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ABSTRACT: The propagation rate coefficients for methacrylonitrile (MAN) and acrylonitrile (AN) were
calculated using transition state theory and high-level ab initio molecular orbital theory. The calculations
take particular account of internal rotations in the transition states. Frequency factors and rotational
potentials were found to be insensitive to the level of theory used (except that the semiempirical AM1
method does not perform very well), because of cancellations in the partition function ratio in transition
state theory; however, two of the internal rotations studied were found to be sensitive to the chain length
of the radical used in the calculations. Activation energies were found to be extremely sensitive to the
level of theory. At the highest level of theory used, the calculated frequency factor for MAN was slightly
lower than experiment, while the activation energy was 2.6 kJ mol~! higher than experiment. Theoretical
comparison of propagation of MAN and AN was used to explain differences observed experimentally in
activation energies and frequency factors of methacrylates and corresponding acrylates. The higher
frequency factors for methacrylates are largely due to hindrance caused by the methyl groups to the
three transitional modes in the transition state which correspond to the three external rotational degrees
of freedom of the monomer in the reactants (but not a result of increased hindrance to methyl rotation
itself in the transition state). The higher activation energies of methacrylates arises from differences in
hindrance and loss of delocalization in the transition states of the methyl-substituted and unsubstituted
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monomers.

Introduction

Many fundamental aspects of free-radical polymeri-
zation are still poorly understood. Theory can provide
valuable insights into trends and also can make quali-
tative and quantitative estimates of the propagation
rates for monomers for which the rate coefficient has
not been experimentally measured. The advent of
pulsed laser polymerization (PLP) has allowed the
accurate measurement of frequency factors and activa-
tion energies for propagation reactions,!~> which in turn
provides the opportunity to test theoretical models
against experiment.

The aims of this work are 2-fold: first, to test a means
for calculating rate coefficients using transition state
theory (TST) and ab initio molecular orbital (MO) theory
for propagation of a substituted monomer (methacry-
lonitrile, MAN) and, second, to compare propagation of
two different monomers (MAN and acrylonitrile, AN),
to explain general trends observed in frequency factors
and activation energies. The only previous work to use
high level ab initio calculations is on the propagation
of ethylene,6~8 for which the experimental data at
ambient pressure are not very accurate; however, PLP
data of acceptable accuracy are available for MAN.®
Substituted monomer systems present a number of
challenges not encountered with ethylene. The avail-
ability of accurate experimental Arrhenius parameters
for MAN enables a proper test of the present theoretical
approach. The method used here ignores the effect of
solvent; provided the transition state and quantum
calculations are of sufficiently high accuracy, compari-
son between theory and experiment should then give
some indication of the importance of solvent effects. The
study of the polymerization of substituted monomers
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may also reveal interesting features not encountered
with ethylene. The MAN/AN comparison (methyl-
substituted vs unsubstituted monomer) can be used to
explain systematic differences such as those in fre-
quency factors (A) and activation energies (E,) for
propagation of butyl methacrylate (BMA) and butyl
acrylate (BA): PLP measurements have found that A
for BA is ~ 7 times larger than for BMA, while E, for
BA is ~ 4.4 kJ mol~! lower than for BMA, trends also
seen for other acrylate/methacrylate systems.19-13 An-
other seemingly general observation is that frequency
factors and activation energies for homopropagation in
homologous series (e.g., in all extant data on methacry-
late kp's,'t14 and again in vinyl acetate vs vinyl
neodecanoate!®~1") are very similar but show small
systematic differences. A general explanation for such
trends is useful, even in an industrial context: for
example, it is important to know if all acrylates are
likely to propagate extremely quickly and that this high
rate will be only weakly affected by temperature (i.e.,
the propagation reaction has a low E;), while the
situation with methacrylates is correspondingly differ-
ent.

Transition State Theory and Quantum
Procedures

The rate coefficient for a bimolecular reaction in
transition state theory (TST) is given by (e.g.,'8)

_ m'o KT QT

mOT h QAQB

exp(—Ey/kgT) (1)

where kg is the Boltzmann constant, T is the temper-
ature, Qa, Qg, and Q' are the partition functions for
reactant A, reactant B, and the transition state (TS)
respectively, Eq is the energy difference between the
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zero-point vibrational energy levels of the reactants, and
TS, and o (of), and m (m') are the symmetry numbers
and numbers of optical isomers of reactant (transition
state). Assuming separability of the molecular Hamil-
tonian, the partition function Q can be written as a
product of translational, vibrational, and rotational
terms. Because in a propagation reaction, one of the
reactants (the propagating chain) and the TS are both
very heavy, the ratio of translational partition functions
(per unit volume) reduces to®

QT h2 3/2
QAQB trans B (ZHMOKBT) (2)

where Mg is the molecular weight of a monomer unit.
The vibrational partition functions are given by [1 —
exp(—hv/kgT)]~! for a harmonic oscillator of frequency
v; there is one less degree of freedom in the transition
state than in reactants. Because of the heavy mass of
the chain, the external rotational partition function ratio
for a polymer propagation is given by

2
I (Sn keI 1,1,
rot h?

QT —3/2
QaQe

where |, etc. are the principal moments of inertia of
monomer. It is essential to take into account the
internal rotational part of the partition functions: many
low-frequency modes are in fact hindered rotors. Parti-
tion functions for these modes are found from the energy
levels obtained by numerically solving the one-dimen-
sional rotational Schriédinger equation for the rotational
potential corresponding to that mode.6 The activation
energy and frequency factor are found by numerical
differentiation (second-order finite difference for tem-
peratures a few kelvin either side of the desired tem-
perature, the activation energy being only very weakly
temperature-dependent):

__ nk)
E.= A(1L/kgT)’

®3)

A =Kkexp(E,/kgT) (4)

It is noted that because the TS expression contains a
ratio of partition functions, one has essentially exact
cancellation of many effects such as large-scale internal
rotational modes of the polymer chain.t

Conventional TST, as it is applied in the present
work, possesses several limitations (e.g., see refs 19 and
20). These include neglect of anharmonicity (for modes
treated as harmonic oscillators; it has been established!8
that this neglect is unimportant in TST for modes that
are not hindered rotors), the assumption of a separable
reaction coordinate, neglect of recrossing of the TS
surface, and neglect of solvent effects (the present
calculations assume gas-phase reactions). The errors
due to these approximations may not be too severe in
calculations on propagation reactions, which have sharp
barriers and involve two “large” reactants, so recross-
ing?’ and solvent “friction” at the TS?2 may not be
important. The TSs also do not involve significant
charge transfer, so the effect of solvent polarity on E,
is likely to be small.

