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ABSTRACT: The kinetics of the free-radical propagation of methyl acrylate (MA), methyl methacrylate (MMA),
ethyl R-fluoroacrylate (EFA), ethyl R-chloroacrylate (ECA), ethyl R-cyanoacrylate (ECNA), and methyl
R-hydroxymethacrylate (MHMA) have been calculated using quantum chemical tools. Various DFT functionals
such as BMK, BB1K, MPW1B95, MPW1K, and MPWB1K were used to model the relative propagation kinetics
of the monomers. Among the methodologies used, MPWB1K/6-311+G(3df,2p)//B3LYP/6-31+G(d) was found
to yield the best qualitative agreement with experiment. We explored chain length effects by examining addition
reactions of monomeric, dimeric, trimeric, and tetrameric radicals to the monomers. We have also modeled the
tacticity of the widely used monomers MA and MMA by considering all of the alternatives of attack of the
radical in the 3D space around the monomer. This study has qualitatively confirmed the experimental syndiotactic/
isotactic ratio of 66/3 for MMA. Finally, the kinetics of the initiation to polymerization for MA and MMA is
also successfully reproduced.

Introduction

Radical polymerization processes are complex processes
involving many different reactions. Even in simple homopo-
lymerization, initiation, propagation, and termination steps occur;
also, the propagating species may undergo chain transfer
processes. The rates of these individual steps govern the overall
rate of polymerization. In the literature, widely deviating values
have been reported for rate coefficients. Pulsed laser polymer-
ization size-exclusion chromatography (PLP-SEC) techniques
have been used for propagation rate constants, kp, measure-
ments.1,2 The ability to measure the rates of the individual
reactions and to study the reaction mechanisms and their
structure-reactivity relationships will lead to the development
of better kinetic models and better methods for controlling free-
radical polymerization (FRP).3 From an experimental point of
view, the relation between the polymer chain length and the
observed propagation rates for the bulk FRP of styrene and
MMA has been studied by several groups. Olaj et al. observed
a slight decrease in kp in terms of chain length.4 Willemse
showed that kp is dependent on only the chain length in the
oligomeric range,5 but this point of view has been rejected again
by Olaj et al.6 The latter claim that a long-range chain length
dependence of kp extends over several hundreds of propagation
steps. This fact is interpreted in terms of a decrease in the
monomer concentration at the site of propagation caused by
the segments already added to the growing chain.4-6 The use
of quantum chemistry to calculate rate coefficients for FRP is
expected to complement the experimental findings. Heuts et al.
have used the transition-state theory to predict accurate absolute
rate coefficients in FRP.7,8 They have suggested the low
frequency torsional mode of the forming bond to be treated as
a 1D hindered internal rotor.9 This model has been adopted by
Van Speybroeck et al., who compared the calculated rate
coefficients for radical addition reactions with a 2D method.10,11

The latter have shown that the chain length dependence of the
calculated propagation rate coefficient in polyethylene converges

by the hexyl radical. Huang et al. have calculated the propaga-
tion rate coefficients of acrylonitrile and methacrylonitrile using
a “heavy” unimer.12 In this study, the frequency factor of
methacrylonitrile has shown excellent agreement with experi-
ment, but the barrier was highly dependent on the level of
theory. Coote et al. have developed a systematic methodology
for calculating accurate propagation rate coefficients in the FRP
of acrylonitrile and vinyl chloride.13 For small- to medium-sized
polymer systems, the G3(MP2)-RAD methodology gave ac-
curate results. For larger systems, G3(MP2)-RAD barriers have
been approximated via an ONIOM-based approach in which
the core is studied at the G3(MP2)-RAD level, and the
substituent effects are modeled with the ROMP2/6-311+G(3df,2p)
methodology.3 Yu et al. have applied a similar systematic
methodology to methyl acrylate (MA) and methyl methacrylate
(MMA) monomers. B3LYP with five different basis sets (6-
31G(d),6-31G(d,p),6-311G(d,p),6-311+G(d,p),and6-311G(3df,2p)),
MPWB1K/6-31G(d,p), and B1B95/6-31G(d,p) were used to
investigate the influence of the method and the basis set on the
propagation kinetics of this class of monomers.14 Recently,
Değirmenci et al. have studied the reactivity of a series of
acrylates and methacrylates to understand the effect of the
pendant group size, the polarity of a pendant group, and the
nature of the pendant group (linear vs cyclic) on their polym-
erizability.15 As we mentioned in our previous study on the FRP
of acrylates and methacrylates, direct comparison between
experiment and theory is not trivial, and we tend to focus on
relative trends rather than on the reproduction of absolute
experimental values.15

