/6-31G* cis 3.36 1.58 226.3 221.4 3.8 � 10-36

MP2/6-31G* trans 3.20 1.55 123.2 118.3 1.9 � 10-17

MP2/6-31G* cis 3.18 1.54 146.2 141.3 1.8 � 10-21

aThe reported energies are zero point vibrational energy (ZPVE)
corrected.

Figure 7. Rotation of the methyl group on carbon atom C1 of the
singlet diradical. Energy of the diradical is relative to that of reactants vs
dihedral angle, φ(C5-C1-C6-C16). See structure (6) in Figure 5.
Positive rotation of the methyl group is into the page.
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3.4. Triplet Surface. The triplet energy surface was explored
using B3LYP/6-31G* by constraining coordinates between 1.5 Å
< r(C6-C16) < 2.2 Å and 1.5 Å < r(C1-C17) < 3.4 Å, as shown
in Figure 9. We found the presence of the triplet diradical
intermediate, r(C6-C16) = 1.54 Å, r(C1-C17) = 3.25 Å, and
φ(C1-C6-C16-C17) = 66.1� (Figure 9). This verifies pre-
vious reports19,20 that the triplet diradical can be a key inter-
mediate in initiating the polymerization. The energy difference
between the singlet diradical transition state and the triplet
diradical intermediate was found to be ES-T = 80 kJ mol-1,
which is approximately 2 kJ mol-1 higher than that reported for
methyl acrylate.12 The minimum energy crossing point from the
singlet to triplet was computed using B3LYP/6-31G*. This
geometry was optimized using MCSCF/6-31G* and then the
molecular orbitals from MCSCF were used to calculate the
spin-orbit coupling constant.
The spin-orbit coupling constant was calculated by including

the full Breit-Pauli operator.51 The calculated spin-orbit cou-
pling constant was 2.5 cm-1. Using Landau-Zener model, we
can suggest that such a low value of the spin-orbit coupling
constant corresponds to lower transition probability from singlet
to triplet diradical. Therefore, interaction with additional heavy
atoms and inert gases22,23 becomes important for crossover in
MMA. This agrees with the conclusions drawn after observing
higher rates of initiation in polymerization of MMA in haloge-
nated solvents bubbled with nitrogen or argon.19,20

3.5. Monoradical Generation. Previous studies19 based on
experimental measurements fitted to macroscopic mechanisitic

models have postulated that the triplet diradical initiates
polymerization of MMA. Calculations using B3LYP/6-31G*
were carried out to verify the occurrence of this mechanism
and also investigate other mechanisms of monoradical genera-
tion. Hydrogen transfer from DAA to a third monomer,
molecular assisted homolysis (MAH) mechanism, was studied
by constraining intermolecular distances between 1.19 Å <
r(C31-H29) < 1.59 Å and 1.19 Å < r(H29-C21) < 1.59 Å. It
was observed that DAA was incapable of donating a hydrogen
to the third monomer, which was in agreement with previous
reports on MMA and alkyl acrylates.1,12,13,15

Based on our previous studies of self-initiation in methyl
acrylate, we chose to study the singlet and triplet diradicals,
donating (hydrogen transfer) and accepting (hydrogen
abstraction) a hydrogen from a third MMAmonomer. Reaction
coordinates were constrained between 1.19 Å < r(C1-H31) <
1.59 Å and 1.19 Å < r(H31-C32) < 1.59 Å to study hydrogen
transfer from a third monomer to the diradical, and between
1.19 Å < r(C6-H7) < 1.59 Å and 1.19 Å < r(H7-C31) < 1.59 Å
to investigate hydrogen abstraction from a third monomer to
the diradical.
Stable transition state geometries for hydrogen abstraction by

the singlet and triplet diradicals from a third monomer and
hydrogen transfer from the triplet diradical to a third monomer
were calculated. No transition state was identified for hydrogen
transfer from singlet diradical to a third monomer. This provides
further support that molecular assisted homolysis may be an
unfavorable mechanism in MMA. It was found that the energy

Figure 8. Formation of linear dimer DMMH via reaction between
two MMA monomers: (9) transition state for DMMH formation; (10)
DMMH product.

Table 3. Bond Length in Å, Activation Energy (Ea) and
Enthalpy (ΔH298) in kJ mol-1, and Rate Constant (kDMMH)
in M-1 s-1 at 298 K Using Different Level of Theorya

level of theory r(C18-C1) r(C6-C17) Ea ΔH298 Wignerb kDMMH

B3LYP/6-31G* 3.05 1.75 117.3 112.3 4.81 2.7 � 10-16

MP2/6-31G* 2.88 1.65 97.2 92.3 4.81 3.3 � 10-12

aThe reported energies are zero point vibrational energy (ZPVE)
corrected. bWigner tunneling factor.