Geometries were optimized and harmonic vibrational
frequencies and energies calculated using standard ab
initio molecular orbital procedures.?® These calculations
were carried out at the AM1, UHF/3-21G, UHF/6-31G*,
and UB3-LYP/6-31G* levels of theory for MAN and at

Macromolecules, Vol. 31, No. 16, 1998

the UHF/6-31G* level for AN. Although one cannot
expect accuracy from the semiempirical AM1 method,
preliminary calculations using this technique often give
a useful first estimate of geometry which can be used
as a starting point for calculations using adequate levels
of theory. Energies were calculated up to the UQCISD/
6-31G* level of theory. Heuts et al.” suggest that the
UHF/6-31G* level is adequate for the calculation of
frequency factors (based on work on propagation of
ethylene) while much higher levels (at least QCISD(T)/
6-311G**) are required for energies.

Some low-frequency vibrations (<200 cm™1) were
treated explicitly as internal rotations, since these
modes are not only significantly anharmonic but also
make major contributions to the partition functions.
These internal rotations were identified by computer-
animating the normal modes; rotational potentials were
then calculated by fully optimizing the geometries at a
number of points along the rotational coordinate and
fitting to a piecewise smooth cubic spline. The reduced
moments of inertia for these modes were found from the
moments of inertia of the counter-rotating moieties
about the appropriate axis. For calculations using UHF/
6-31G* geometries, rotational potentials were calculated
at the UHF/6-31G* level or at the UHF/3-21G level if
these were not available (it will be shown later that the
lower level of theory gives almost identical rotational
potentials as the higher level; while high-level theory
is required to calculate activation energies, it has been
shown® that rotational potentials are much less sensi-
tive to the level of theory because they are strongly
influenced by geometrical considerations, which require
much less accurate accounting for electron correlation).

All other modes were treated as harmonic oscillators.
This approximation is certainly not accurate as far as
individual partition functions are concerned. However,
the approximation is in fact quite sufficient to calculate
the frequency factor with acceptable accuracy, as shown
by the observation (both in the present calculations and
elsewhere®8) that the calculated value of A is insensitive
to the level of quantum theory used. The reason for this
is that effects of anharmonicities in corresponding
modes approximately cancel in Q'/Q, to which A is
approximately proportional. Anharmonicity also has a
small effect on the activation energy, through the
difference in zero-point energies of reactant and transi-
tion state; anharmonicities are only significant in low-
frequency modes and thus have negligible effect on the
difference of zero-point energies.

To simulate the long polymer chain, the hydrogen
atom shown in Figure 1 in the radical and TS was
replaced by a large mass (arbitrarily chosen as 9999).
Harmonic frequencies were recalculated for these “mac-
roradicals” using the same force constants as for the
short chain species. Earlier work® has shown that this
is adequate for obtaining partition functions for both
harmonic and hindered-rotor modes, provided that the
heavy atom is put at the far end of the dimeric radical
in a dimeric-radical/monomer reactant/transition-state
system: that is, doing nothing more than putting a
heavy atom at the end (which affects only the G matrix
in a normal mode calculation and the moment of inertia
in a calculation of a hindered-rotor partition function)
of such a “trimer” gives all the information that is
necessary to find Q'/Q with adequate accuracy. All
frequencies and zero-point energies were multiplied by
empirical scaling factors (low-frequency scale factors
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(b) reactant: macroradical (a) reactant: monomer

(c) transition state

Figure 1. Schematic representation of MAN (a) monomer (b)
(macro-) radical, and (c) syndiotactic dimer TS showing
internal rotations.

used at all levels of theory except UHF/6-31G*, where
high and low-frequency scale factors are almost identi-
cal).?

All ab initio MO theory calculations were carried out
with the GAUSSIAN 94 software package.?®

Results and Discussion

Geometries considered were those of the MAN and
AN monomers, monomer and dimer radicals, syndio-
tactic and isotactic dimer TSs, and the “rr” trimer TS.
This last is one of the eight sterecisomers of the MAN
trimer transition state, which are named with the diad
nomenclature: if identical substituents in adjacent
monomer units on the chain are on opposite sides of the
plane, the diad is referred to as racemic (r). Geometries
were optimized at various levels of theory. The geom-
etries and internal rotations of the MAN monomer,
radical and syndiotactic dimer TS are shown in Figure
1 (internal rotations are denoted by 7). All normal-mode
frequencies below 200 cm™! of the MAN and AN
monomers, syndiotactic dimer radicals and rr trimer
TSs and the assigned internal rotations are given in
Table 1. In AN, only 7gr1, 7151, and 7rsp are present.
Rotational potentials were calculated for all of these
modes.

Table 2 shows these frequencies re-grouped so that
approximate matchings have been assigned to corre-
sponding modes in reactant and transition state, and
in MAN and AN (of course, these matchings are not
exact); matching was through similar dynamics as seen
in the animations of the modes. Some of these modes
are internal rotations, discussed immediately below, and
these or others can also sometimes be “transitional
modes”,'® which are modes which are free rotations and
translations of monomer in the reactant configuration
but internal modes in the transition state. Thus, taking
ethylene propagation as a simple example, the free
rotation of ethylene monomer in the plane in the
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Table 1. Normal Mode Frequencies (cm~1) under 200
cm~1in MAN and AN Monomer, Syndiotactic Dimer
Radical, and rr Trimer TS and Assignment of Modes to
Internal Rotations (Scaled Macroradical Frequencies

Used)
MAN AN
species mode frequency assignment frequency assignment
monomer V1 167 ™ML
vy 193

syndimer 1 29 TR1 19 TR

radical

V2 53 50
V3 69 TR2 73
Va 76 128
Vs 103 160
Vg 124 183
V7 142
Vg 177

rr trimer V1 503i 444i

TS

V2 16 TTs1 18 TTs1
V3 30 TTS2 25 TTs2
V4 50 44
Vs 59 55
Vg 73 69
V7 80 76
Vg 99 TTS3 96
Vg 102 134
V10 113 156
Y11 127 206
V12 161
V13 169
V14 184
V15 204
V16 223 TTs4

reactant configuration becomes a torsion (hindered
rotor) in the transition state.

Internal Rotations. Because the (hindered) inter-
nal rotational modes have a strong effect on the fre-
guency factor, and, as will be seen later, also influence
the activation energy, they must be treated in consider-
able detail.

The rotational potentials for tv1, Tr1, TR2, TTs1, TTS2,
TTs3, and ttsq are given in Figures 2—8, respectively. All
potentials were calculated using monomer, monomer
radical and dimer TS except for 7r1 and trs2, which were
calculated using the dimer radical and trimer TS. There
are a large number of low frequencies in the radicals
and TSs (12 frequencies less than 200 cm™~! in the MAN
syndiotactic dimer TS), most of which could not be
ascribed to any simple motion. These were treated as
harmonic oscillators.