In this study, we model the propagation kinetics of six
monomers displayed in Figure 1. The experimental propagation
rate constants are known and are tabulated in Table 1. While
the relative propagation rates of the monomers are discussed,
various DFT functionals have been tested and the chain length
dependence of the polymerization kinetics has been investigated.
The tacticity of the widely used monomers MA and MMA has
also been modeled. Comparison of the computational findings
with experimental results is expected to shed light on the FRP
mechanism of this class of monomers.* Corresponding author. E-mail: aviye@boun.edu.tr.
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Methodology

Reaction Mechanism. The FRP is known to start by the
generation of free radicals from the nonradicalic species
(initiator)

The radical R · , taken to be the methyl (CH3 · ) radical, adds to
the acrylate monomer and forms a backbone with three C atoms.
This species then adds to the monomer to generate the
propagating polymer chain (propagation reaction).

The propagation kinetics of the above-mentioned reaction is
modeled in this study. This scheme assumes head-to-tail
propagation, which was recently shown to be most favorable.20

Computational Procedure. We performed all geometry
optimizations by using the Gaussian 03 program package.21 The
B3LYP method is known to yield good ground-state geometries
but also to underestimate predictions for reaction barriers and
to reproduce weak interaction energies badly.22 We used the
B3LYP/6-31+G(d) methodology for locating the stationary
points along the potential energy surface because it is a cost-
effective method and was already used to model the free-radical
propagation reaction steps.14,15 Various density functional
methods BMK,23 BB1K,24,25 MPW1B95,25 MPW1K,26 and
MPWB1K25 have been employed for the computation of the
energetics starting from the B3LYP/6-31+G(d) optimized
structures. It is known that the more exact exchange is taken

into account in DFT methods; the larger become reaction
barriers resulting from the calculations.26 The functionals
fulfilling these requirements are BMK, MPW1K, and MPWB1K
and are expected to yield good results for kinetics and, in
particular, higher (and presumably more realistic) barrier
heights.23,25,26 The best agreement with experiment has, in fact,
been reproduced with the MPWB1K/6-311+G(3df,2p)//B3LYP/
6-31+G(d) methodology.

Reaction Kinetics. The conventional transition-state theory
(TST) is used to calculate the rate constants. The rate equation
of a bimolecular reaction A + B f C is given by27

where kB represents the Boltzmann constant, T is the temper-
ature, h is Planck’s constant, ∆E0 represents the molecular
energy difference between the activated complex and the
reactants (with inclusion of zero-point vibrational energies), and
qTS, qA, and qB are the molecular partition functions of the
transition state and reactants, respectively.

Results

Geometrical Features of the Monomers and the
Radicals. A conformational search for the monomers and the
radicals was carried out to find out the most stable structure of
these species (Scheme 1). For all of the species, the s-cis
(C1C2C4O7 ) 0°) and s-trans (C1C2C4O7 ) 180°) conformers
have the lowest energies (Figure 2.). All monomers except
MMA and MHMA are more stable in their s-cis conformations.
Note that the s-trans conformer of MMA is 0.26 kcal/mol more
stable than its s-cis conformer, and the barrier between the two
conformers is ∼5 kcal/mol (Figure 2). The s-cis preference of
the monomers has been attributed to the stabilizing long-range
(C1)H · · · · · · ·O7 interactions. The relative energies of the s-cis/
s-trans monomers and syn/anti radicals range from 0.3 to 1.8
kcal/mol (Table 2).