Figure 9. Triplet potential energy surface of methyl methacrylate
dimerization; (11) triplet diradical intermediate. All contour lines
represent energy relative to the reactants. Relative level of energy
that each line represents: red > green > blue > pink > cyan > yellow.
The energy difference between each two successive contour lines is
30 kJ mol-1.
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barrier for hydrogen abstraction by the singlet and triplet
diradicals from a third monomer was signifcantly lower than
hydrogen transfer from the triplet diradical to a third monomer.
This is dissimilar to the mechanism of monoradical generation
reported inmethyl acrylate.12 This points to the strong involvement
of singlet and triplet diradicals as a key intermediates for the
generation of monoradical species in spontaneous thermal polym-
erization of MMA. It is interesting to note that intramolecular
hydrogen transfer, from the methyl group to the carbon atom with
an unpaired electron, in the singlet diradical causes DMMH
formation (dead polymer chain), and intermolecular hydrogen
abstraction by the singlet diradical from a third monomer generates
monoradical species for initiating the polymerization. On the basis
of the calculated rate constants, these reactions may be competing
with each other andmay have equal probability of occurrence. Thus,
we attribute the reported1 lower conversion and higher molecular
weight polymer formation to these reactions. This points to the
strong influence of the methyl group on the diradical self-initiation
mechanism in MMA. The calculated transition state geometries are
shown in Figures 10-12. The energy barriers and rate constants for
the hydrogen transfer and hydrogen abstraction reactions are given
in Table 4.
3.6. Comparison of Self-Initiation in Methyl Methacrylate

and Methyl Acrylate. We have shown through quantum
chemical calculations that monomer self-initiation occurs in
spontaneous high-temperature polymerization of MA12 and
MMA (this study). The diradical mechanism of self-initiation
was determined to be dominant in self-initiated polymeriza-
tion of both the monomers. The Diels-Alder adduct (DAA)
formation was identified to occur via a concerted pathway and
the formation of singlet diradical was found to be via noncon-
certed pathway for MA and MMA. The activation energy
calculated using DFT/6-31G* for the formation of DAA in
MA (123 kJ mol-1) was higher in comparison to that of MMA
(106 kJ mol-1) and for cyclobutane dimer formation was
comparable between MA (191 kJ mol-1) and MMA (188.2
kJ mol-1). Formation of DMMH was found in MMA and not in
MA. The formation of triplet diradical via intersystem crossing of
the singlet diradical was predicted to be through the mechanism
of spin-orbit coupling. The spin-orbit coupling constant of
MA and MMAwere found to be 1.94 and 2.5 cm-1, respectively.
Monoradical generation was identified to be not possible from
Diels-Alder's adduct in both cases. While the triplet diradical
was found to be involved in monoradical generation in MA, both
singlet and triplet diradicals were identified as key intermediates

in monoradical formation in MMA. Hydrogen abstraction by
the singlet and triplet diradicals from a third monomer were
calculated to be the preferred mechanisms in MMA. Hydrogen
transfer from the triplet diradical to a third monomer was found
to be the lower energy pathway in MA. It is to be noted that
ethyl acrylate (EA) and n-butyl acrylate (nBA)13 showed similar
behavior to MA.12 Our comparisons between MA and MMA
are therefore likely to apply also to comparison of EA-nBA
monomers and MMA.

4. CONCLUSIONS

The formation of DAA, DMMH, and DDCD on the singlet
surface was identified using B3LYP/6-31G* calculations. DMMH

Figure 10. Hydrogen abstraction by a singlet diradical from a third
monomer; (13) transition state geometry. Bond lengths shown are in Å.

Figure 11. Hydrogen transfer froma triplet diradical to a thirdmonomer;
(14) transition state geometry. Bond lengths shown are in Å.

Figure 12. Hydrogen abstraction by a triplet diradical from a third
monomer; (15) transition state geometry. Bond lengths shown are in Å.

Table 4. Activation Energy (Ea) and Enthalpy (ΔH298) in
kJ mol-1, and Rate Constant (M-1 s-1) for Monoradical
Formationa

reaction Ea ΔH298 Wignerb k

i 98.1 93.2 4.81 3.8 � 10-10

ii 175.5 170.1 4.81 6.4 � 10-23

iii 102.1 97.2 4.81 7.7 � 10-11

aVia (i) hydrogen abstraction by •M•2s from MMA, (ii) hydrogen
transfer from •M•2t toMMA and (iii) hydrogen abstraction by •M•2t from
MMA. The reported energies are zero point vibrational energy (ZPVE)
corrected and at temperature of 298 K. bWigner tunneling factor.
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and DAA formation was found to occur via a concerted pathway,
and DDCD formation via a nonconcerted pathway. The energy
barriers for DMMH and DDCD formation were found to
be higher than that of DAA and comparable to energy barrier
values obtained experimentally.1,15 We found the presence of a
low energy diradical intermediate on the triplet surface, which
substantiates the postulate of Pryor and Laswell.8 The mecha-
nism of spin-orbit coupling for crossover from singlet to triplet
was proposed, and spin-orbit coupling constant was calculated
to be 2.5 cm-1 using MCSCF/6-31G*. It was found that
monoradical formation is most likely to occur via hydrogen
abstraction by both singlet and triplet diradicals from a third
MMA monomer. This study validated previous experimental
studies1,14,15 and provided new evidence for the diradical
mechanism of self-initiation and for the abstraction mechanism
of monoradical generation in spontaneous thermal polymeri-
zation of methyl methacrylate.
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