The relatively low levels of theory used for the
treatment of the partition functions of internal rotations
(the highest level used for the optimization was UHF/
6-31G*) appear to be adequate (although activation
energies are very sensitive to the level of theory used).
Moments of inertia were found to be unaffected by the
level of theory used (variation <10%), since geometries
are relatively insensitive to the level of theory. Rota-
tional potentials also appear to change only slightly at
different levels of theory, as shown for trs; in Figure 9.
Even the relatively computationally inexpensive UHF/
3-21G level of theory gives rotational barriers similar
to those obtained from much higher levels of theory for
all of the rotations. The barrier to rotation for z1s, was
calculated at the UHF/6-31G* level using the UHF/3-
21G geometries of the stationary points and found to
be 11.3 kJ mol~1 (virtually identical to the UHF/3-21G
results). A similar calculation for 7rs4 gave barriers of
11.1 and 11.9 kJ mol~1* respectively at the UHF/3-21G
and UHF/6-31G* levels. This suggests that the UHF
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Table 2. Lower Frequencies (cm™!) of Reactant and Transition State for MAN and AN, Where Each Reactant Mode Has
Been Associated with a Corresponding Transition State Mode

TS Mode MAN MANT assignment AN ANT assignment
21 503i transitional (trans) 444i transitional (trans)
2 16 751 transitional (rot) 18 7751 transitional (rot)
V3 29 30 TR1/‘L’T52 25 ‘L'R1/TT52
V4 53 50 vy (rad) 50 44 vy (rad)
Vs 59 transitional (rot) 55 transitional (rot)
Vg 73 transitional (trans) 69 transitional (trans)
V7 76 80 vq (rad) 73 76 vz (rad)
Vg 177 99 Tm1/TTs3 96 transitional (rot)
vy 103 102 vs (rad) 128 134 v4 (rad)
V10 113 transitional (rot) 161 156 vs (rad)
V11 124 127 ve (rad) 183 206 vg (rad)
V12 142 161 V7 (rad)
V13 284 169 vz (mon)
V14 177 184 Vs (rad)
V15 193 204 V2 (mon)
V16 69 223 ‘L’RZ/‘L'T54
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Figure 2. Rotational potential for tm: (methyl rotation) in
MAN monomer, as a function of dihedral angle d(H3—C4—
C2—C1) defined in Figure 1a. Broken line in this and subse-
guent figures is kgT (thermal energy at 300 K).
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Figure 3. Rotational potential for zr; in MAN and AN dimer
radical as a function of dihedral angle d(C5—C4—-C3—-C2)
defined in Figure 1c. Note that the apparent discontinuity in
curve for MAN does not affect Q because the discontinuity is
well above KkgT.

level of theory is adequate for calculating rotational
barriers. Previous calculations have also found that
rotational barriers do not change significantly with the
level of theory used.?326 This is what one would expect,
since rotations do not involve bond formation or break-
ing, which is where the inadequacies of methods using
single configurational wave functions (e.g. UHF) most
clearly manifest themselves. Comparison between the
UHF/3-21G and UHF/6-31G* potentials can also be

Figure 4. Rotational potential for 7r; (methyl rotation) in
MAN monomer radical as a function of dihedral angle d(H4—
C4—C2—-C3) defined in Figure 1b.
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Figure 5. Rotational potential for zrs; in MAN and AN
syndiotactic dimer TSs as a function of dihedral angle d(C1—
C2—C3—C4) defined in Figure 1c.

justified due to their similarity (calculations at the UHF/
6-31G* level were sometimes not carried out due to the
computational expense of such calculations). However,
it is obvious from Figures 2—8 that the semiempirical
AM1 method underestimates all of the rotational bar-
riers. Such underprediction has been seen elsewhere
for closed-shell systems,?”~2% although in the present
case the underprediction is more pronounced for radical
systems.

The rotational potentials for tr1 and rsz were calcu-
lated using the dimer radical and trimer TS respec-
tively, while the potentials for all other rotations were
only treated using the monomer radical and dimer TS.
This is because it has been shown previously for
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Figure 6. Rotational potential for s, in MAN and AN rr
trimer TSs as a function of dihedral angle d(C5—C4—-C3—-C2)
defined in Figure 1c.
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Figure 7. Rotational potential for 7ts3 (monomer CHj; rota-
tion) in MAN syndiotactic dimer TS (as a function of dihedral
angle d(H9—C8—-C4—C3) defined in Figure 1c.
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Figure 8. Rotational potential for 7rs4 (radical CHj; rotation)
in MAN syndiotactic dimer TS (as a function of dihedral angle
d(H4—C6—C2—C1) defined in Figure 1c.

ethylene’2% that the 7r; and 7rs; rotations are signifi-
cantly affected by the chain length of the radical used
in the calculations. The changes to these rotational
potentials in MAN were found to be greater than those
in ethylene. In changing from the monomer to dimer
radicals, the barrier to the g1 rotation at the UHF level
changes from 2.5 kJ mol~! to 15 kJ mol~! (Figure 3).
For comparison, the corresponding barrier height in
calculations on ethylene”2® changed very slightly (from
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Figure 9. Rotational potentials for 71s; calculated at various
levels of theory using UHF/6-31G* geometries.
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Figure 10. Rotational potential for zrs; in MAN syndiotactic
dimer and rr trimer TS at AML1 level of theory.

0.6 to 1.2 kJ mol~1) with the same levels of theory. In
changing from the dimer to trimer TS, the barrier to
the 7rs; rotation at the UHF level changes from 11 to
32 kJ mol~! (Figure 6). On the other hand, Figure 10,
which gives the AML1 rotational potential for 7rs; for the
rr trimer transition state and syndiotactic dimer TS,
shows that this mode is unaffected by chain length (this
comparison using the lowest level of theory is meaning-
ful because while AM1 does not give absolute energies
with useful accuracy, it is seen that the hindered-rotor
potential curves are semiquantitatively similar at all
levels of theory). This is because steric hindrance to
rotation in this mode is not affected very much by parts
of the chain more than two carbon atoms from the axis
of rotation. Therefore, while the 71s; rotation is ad-
equately treated with the dimer transition state, the tr:
and zrs; rotational potentials need to be calculated using
at least the dimer radical and trimer transition state,
respectively. Although rotational potentials are affected
by chain length, moments of inertia for all internal
rotations were found to be unchanged by the chain
length of the radical used for all rotations.