Figure 1. R-Substituted acrylates considered in this study.

Table 1. Experimental Propagation Rate Constants (kp) of the
r-Substituted Acrylates Considered in This Study at 30 °C

name kp (m3/mol · s) relative (kp)

M1 ethyl R-chloroacrylate (ECA) 1.66c 4.56
M2 ethyl R-cyanoacrylate (ECNA) 1.62c 4.46
M3 ethyl R-fluoroacrylate (EFA) 1.12c 3.08
M4 methyl acrylate (MA) 1.48 × 101a,b 40.67
M5 methyl methacrylate (MMA) (3.64 × 10-1) ( 0.020a,b 1.00
M6 methyl R-hydroxymethacrylate

(MHMA)
0.037d,e

a Ref 16. b Ref 17. c Ref 18. d Ref 19. e This is the rate of polymerization
in mol ·L-1 · s-1.

I98
kd

R· (initiation)

Scheme 1. Schematic Representation of the Monomers and
Their Radicals

k(T) )
kBT

h
KC
q

KC
q )

qTS

qAqB
e-∆E0/kBT

Figure 2. Rotational potential (kcal/mol) as a function of the dihedral
angle (C1C2C4O7) for monomers M1-M6.
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To dissect the different stabilizing factors in s-cis and s-trans
conformations, NBO analysis at the B3LYP/6-311+G(3df,2p)//
B3LYP/6-31+G(d) level has been carried out for MA and
MMA.28 The hyperconjugative energy of “donor-acceptor”
(bond-antibond) interactions in the NBO analysis has been
considered to quantify the bond delocalization energy. For MA,
the hyperconjugative interaction energy for the s-cis conformer
is 7.56 kcal/mol higher than that for its s-trans conformer.
Similarly, for MMA, the s-cis conformer is more stabilized (8.82
kcal/mol) than the s-trans conformer because of hyperconju-
gative interactions. The main contribution to the stabilization
of the monomer structure comes from antibonding interactions
between BD*(2) C4 ) O7 f BD*(2) C1 ) C2. However, in
both the s-cis and s-trans conformers of MA and MMA, the
charge separations lead to electrostatic interactions that play a
crucial role (Figure 3). A close inspection of the electrostatic
attraction forces reveals the fact that in both cases the s-trans
conformer is favored over the s-cis conformer. However, notice
also that in the case of s-trans MMA the carbonyl oxygen,O7,
is in close proximity to four H atoms, whereas in the case of
s-trans MA, the carbonyl oxygen interacts with only three H
atoms. Therefore, the extra stabilization of the s-trans MMA
with respect to the s-cis MMA can be attributed to the long-
range attractive interactions between the carbonyl oxygen and
the methyl group. This stabilizing interaction is missing in MA.
Overall, even though delocalization stabilizes the s-cis confor-
mations of MA and MMA, the electrostatic interactions between
the methyl group and the carbonyl oxygen can be considered

to be the major source stabilizing the s-trans conformation of
MMA.

Tacticity of MA and MMA. Although various effective
methods of stereoregulation have been devised for anionic and
coordination polymerizations, only limited successful examples
are known for FRP, even though many classes of polymers are
industrially produced by radical catalysis.2,29 Therefore, the
stereoregulation of radical polymerization is an especially
challenging goal. The tacticity of vinyl polymers often signifi-
cantly affects the properties of the polymers. However, many
industrially important vinyl polymers including poly(methyl
methacrylate) (PMMA) and polystyrene (PS) are produced by
radical polymerization, which is more versatile and economical
compared with other types of polymerizations but is generally
poor in stereocontrol. Therefore, the development of stereo-
regulation methods for radical polymerization can contribute
to the industrial production of polymers with improved proper-
ties.2 The control of the stereochemistry in acrylate polymeriza-
tions is important because physical properties of acrylate
polymers are often significantly influenced by the main-chain
tacticity. In a recent experimental study, the syndiotactic/isotactic
ratio of MMA has been found to be 66/3.29 Therefore, in this
study, the tacticity of the polymerizing chain has been analyzed
prior to the kinetics of propagation. We demonstrate that the
growing polymer radical, which is generated from the s-trans
and s-cis conformers of the monomer, produces two different
stereoisomers. The transition structures for all of the monomers
under investigation have been located by considering the attack
of the radical in the form of CH3CH2C · (X)-C(O)-OCH3 to
the monomer (H2CdC(X)sC(O)sOCH3). As depicted in
Scheme 2, there are two approaches of the radical to the
monomer leading to distinct transition states, labeled (+) and
(-). Attack from the (+) direction yields syndiotactic products,
whereas attack from the (-) direction yields isotactic products,
emphasizing that the direction of attack ((+) or (-)) specifies
the tacticity of the final product. Overall, we have located eight
different transition states generated by the attack of the syn and
anti conformers of each radical to the s-cis and s-trans
conformers of the monomer. The tacticity of the products as
well as the reaction barriers relative to the most favorable
transition state are given in Table 3.

A rotational potential energy scan is performed for rotation
about the forming bond in the search for each transition state.

Table 2. Relative Energies (kcal/mol) of the s-cis and s-trans
Conformers of the Monomers and Their Radicals

(B3LYP/6-31+G(d))

Figure 3. Mulliken and NBO charges (in parentheses) of the most stable
s-cis and s-trans conformers of MMA and MA.
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This study reveals that the addition of the syn-MA and syn-
MMA radicals to the s-cis-MA and s-cis-MMA monomers from
the (+) direction yielding a syndiotactic chain is favored over
the others (Table 3). Nevertheless, the attack along the reverse
side of the monomer (the (-) direction) leading to an isotactic
dimeric chain requires slightly more energy, and hence both
reactions are competitive with respect to each other. For the
syndiotactic polymerization of MA starting from the s-cis
stereoconformation, two significant minima are found in the
rotational potential energy curve: the global minimum is found
at torsional angle θ (C1C2C3C4) ) 176.83°; the local minimum
corresponding to a gauche addition is barely higher (Figure 4).
A similar procedure is followed for the isotactic polymerization
of MA for which the global minimum along the potential energy
surface of the forming bond lies at θ ) 49.60°. The local
minimum for the transition structure is still the gauche addition
(θ ) -50.70°) (Figure 4).

Table 3 also reveals that the reaction barriers of the addition
reactions belonging to the other stereoisomers besides s-cis- are
somewhat higher, but conclusive remarks should be handled
with care because the change of monomer from MA to MMA
reduces the reaction barrier differences within a range of 0.9
kcal/mol. In this study, the propagation kinetics for all of the
monomers of interest will be modeled for the attack of the syn
radical to the s-cis monomer from the (+) direction.

Similarly, for the syndiotactic polymerization of MMA, the
global minimum along the potential energy scan around the
forming bond lies at torsional angle θ (C1C2C3C4) ) 60.13°;
the local minimum for the transition structure is the anti addition
θ ) -170.02°. For the isotactic polymerization of MMA, the
global minimum lies at θ ) 49.88°. The local minimum for the
transition structure is the gauche addition (θ ) -71.63°), which
corresponds to ∼300° (Figure 5).

A conformer search about the newly formed bond was carried
out for the syndiotactic polymers (dimeric chains) for MMA

and MA (Figure 6). It is clearly seen that in both cases the
growing backbone tends to be in a plane with the carbon atoms
of the growing backbone being anti to each other. (Figure 7).

Transition Structures for the Propagation of the
Monomers. For all of the monomers except MHMA, the most
favorable transition structures correspond to the attack of the
radical in a syn conformation to the s-cis stereoisomer of the
monomer (Figure 8). The s-trans conformer of MHMA is
favored over its s-cis conformer because of the intramolecular
hydrogen bonding interactions between the -CH2OH group and
the carbonyl oxygen. The geometries of the transition states are
such that the attack of the radical to the monomer is gauche
except for MA. The potential energy scans for MMA, ECA,
EFA, and ECNA have their minima at approximately similar
torsional angles of ∼60°.