Table 3 lists the partition functions for the MAN
internal rotations calculated using the UHF/6-31G*
rotational potentials, the partition functions calculated
using the scaled UHF/6-31G* harmonic frequencies for
these modes, and the free rotor partition functions
calculated using the UHF/6-31G* reduced moments of
inertia. The partition functions in Table 3 show that
the Q's for the methyl rotations tmi, Tr2, T1s3, and TTsa
can all be treated adequately as harmonic oscillators.
The partition function for 77s3 is also adequately ap-
proximated as that for a free rotation (note that Figure
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Table 3. Comparison of Internal Rotational Partition
Functions, Harmonic Oscillator Partition Functions, and
Free Rotor Partition Functions for MAN Internal
Rotations (Calculated at 303 K)

mode Qint rot Qnarmonic Qfree rot
™1 1.92 1.82 3.60
TR1 7.38 7.75 22.5
TR2 2.96 3.57 3.64
TTs1 24.3 14.0 115
TTS2 13.4 7.58 159
1S3 3.00 2.66 3.64
TTs4 1.66 1.53 3.64

7 suggests that while the partition function for this
mode can by numerical coincidence be adequately
treated as either free rotor or harmonic oscillator, a free
rotor is the best interpretation); tr1 also appears to be
a harmonic oscillator. None of these results are sur-
prising in view of the type of mode. These results can
be used to reduce the computational expense of future
calculations by avoiding time-consuming rotational
potential scans. The last two internal rotations, 77s;
and 7Tsp, cannot however be adequately treated as either
harmonic oscillators or free rotors. This is clearly
illustrated for zts; in Figure 5 in which two valleys in
the potential energy surface are thermally accessible
from the potential minimum (so it is not a harmonic
oscillator) while parts of the surface lie well above kgT
(so it is not a free rotor). For 77s, (Figure 6), only one
valley in the potential energy surface is thermally
accessible. However, this mode is not harmonic because
the surface is not parabolic. Since the reduced moment
of inertia for this mode is quite large, there is a large
number of energy levels below 200 cm~* which contrib-
ute significantly to the partition function. These energy
levels are quite different for the calculated hinder-rotor
potential and for the harmonic approximation, resulting
in a large difference in Qint rot aNd Qnarmonic-

Calculation of kp. The value of k, was calculated
using eq 1 for the reaction monomer + monomer radical
— dimer radical TS, and monomer + syndiotactic dimer
radical — rr trimer radical TS. For MAN, the transla-
tional and external rotational partition functions show
little variation with the level of theory used. However,
the vibrational partition functions vary widely, due to
small nonsystematic differences in the large number of
low frequencies in the TS. The frequency factor was
not calculated at the AML1 level of theory because this
often gave two imaginary frequencies for the monomer
radical. Critical energies (and hence E;) vary widely
with level of theory and number of monomeric units;
the level at which “chemical” accuracy can be obtained
for E, has been discussed elsewhere .57

The reaction path degeneracy factor m'o/mo’ in eq 1
was 2, since each TS exists as a pair of enantiomers.
The value of k, for the formation of the syndiotactic TS
must also be added to that for the isotactic TS. It will
be shown later that E, for isotactic addition is much
higher than E, for syndiotactic addition at all levels of
theory, and so only the syndiotactic addition is consid-
ered in comparison of the calculated kp with experiment.

Comparison with Experiment

Experimental Arrhenius parameters for MAN are
shown in Figure 11, as the 95% joint confidence inter-
vals recalculated (using the method of van Herk3°) from
the experimental k, values reported by Shipp et al.® at
different temperatures. The uncertainty in Kk for all of
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Figure 11. Line and point (®): 95% joint confidence interval
for experimentally measured Arrhenius parameters for k, of
MAN compared with theoretical results, the center point (®)
being the best-fit value. Other points are theory: A calculated
with 7rs; and CHjs rotations (M), or all internal rotations (a).
E. was calculated at the QCISD/6-31G* level of theory.

the experimental data points, needed to determine the
confidence interval, was assumed to be 20%. This is
based on the difference between literature values of
intrinsic viscosity and recent triple-detector size-exclu-
sion chromatography (TD—SEC) results measured by
Hutchinson et al.,!” found to range from 10 to 20% for
most monomers. This translates to an error in molec-
ular weight of ~20%. Also given in Figure 11 are the
calculated Arrhenius parameters (A calculated with
either 7153 and CHj3 rotations or all internal rotations
for the formation of the rr trimer TS and E, calculated
at QCISD/6-31G™ level of theory).

In addition to uncertainty arising from experimental
scatter, there are also some questions about systematic
errors in the experiments used to measure k;, by PLP,°
since the Mark—Houwink parameters (K and a) used
to calibrate the molecular weight distribution measured
by GPC may be incorrect. The K and a values for MAN
were not measured using the recommended*” method
of triple-detector size-exclusion chromatography (TD—
SEC). Instead, they were measured using viscometry
in DMF with Ubbelohde viscometers and calibration
was carried out using literature K and a values deter-
mined in acetone by viscometry. Work is currently
under way to measure K and a values for MAN by TD—
SEC for reprocessing of the PLP data.

Experimental and Calculated Frequency Fac-
tors. The calculated frequency factors for MAN and AN
are given in Table 4, showing that while experiment and
theory are generally close, the theoretical results are
almost always lower than experiment. The value of A
for MAN calculated at the UHF/6-31G* level of theory
with the rr trimer TS, which includes the partition
function for trs1 and CHs rotations, is a factor of 2
smaller than the experimental value. The value of A,
which also includes the tr; and z7s; internal rotations,
agrees quite acceptably with experiment. This final
result must however be treated with some caution, since
the normal modes that were replaced by these internal
rotations did not correspond to pure 1-dimensional 7r;
and trs2 rotations. In contrast, the normal modes that
were replaced by the 7ts; and CHj3 rotations were clearly
simple 1-dimensional rotations.

The calculations show that the frequency factor
increases with chain length. The increase from dimer
to trimer is because the zr: internal rotation is much
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Table 4. Frequency Factors for Propagation of MAN and AN

log (A/IM~1-s-1)

type of TS level of theory int rotors MAN AN AAN/AMAN
syndiotactic dimer UHF/3-21G 5.53
UHF/3-21G TTS1 5.97
UB3-LYP/6-31G* 5.59
UHF/6-31G* 5.34 5.68 2.2
UHF/6-31G* TTs1 5.87 6.30 2.7
UHF/6-31G* 151 + CHgz rotations 5.96 6.30 2.2
rr trimer UHF/6-31G* 5.54 6.30 6.0
UHF/6-31G* TTs1 5.96 6.81 7.1
UHF/6-31G* 7151 + CH3 rotations 6.14 6.81 4.7
UHF/6-31G* all 6.36 6.83 2.9
experiment 6.43 £0.26

looser in the dimer radical than in the monomer radical.
Previous work on ethylene’26 found that the frequency
factor for the trimer and TSs up to nine carbon atoms
in length were within a factor of 1.6 of each other, and
therefore the above treatment for the MAN trimeric
system is probably adequate.