The C · · ·C bond distance of the forming bond in the transition
states shows a relatively good relationship with the heat of the
propagation reaction, -∆Hrxn (Figure 9). The longer the C-C
distance, the more the structure resembles the separated
reactants, the closer the transition structure is to the reactants,
and finally, the more exothermic the reaction is as expected
from Hammond’s postulate. The addition of a reactive carbon-
centered radical to a molecule with a multiple carbon- carbon
bond is generally exothermic because a π bond is replaced by
a σ bond.30 Therefore, and according to Hammond’s postulate,31

the transition state is early; that is, the cleavage of the π bond
and the formation of the σ bond are far from being complete in
the transition structure.

Propagation Rate Constants of the Various Monomers
at Different Levels of Theory. In the preceding subsections,
the geometrical features and the tacticity control in the FRP of
MA and MMA have been discussed. It has been demonstrated
that syndiospecific and isospecific propagations take place with
a slight preference for the formation of syndiotactic MA (MMA)
dimeric chains. However, the differences in reaction barriers
are very low and are not really conclusive because of the rather
low level of theory (B3LYP/6-31+G(d)). Nevertheless, this
study gives a qualitative overview of the various stereospecific
radical polymerization reactions. In what follows, we have
attempted to have a deeper understanding of the kinetics of the
FRP of the acrylate derivatives with the aim of testing DFT
functionals, which would yield propagation rate constants closer
to the experimental ones. Table 4 gathers the free-radical
propagation rate constants of the various monomers obtained
at different levels of theory together with the experimental

Scheme 2. Stereoselective Radical (syn) Addition to MA (MMA) (s-cis and s-trans)

Table 3. Relative Reaction Barriers (B3LYP/6-31+G(d), kcal/
mol) for the Transition States Leading to Syndiotactic and

Isotactic MA(MMA) Dimeric Chains

R\M s-cis s-trans

syn (+) syndiotactic syndiotactic
0.00(0.00) 1.15(0.69)

syn (-) isotactic isotactic
0.17(0.29) 1.04(0.79)

anti (+) syndiotactic syndiotactic
1.12(0.35) 2.15(0.87)

anti (-) isotactic isotactic
1.07(0.23) 1.91(0.83)
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results. A reliable methodological approach for studying radical
propagation reactions is expected to stem from this study. The
transition structures for the dimeric syndiotactic chains (syn(+)s-
cis) are considered in every case. The level of theory (LOT)
study showed that the most reliable results are obtained by using
MPWB1K and MPW1B95 methods (Figure 10). Nevertheless,
the experimental trend is best reproduced with MPWB1K, and
the kinetics in this study are evaluated with this method.

Chain Length Dependency. Earlier studies in the literature
have clearly shown that the use of too-short chains can incur
large errors, and this adds further support to the notion that
penultimate unit effects are important in free-radical copolym-
erization. Coote et al. have shown that for acrylonitrile and vinyl
chloride, the minimum-sized chemical model that can reliably
mimic the polymerization system is the n ) 1.5 system (n is an
integer that labels the propagation reaction, n ) 1 for a unimer,

Figure 4. Rotational potential energy scan and transition-state structures for syndiotactic (syn(+)s-cis) and isotactic (syn(-)s-cis) propagation of
MA (B3LYP/6-31+G(d)).

Figure 5. Potential energy scan and transition-state structures for syndiotactic (syn(+)s-cis) and isotactic (syn (-)s-cis) propagation of MMA
(B3LYP/6-31+G(d)).

Macromolecules, Vol. 42, No. 8, 2009 Propagation Kinetics of Free-Radical Polymerization 3037



n ) 2 for a dimer, etc.). This model has produced excellent
relative values of the barriers and frequency factors and has
produced absolute values of the rate coefficients that agree to
within a factor of 1.6 of their corresponding long chain values.
Scheme 3 illustrates how the chain length effect on propagation
rate constant is modeled. We used the monomeric radical and
the monomer itself to calculate kP1. kP2 is calculated by the attack
of the generated dimeric radical chain to the monomer. The
third and fourth steps are also modeled in the same way. The
chain length dependency is illustrated by the attack of the radical

in a syn conformation to the s-cis stereoisomer of the monomer
while the chain grows.

The results in Table 5 and Figure 11 show that the effect of
the chain length on the propagation rate constants can amount
to a factor of 10. Some rate constants are oscillating, whereas
others exhibit a smooth behavior. A real convergence regime
is not yet reached at n ) 4; in general, kp decreases as the chain
gets longer. Among the monomers of interest, MMA propagates
the slowest experimentally; this finding is reproduced no matter
what the length of the monomer is. In Table 5, the relative rate
constants, kp (in parentheses), show a better agreement with
experiment as the chain gets longer. There is one exception,
EFA, where the predicted relative trend does not coincide with
the experimental findings. The chain length dependence of all
of the monomers in this study is expected to converge as n
increases, as in previous studies of Van Cauter et al.11 and Coote
et al.13

Syndiotactic versus Isotactic Polymerization of MMA.
Isobe et al. have shown that the bulk polymerization of MMA
gives an isotactic, atactic, and syndiotactic mixture in the ratio
of 3/31/66, respectively.2,29 All of the possible transition-state
structures leading to syndiotactic and isotactic MMA dimeric
chains have been located to obtain average rate constants in
each case (Figure 12). The rate constant for the isotactic
transition state is denoted as ki1 when starting from the s-cis
monomer; it is denoted as ki2 when starting from the s-trans
monomer. Similarly, the rate constants are denoted as ks1 and
ks2 for the corresponding syndiotactic transition states. The
Boltzmann distribution is used to calculate the relative popula-
tion of the s-cis and s-trans conformations of the monomer.
The overall rate constant is the weight average of the two rate
constants. In this way, the average rate constant for the
syndiotactic product is <ks> ) 2.29 × 10-3. (Notice that this
value is very close to the rate constant corresponding to the
most probable path, 2.63 × 10-3, reported earlier in Tables 4
and 5). The average rate constant <ki> for the isotactic product
is 1.01 × 10-3. Therefore, at the MPWB1K/6-311+G(3df,2p)//
B3LYP/6-31+G(d) level, the <ks>/<ki> ratio is 2.28, which is
in qualitative agreement with Isobe’s results.29 Overall, our
calculations show the major component of PMMA to be
syndiotactic, as experimentally observed. The effect of the media
on the kinetics and tacticity of the FRP of MMA has been
investigated by Isobe et al., where the syndiotactic specificity
of MMA was enhanced by the use of fluoroalcohols, including
(CF3)3COH as a solvent.29 Our work in progress includes the
FRP of MMA in different media to assess the origin of the
stereocontrol in the FRP of MMA and lead experimentalists in
their future endeavors.

Initiation versus Propagation Reactions of MA and
MMA. Even though MA polymerizes 40 times faster than
MMA,16,17 the rate coefficients for the initiation of these
monomers by the addition of 2-cyano-2-propyl radical generated
from the decomposition of the commonly employed initiator
2,2′-azoisobutyronitrile (AIBN)) are 4.30 times faster for

Figure 6. Conformational search for the intermediate products (dimeric chains) of MA and MMA and their Newman projections.

Figure 7. 3D structures for the intermediate products (dimeric chains)
of MA and MMA.

Figure 8. Most stable transition structures for the propagation of the
monomers (B3LYP/6-21+G(d)).

Figure 9. Dependence of the C · · ·C bond distance on the heat of
reaction (-∆Hrxn) in the transition states of the dimeric radicals
(MPWB1K/6-311+G(3df,2p)//B3LYP/6-31+G(d)).
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MMA.32 This intriguing behavior of these two commercially
widely used monomers has been clarified in what follows.