The calculations show that A is fairly insensitive to
the three different levels of theory used. The frequency
factors calculated for the dimer TS using only harmonic
frequencies lie within a factor of 1.8 of each other. The
UHF/3-21G and UHF/6-31G* calculations which include
the 71s; internal rotation only differ by 26%. The UB3-
LYP/6-31G* frequency factor is larger than the others
because the TS optimized at this level of theory was
found to be more “loose” than at the other levels (the
forming C—C bond length is 2.27 A with UB3-LYP/6-
31G* compared to 2.19 A with UHF/6-31G*), resulting
in lower frequencies in the TS than at the other levels
of theory (this was also observed with calculations on
the propagation of ethylene’2%),

There is a relatively small discrepancy between the
frequency factors deduced from experiment and found
here by calculation: if the uncertainties in the experi-
mental values are included, the theoretical value is
within 7% of the 95% confidence interval (Figure 11).
One reason may be uncertainties or errors in the
experimental result, discussed above. Another possible
reason for the small discrepancy could be due to solvent
effects. One way in which solvent may act is by
providing a “frictional” force?231.32 to the external rota-
tion of the monomer. This effectively provides a barrier
to rotation, reducing the monomer partition function
and thus increasing the calculated value of k: i.e., this
would increase the calculated A factor, a hypothesis in
accord with the observation that the (gas-phase) A
factors calculated here appear to be systematically
smaller than experiment. The fact that the present
calculations yield results that are at worst no more than
a factor of 2 different from experiment suggests that
indeed such solvent effects are small.

A third possible explanation for the small discrepancy
in A between theory and experiment is that this is due
to the accumulation of a small error (e.g., 10%) in the
partition function ratios (Q'/Q) for a large number of
low frequency (or rotationally hindered) modes, espe-
cially for those which are slightly different between
reactant and transition state and involve more than the
three monomer units considered here.®

Experimental and Calculated Activation Ener-
gies. E, was calculated at a number of different levels
of theory using the UHF/6-31G* geometries. This is
summarized in Table 5, which shows a huge variation
in the calculated EZ's. This scatter in E; has been

observed in other calculations for radical reactions.”826:33
The highest level of theory used, QCISD/6-31G*, gives
an activation energy for MAN quite close to the experi-
mental value, although the result may be fortuitous, as
this level of theory is not as good as the lowest level
recommended for such calculations (QCISD(T)/
6-311G**).8 The MAN system is also very badly affected
by spin contamination ([5200= 1.21 in the TS compared
with 0.75 for a pure doublet), which can result in errors
in UMP energies.34-36

One interesting feature in Table 5 is that the differ-
ence in E, between the isotactic and syndiotactic dimer
transition states is roughly unchanged between all
levels of theory, being approximately 10 and 8 kJ mol~?
respectively for MAN and AN. The difference in E; is
probably independent of theory because the stereoiso-
meric TSs differ mainly in the degree of bond-bending
and nonbonded interactions. The energetics of such
interactions are adequately described by low levels of
theory (e.g. no bonds formed/broken, and the energy
bond-bending is independent of level of theory, as
evident from the similarities between harmonic fre-
guencies calculated at different levels). If this difference
is real (which the consistency of the difference at all
levels of theory appears to show), it indicates that
reaction via the syndiotactic pathway occurs ~97% of
the time at 80 °C and so isotactic addition can be
ignored.

Trends in Frequency Factors. The acceptable
accord for experimental frequency factors, and perhaps
for activation energies, at the highest level of theory
used here suggests that this is an adequate simulation
of the electronic structure for the differences between
reactant and transition state. It is highly likely that
the simulations can be used for an analysis of trends,
since any differences between reality and our quantum
calculations should be similar for each member in a
series of homologous reactions. Such trends are, for
example, the observation (which is likely to be general)
that acrylates have lower activation energies and higher
frequency factors than the corresponding methacrylates.

The value of A for AN calculated at the UHF/6-31G*
level of theory with the rr trimer TS is 4.7 times that
for MAN (when the partition function for 7ts; and CHj;
rotations are included—see Table 4). When the partition
function for the tr1 and trs; rotations are included, the
difference is reduced to a factor of 2.8, although as
discussed before this must be treated with some degree
of caution. Given this caveat, the theoretical results for
MAN/AN are in agreement with the experimental trend
for BMA/BA and other acrylate/methacrylate systems.

While eqs 1 and 4 (the latter in fact defining the
activation energy and frequency factor in terms of the
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Table 5. Activation Energies (kJ mol~!) for Propagation of MAN and AN (for Dimer TS), Where the Level of Theory
Approximately Increases in Accuracy down the Table

MAN AN

level of theory? synP iso® AEd synP iso® AEd MAN—ANE
UHF/3-21G 36.2
UHF/6-31G* 56.1 67.0 10.9 49.3 56.9 7.6 6.7
UHF/6-31G** 56.8
UHF/6-311G** 60.9
UMP2/6-31G* 50.8 64.1 13.4 63.4 72.9 9.5 —12.6
UMP2/6-311G** 455
UMP3/6-31G* 55.7 68.3 12.6 63.5 72.2 8.7 -7.8
UMP3/6-311G** 51.5
UMP4(D)/6-31G* 56.6 69.1 12.5 65.4 74.0 8.6 —8.7
UMP4(D)/6-311G**
UMP4(DQ)/6-31G* 55.9 68.2 12.3 63.8 72.4 8.6 -7.9
UMP4(DQ)/6-311G** 51.5
UMP4(SDQ)/6-31G* 48.4 60.3 11.9 56.9 64.8 7.9 —8.4
UMP4(SDQ)/6-311G** 43.4
PUHF/6-31G* 6.8 15.0 8.2 —6.2 —-25 3.8 13.0
PUHF/6-311G** 11.9
PMP2/6-31G* 4.2 151 10.8 10.8 16.8 6.0 —6.6
PMP2/6-311G** -0.9
PMP3/6-31G* 15.0 25.5 10.5 17.2 22.9 5.8 —-2.1
PMP3/6-311G** 11.2
UB3-LYP/3-21G 16.1
UB3-LYP/6-31G* 32.7 43.0 10.3 26.9 33.2 6.2 5.8
QCISD/6-31G* 32.3 42.9 10.6 38.3 44.7 6.5 —6.0
Experiment 29.7+15

a UHF/6-31G* geometries.  E, for syndiotactic addition. ¢ E, for isotactic addition. 9 Ea(iso) — Ea(syn) & Ea(MAN) — Ea(AN).

Table 6.