The MPWB1K/6-311+G(3df,2p)//B3LYP/6-31+G(d) meth-
odology at 315.15 K has been used to evaluate the average
initiation rate constant <kini> for MA to be 1.95 × 10-4 and the
one for MMA to be 1.02 × 10-3. Also note that <kini> in Table

6 refers to the average rate constant for the initiation of both
MA and MMA relative to both the s-cis and s-trans conforma-
tions of the monomers. Figure 13 illustrates the addition of
2-cyano-2-propyl radical (i.e., the radical generated from the
decomposition of the commonly employed initiator 2,2′-
azoisobutyronitrile (AIBN)) to MA and MMA at 315.15 K. Our

Table 4. Propagation Rate Constants (kp) of the Monomers at Different Levels of Theory in the Temperature Range 250 < T < 350 Ka

B3LYP/6-31+G(d) B3LYP BMK MPW1K BB1K MPWB1K MPW1B95 exptl kp (m3/mol · s)

ECA 2.45 × 10-4 6.08 × 10-5 8.44 × 10-3 2.02 × 10-3 2.77 × 10-3 3.77 × 10-2 6.09 × 10-2 1.66d

ECNA 1.10 × 10-4 4.13 × 10-6 3.58 × 10-3 1.38 × 10-3 1.60 × 10-3 2.14 × 10-2 3.81 × 10-2 1.62d

EFA 3.46 × 10-3 8.68 × 10-4 8.01 × 10-3 9.13 × 10-3 4.67 × 10-3 5.24 × 10-2 1.01 × 10-1 1.12d

MA 1.29 × 10-2 4.24 × 10-3 2.31 × 10-2 4.47 × 10-2 1.75 × 10-2 1.11 × 10-1 2.36 × 10-1 1.48 × 101b,c

MMA 7.43 × 10-6 1.70 × 10-6 2.84 × 10-4 7.55 × 10-5 1.72 × 10-4 2.63 × 10-3 3.91 × 10-3 3.64 ×10-1b,c

MHMA 3.37 × 10-4 1.34 × 10-2 2.56 × 10-3 1.09 × 10-2 1.63 × 10-1 2.62 × 10-1

a Geometries are calculated at the B3LYP/6-31+G(d) level, and kinetics are determined with different DFT methods at the 6-311+G(3df,2p) level unless
otherwise stated. b Ref 16. c Ref 17. d Ref 18.

Figure 10. Log(kp) versus different methodologies.

Scheme 3. Propagation Steps of the Growing Chaina

a X ) -H, -CH3, -F, -Cl, -CN, -CH2OH; Y ) -CH3 for MA, MMA, MHMA, and Y ) -CH2CH3 for EFA, ECA, ECNA.

Table 5. Chain Length Dependency of the Propagation Rate Constants, kp (m3/mol · s), with the Transition Structures for the Dimeric
Syndiotactic Chains (syn(+)s-cis) Considered in Every Case (MPWB1K/6-311+G(3df,2p)//B3LYP/6-31+G(d), 250 < T < 350 K)a

n ) 1 n ) 2 n ) 3 n ) 4 exptl kp

ECA 3.77 × 10-2 (14.34) 4.36 × 10-3 (8.17) 3.49 × 10-3 (2.97) 5.33 × 10-3 (6.11) 1.66 (4.56)
ECNA 2.14 × 10-2 (8.14) 6.85 × 10-3 (12.85) 1.76 × 10-2 (14.98) 5.16 × 10-3 (5.92) 1.62 (4.46)
EFA 5.24 × 10-2 (19.93) 1.82 × 10-2 (34.19) 3.56 × 10-2 (30.24) 2.59 × 10-2 (29.65) 1.12 (3.08)
MA 1.11 × 10-1 (42.16) 1.09 × 10-1 (205.12) 8.72 × 10-2 (74.05) 6.33 × 10-2 (72.64) 1.48 × 101 (40.67)
MMA 2.63 × 10-3 (1.00) 5.34 × 10-4 (1.00) 1.18 × 10-3 (1.00) 8.72 × 10-4 (1.00) 3.64 × 10-1 (1.00)
MHMA 1.63 × 10-1 (61.96) 1.53 × 10-1 (287.48) 1.51 × 10-1 (128.65) 1.71 × 10-1 (195.53)
a Values in parentheses are rate constants relative to MMA.
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results indicate the initiation of MMA to be 5.20 times faster
than the initiation of MA. This ratio is in good qualitative
agreement with the experimental results by Heuts et al., who
have determined this ratio to be 4.30 on the basis of the rate
coefficients for the addition of 2-cyano-isopropyl radical to MA
(0.37 m3/mol · s) and to MMA (1.59 m3/mol · s).32