(a) Contribution of Internal Rotations to Difference in A for AN and MAN (As Measured by Q'/Q at 303 K)

MAN AN
reactant/TS Mode Q Qf QiR Q Qf QiR contribution to Aan/aman?
free rot/zrs1 115 243 0.21 100 28.6 0.29 1.35
TR1/TS2 7.38 13.4 1.8 15.4 15.4 1.0 0.55
TM1/7TS3 5.62 8.99 1.6 0.63
TR2/1TS4 8.87 4.97 0.56 1.8
(b) Contribution to A of Transitional Modes Corresponding to Monomer External Rotations
Q (monomer - ext rot) Q' (3 transitional modes) QR

MAN 8.26 x 10* 238 2.89 x 1073

AN 2.60 x 10* 338 1.30 x 1072

ratio MAN/AN 0.314 141 4.5

a (QT/Q)AN/(QT/Q)MAN (for CH3 rotations (QT/Q)AN = 1.0).

slope of an Arrhenius plot) are used to find the fre-
guency factor in quantitative calculations, when exam-
ining trends it is helpful to use the approximate relation

_keT Q'
AT g ©)

Since the low-frequency internal rotations significantly
affect A, the contribution of these modes to Q'/Q for each
TS mode was calculated. The various components in
this calculation are summarized in Table 6. It had been
suggested1915 that methyl hindrance might explain the
difference, and one might suppose that this could be
because of the internal rotations that occur only in the
methyl-substituted monomer. It could be that the CH3
rotations in the radical and monomer would become
more hindered (due to steric effects) as the reactants
come together in the TS, decreasing A for the methyl-
substituted monomer. However, the present calcula-
tions show that instead the monomer CHs; rotation
actually becomes less hindered: the partition function
for this mode changes from 5.6 to 9.0 in going from
reactants to TS, as seen in Table 6, while the radical

CH3 rotation becomes more hindered, as expected (the
partition function for this mode changes from 8.9 to 5.0
in going from the reactants to the TS). This results in
a cancellation of the effects of the two rotations. From
Table 6, it can be calculated that the CHj3 rotations only
account for a 12% increase in A for MAN relative to AN.
In a similar calculation on 7ys1 (which corresponds to a
monomer free rotation in the reactants), this mode was
found to only cause a 35% increase in A for AN over
MAN (Table 6).

Table 6 also shows that 7g1 and zrs2 contribute to a
45% decrease in A for AN relative to MAN and therefore
opposes the overall result that A for the methyl-
substituted monomer is smaller than that for the
unsubstituted monomer. Although both the g1 and zrs;
rotations are more hindered in MAN (evident from the
lower value of the partition function for the two modes
in MAN, as seen in Table 6), the 7g; rotation becomes
significantly more hindered than the 7ysy rotation.
Since Q for MAN is much smaller than Q for AN, while
Q' is fairly similar for the two monomers, the net result
is that Q'/Q for the methyl rotation is larger for MAN
than for AN.
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Other low frequency modes which could significantly
influence the difference in A for MAN and AN are the
so-called transitional modes in the TS.618 These modes
correspond to three translational and three external
rotational degrees of freedom in the reactants. The
partition functions for these modes decrease dramati-
cally in becoming hindered internal rotations and vibra-
tions in the TS. Table 1 shows that there are four
transitional modes under 200 cm~. Three of these (the
Trs1 internal rotation and two bending modes) ap-
proximately correspond to the three monomer external
rotational degrees of freedom, while the fourth (a
bending mode) corresponds to one of the monomer
translational degrees of freedom. The transitional mode
with an imaginary frequency is of course the reaction
coordinate.

The contribution to A of the transitional modes
corresponding to rotations (as measured by Q/Q ) is
given in Table 6. The contribution from the transitional
mode to the reactant partition function, Qmv, is the
external rotational partition function of monomer, while
that for transition state, Qmm', was taken as the product
of the partition functions of the three transitional modes
(r1s1 Was treated as an internal rotation while the other
two modes were treated as harmonic oscillators). Table
6 shows that Qv for AN is only 31% of Qtm for MAN.
This is almost entirely due to one of the principal
moments of inertia of the MAN monomer being over 5
times that of the AN monomer (a direct result of the
presence of the methyl group). On the other hand, the
values of Q' for the two monomers are quite similar.
In fact, Qmm' for AN is larger than Qmu' for MAN,
opposite to what one would expect from the reduced
moments of inertia or reduced masses for the two
monomers. This result is due to the potential energy
surfaces for these modes being much steeper (bending
force constants much larger) in MAN than in AN. Since
the only difference between the two monomers is the
presence or absence of a methyl group, one can assume
that the higher force constant for MAN is due to
increased steric hindrance from the methyl groups. The
effect of the higher force constant (which reduces Q")
in MAN partially cancels with the effect of the higher
reduced mass (which increases Qmm'), the net result
being that Q' for AN is larger than Qy" for MAN.
This cancellation does not occur for Qty, since the
external rotations of the monomer are assumed to be
free (rotational potential is zero everywhere, inherent
in a gas-phase treatment), and so the only variable
influencing Qty is the moment of inertia. The overall
contribution to the difference in A (as measured by Qf/
Q) from the rotational transitional modes (or the
external rotations of the monomer) is a factor of 4.5
increase in A for AN over MAN, which accounts for
almost all of the calculated difference in A (see Table
4).

It had been suggested®826 that the most important
modes influencing differences in frequency factors are
the three rotational transitional modes: two transitional
modes corresponding to rotations in reactants (tys; and
a bending mode), and 71s2. In actuality, it will now be
shown that 7rsz is unimportant in influencing differ-
ences in frequency factors, due to cancellation of its
effects with the corresponding reactant mode 7r; in the
transition state expression; the other modes will how-
ever be seen to be influential.
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The other TS modes under 200 cm™1 (see Table 1) also
appear to make only a small contribution to the differ-
ence in A. Q'/Q was calculated for all of the nontran-
sitional and noninternal rotational TS modes under 200
cm~?! (based on the assignments in Table 1) assuming
that they could all be treated as harmonic oscillators
(since all of them are bending modes). It was found that
overall the ratio Q/Q for these modes was only 8%
larger for MAN than for AN.

For a pair of monomers with a much bulkier side
chain than the CN group in MAN and AN, the difference
in Qrm would be much smaller, since the principal
moments of inertia would not be significantly affected
by the small methyl group. However, the reduced
masses of the transitional modes would also be unaf-
fected. Therefore, there would be no cancellation of the
effect of the increase in force constant in the methyl-
substituted monomer with any increase in reduced
mass. One would then expect Qmy' for the methyl-
substituted monomer to be significantly smaller than
Qrwm' for the unsubstituted monomer. The net result is
that the difference in Q'/Q for the pair of monomers with
a bulky side chain would be similar in magnitude to the
difference in Q/Q for MAN and AN. The contribution
of the translational transitional modes would be smaller
than that of the rotational transitional modes since the
difference in Qans for AN and MAN (~30%) is much
smaller than the difference in Qext rot. There is also only
one translational transitional mode with a real fre-
quency under 200 cm~! which would have a major
influence on Q.