Furthermore, Heuts et al. have found the initiation step of
MA to have a higher energy barrier (2.7 kcal/mol) than the
propagation step. This increase in the activation energy is
claimed to be due to the stability of the conjugated cyano radical.

Our computational results (Table 6) are in agreement with the
experimental prediction: in both cases, the activation barrier for
initiation is higher than that for propagation by ∼2.5 kcal/mol.
Experimentally, the accelerated initiation of MMA as compared
to MA has been attributed to the magnitude of the preexpo-
nential factor, A.32 Our calculations confirm the experimental
behavior; the preexponential factor A is almost three times larger
for MMA than for MA, presumably because tertiary radicals
(MMA-R) are expected to be less disordered than secondary
radicals (MA-R).

The propagation reaction of MA is faster than that of MMA
because of the higher preexponential entropy factor (the
transition state is more disordered) and also because of the lower
activation barrier. In the case of MMA, steric repulsions between
the hydrogen atoms of the methyl groups repel each other
(Figure 14). Not only steric repulsions but also electronic
properties of the transition states have an important effect on
the activation barriers (Table 6). The dipole moment of the most
stable transition state for MMA-anti (µ ) 2.036 D) is higher
than that for the most stable transition state of MA-gauche (µ
) 1.871 D).

Conclusions

In this study, the propagation reaction in the FRP of MA,
MMA, EFA, ECA, ECNA, and MHMA has been modeled with
DFT. Among the various functionals (BMK, BB1K, MPW1B95,
MPW1K, MPWB1K) tested, the MPWB1K/6-311+G(3df.2p)//
B3LYP/6-31+G(d) methodology is found to give the best
agreement with experiment. The chain length dependency has
been examined by the addition of monomeric, dimeric, trimeric,
and tetrameric radicals to the monomers. The syndiotactic versus
isotactic preference of MMA has been reproduced; finally, the
initiation versus propagation reactions of MA and MMA have
been rationalized. Overall, this study has demonstrated the fact
that computational chemistry offers a viable alternative to
experiment: relative propagation rate coefficients as well as
tacticity can be predicted prior to FRP.
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Figure 11. Propagation rate constant, kp (m3/mol · s), as a function of
the number of units in growing chain at MPWB1K/6-311+G(3df,2p)//
B3LYP/6-31+G(d).

Figure 12. Most probable pathways for syndiotactic and isotactic MMA.

Table 6. Kinetic Parameters for the Initiation and the
Propagation Steps of MA and MMA (MPWB1K/

6-311+G(3df,2p)//B3LYP/6-31+G(d), (250 < T < 350 K))a

initiation propagation

monomer
A

(m3/mol · s)
Ea

(kcal/mol)
<kini>

(m3/mol · s)
A

(m3/mol · s)
Ea

(kcal/mol)

MA 2.02 × 102 8.42 1.95 × 10-4 3.28 × 103 5.80
MMA 5.64 × 102 8.49 1.02 × 10-3 2.95 × 101 6.09
a A and Ea refer to s-cis MA and s-trans MMA, and <kini> is the average

rate constant for initiation for both conformations in both cases.

Figure 13. Initiation transition-state geometries for MA and MMA
(B3LYP/6-31+G(d)).

Figure 14. Representation of intramolecular interactions in the transition
states of MMA and MA.
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