It can be concluded from this section that the differ-
ence between A'’s for methyl substituted and unsubsti-
tuted monomers is largely due to the difference in Q
for the external rotational degrees of freedom of the
monomer, combined with the similarity in Q' for the
corresponding rotational transitional modes in the TS.
For MAN/AN, the difference in Q is a result of the large
difference in one of the principal moments of inertia of
the two monomers (because of the methyl group) while
the similarity in Q' is caused by a cancellation of the
effects of an increase in the force constants (due to
methyl hindrance) and an increase in the reduced mass
for the modes in the methyl-substituted monomer. For
monomers with bulky side chains, the difference in A
probably arises from a corresponding difference in Qf
for the monomer pair (e.g., acrylate/methacrylate) be-
cause of different force constants, while the values of
Qext rot for the monomer pairs will be similar because of
the similarity in moments of inertia.

Trends in Activation Energies. Table 5 shows
that at most of the levels of theory used (including the
highest—QCISD/6-31G*), the calculated E, for AN is
larger than that for MAN, opposite to the measured
trend for BMA and BA. However, the levels of theory
used are all below the minimum recommended to obtain
accurate results (QCISD(T)/6-311G**)8 (unfeasible with
the computational resources available). There are no
accurate Arrhenius parameters for k, of acrylonitrile,
although experiment suggests that it propagates up to
3 orders of magnitude faster than MAN at 25 °C.%7
However, AN does not swell its polymer, and hence
polymerization mechanisms can be quite different, so
equating these results to a lower E; for AN is not
reliable. Despite this, the importance of the factors that
influence E; may still be quantified using calculated
geometries, which are not sensitive to the level of theory
used. This analysis is now given.
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The factors that have generally been invoked38—42 to
explain differences in E, for radical reactions are (a)
reaction enthalpy (strength of bonds formed/broken), (b)
the degree of charge transfer in the transition state
(polar factors), (c) steric repulsion in the transition state,
and (d) resonance stabilization of the reactants relative
to the transition state. There have been few accurate
theoretical studies to quantify the contributions of the
various factors to E, in homopolymerization reactions.
Most of the theories developed have been based on
experimental data for radical reactions between very
different substrates, which may overemphasize certain
factors that may be unimportant in homopolymeriza-
tions. One problem with the analysis is that the small
difference in E; (5 kJ mol~1—on the order of rotational
barriers) makes it difficult to ascribe the difference
unequivocally to any particular factor.

Reaction Enthalpy. The contribution of reaction
enthalpy to E; is really a combination of the other three
factors, but applied to reactant and product rather than
to the reactant and the transition state. Reaction
enthalpy should be important if the TS is “productlike”,
i.e., if there is a significant energetic contribution to the
TS from the energy of the forming and/or breaking
bonds. Comparing the “monomer” double bond lengths
(UHF/6-31G*) in the MAN and AN TSs (1.40 A) to their
lengths in the reactants (1.32 A) and product radical
(1.55 and 1.51 A respectively), the TSs appear to be
halfway between reactants and products. Furthermore,
accurate theoretical values for reaction enthalpies and
E, are not available for comparison, making it difficult
to determine the role of this factor.

Polar Factors. Polar stabilization of the TS occurs
through mixing of charged configurations with the
uncharged TS configuration, if the energy gap between
configurations is small.43=45 This results in a lowering
of E; and the development of a polar character in the
TS. The Mulliken charges on the carbon atoms con-
necting the forming bond in the MAN and AN TSs are
similar (—0.22 and —0.39 in the AN syndiotactic dimer
TS and —0.06 and —0.39 in the MAN TS (UHF/6-31G¥)),
and the changes in charges from the reactants to the
TS are almost identical. This suggests minimal polar
effects.

There is also good experimental evidence for no
significant effects from polar factors in homopolymeri-
zation reactions: the insensitivity of such reactions to
solvent polarity*® (excluding any effects of specific
bonding of solvent with monomer*’~4%. For MAN,°
there is no discernible difference in kp in benzene
(dielectric constant = 2.274 at 25 °C) and acetone
(dielectric constant = 20.7).

From this accumulated evidence, it can be concluded
that polar factors are probably not very important in
explaining the trends in E..

Steric Factors. Steric factors include nonbonded
interactions and angle strain (S-strain). The effect of
nonbonded interactions was estimated using the Len-
nard—Jones (12,6) potential and literature values®° for
the Lennard—Jones well depth ¢ and diameter ¢ for
CHy, N, and H; (=137, 91.5 and 33.3 K and o =3.82,
3.68 and 2.97 A, respectively) for the CHs::-CHs,
CN:---CN, and H---H interactions, respectively. The
applicability of any Lennard—Jones parameters for CN
is however questionable due to the polarity of this group.
CH3++CN, CH3*-*H, and CN---H interactions were cal-
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Table 7. Distances between Substituents (A) in MAN and
AN Syndiotactic Dimer TSs (Distances Measured from
Carbon Atoms of Substituents for CHz; and CN and from
Hydrogen Atom for H)

interacting substituents MAN AN
CN—-CN 4.31 4.25
CH3—CN/H-CN 3.56 3.35
CH3—CN/H-CN 3.51 3.31
CH3—CH3/H—-H 4.33 3.61

Table 8. Total Distortion Energies and Difference in
Energies for MAN and AN (kJ mol~1) in Propagation

Reactions
level of theory? MANP ANP difference®
UHF 61.3 53.2 8.1
UMP2 26.8 22.7 4.1
PUHF 74.6 64.3 10.3
PMP2 38.1 32.2 5.9
UMP3 37.5 31.9 5.6
UMP4(D) 33.1 28.0 5.1
UMP4(DQ) 36.2 30.8 54
UMP4(SDQ) 36.4 30.6 5.8
PMP3 45.6 38.8 6.7
QCISD 41.4 34.8 6.6

a6-31G* basis set. » Energy E ={E(monomer in TS geom.) +
E(radical in TS geom)} — {E(monomer in reactant geom.) +
E(radical in reactant geom.)}. ¢ E(MAN) — E(AN).
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Figure 12. MAN TS illustrating angles a. and § that define
distortion from planarity in TS (angles measured between
plane containing carbon atoms of substituents (or hydrogen
atoms in case of H substituents) and polymer backbone carbon
and line joining the two backbone carbons).

culated using the usual combining rules (geometric
mean for ¢, arithmetic mean for o).

The nonbonded interactions were calculated by con-
sidering the pairwise interaction energies of the sub-
stituents (CHs, CN, and H) in the MAN and AN TSs,
measuring the distances from the carbon atoms of the
substituents (in the case of CHz and CN) or from the
hydrogen atom (in the case of H). These distances (for
syndiotactic dimer TSs at UHF/6-31G* level of theory)
are given in Table 7. The estimate of the difference in
nonbonded interactions in the MAN TS and AN TS
using this method is 3.9 kJ mol~1.

The larger distortion from planarity of the monomer
and radical in the formation of the TS for MAN s
expressed in terms of the angles o and j in Figure 12;
o is 36.8 and 33.3° in the MAN and AN TSs, respec-
tively, while g is 27.6 and 25.0°, respectively. The
values of a and j are zero in the reactants, indicating
that g-strain may explain the difference in E,.

The energy change for distortion of the monomer and
monomer radical to their TS geometries was used as
an estimate of g-strain (the geometry of a species in the
TS was taken as the coordinates of the atoms belonging
to that species in the TS). Bond lengths changes are
similar in MAN and AN, so contributions from bond
stretching can be ignored. The distortion energies were
calculated at a number of levels of theory and are given
in Table 8.
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Figure 13. lllustration of difference in steric strain in the
formation of the MAN and AN TSs.

\/\ _- v C/
CHzC_ H -~ \/\CH_C4

Figure 14. Resonance structures of MAN monomer radical.

The contribution of S-strain (~6 kJ mol~1) is larger
than the calculated nonbonded interactions at all levels
of theory, but both effects are consistent with the
observed difference in E; for BMA and BA. The differ-
ence in p-strain for MAN and AN is also very similar
at all levels of theory used, indicating that these
energies due not suffer from the same problems as the
E, calculations and that they give good estimate of the
true strain energy.

The difference in E, is probably a combination of
p-strain and nonbonded interactions. The geometry of
the TS becomes distorted so as to move the substituents
apart (to reduce nonbonded interactions), which in turn
increases the angle strain. The final geometry mini-
mizes the increase in energy due to the two factors.
Since AN has no methyl groups, nonbonded interactions
are smaller, resulting in less distortion in the TS and
thus less angle strain. The differences in steric strain
in the TSs of MAN and AN are illustrated in Figure
13. Steric factors, and g-strain in particular, may also
be responsible for the differences in E, found for the
syndiotactic and isotactic TSs of both MAN and AN,
since greater deviations from planarity are observed in
the isotactic TS.

Resonance Stabilization. The shorter length of the
C—C bond of the C—CN group in the MAN and AN
monomer radicals (1.39 and 1.40 A respectively) com-
pared to a typical C—C single bond (1.54 A) indicates
extensive resonance stabilization is present (Figure 14).
This is partially lost in the TS (the bond length increases
to 1.44 and 1.45 A respectively for MAN and AN) due
to loss of planarity of the radical center. The larger
distortion from planarity for MAN compared to AN
should result in a larger loss of delocalization energy.
The delocalization energy of the allyl radical of 119 kJ
mol~ (as reported by Mo et al.5! using ab intio methods—
see also comments by Gobbi and Frenking®?), analogous
to the C—C=N delocalized system, shows that even a
small difference in the loss of delocalization energy in
the MAN and AN systems could have a significant effect
on the difference in E, (delocalization is not as extensive
as one would expect for molecules with m-systems
containing only carbon, since nitrogen is more elec-
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tronegative than carbon, making the resonance hybrid
on the right of Figure 14 less important than the one
on the left).

It is noted that the angle-strain calculations carried
out above do not separate delocalization from steric
effects. The effect of delocalization on E, being proposed
here is not based mainly on the stability of the radical
(which has been proposed previously*') but rather on
the loss of this stability in the TS.

The role of hyperconjugation (due to the methyl
substituents) does not appear to be significant, since the
decrease in the C—CHj bond length and increase in the
C—H bond lengths in CH3 in the radical from their
“typical” values expected with hyperconjugation® does
not occur. This agrees with observations of changes in
spin density in neutral radicals due to alkyl substituents
by ESR spectroscopy, which show that the alkyl sub-
stituents only reduce the spin density on the central
carbon atom by about 8%.40

The above arguments show that the difference in E,
for MAN and AN (and analogously between methacry-
lates and acrylates) can be explained entirely in terms
of distortions from planarity in the TS, which are a
combination of steric effects (angle strain and non-
bonded interactions) and a loss of delocalization in the
TS. While the effect of reaction enthalpy cannot entirely
be discounted, since the TSs for propagation of both
MAN and AN are intermediate between reactant and
product, the origin of this enthalpic effect (or more
precisely the difference in energy between reactant and
product) would indeed the same as that discussed
between reactant and transition state.

Similarities in Homologous Series

The similarity between frequency factors and activa-
tion energies for homopropagation in homologous series
can be rationalized based on the results of the calcula-
tions given above.

It was concluded from the results in Figure 10 that
steric hindrance to internal rotation is not affected very
much by parts of the chain more than two carbon atoms
from the axis of rotation. Since the substituents that
differ in members of the homologous series that have
been examined experimentally (e.g. the methacrylates)
are more than two carbon atoms from the reacting
centers, the hindrance to rotation and vibration of these
substituents in the reactants and TS should be almost
identical. Since the TS expression contains a ratio of
the partition functions for the reactant and TS modes,
there should be an almost exact cancellation of the
effects of these modes. Thus A should be very similar
for members of a homologous series. Similarly, the
large distance from the reacting centers of these sub-
stituents results in a negligible electronic contribution
to the TS from these groups (the alkyl chains also do
not provide a favorable pathway for electron delocal-
ization). Steric effects are also small due to the distance
between the groups. Hence, E, is similar for members
of a homologous series.

Extant data for A and E, for homologous series—14
do not appear to show any systematic trends: for
example, the values of log A/dm? mol~! s~ for the series
methyl, ethyl, and butyl methacrylates are 6.69, 6.65,
and 6.68 respectively; those for E, are 24.1, 23.9, and
23.6 kJ mol~t. Any systematic differences in A for
members of a homologous series may be due to the
accumulation of small differences in the partition func-
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tions of the low-frequency modes resulting from the
presence of different substituents in the various mono-
mers. As discussed before in the comparison of A for
MAN and AN, even very slight systematic differences
in the low frequencies can result in a significant effect
on A. Any small differences in E, for members of
homologous series might be accounted for in terms of
steric effects. In the comparison of MAN and AN, in
which the substituents that differ in the two monomers
are more closely separated in the TS, such effects
amounted to a ~10 kJ mol~! difference in E,. The
smaller difference in E, for members of a homologous
series merely reflects the greater separation in the TS
of the substituents that differ in members of the
homologous series.

Conclusions

At the highest level of theory used, the calculated
frequency factor for propagation of MAN was found to
be within a factor of 2 of the experimental value. The
relatively small discrepancy between these values may
be due to solvent effects, which were ignored in the
calculations; these could cause the monomer rotations
to be less free in the condensed phase than in the gas
phase. Alternatively, the discrepancy may arise from
the accumulation of small errors in the vibrational/
hindered rotational function of many modes.® Because
much of the ratio QT/Q comes from geometrical consid-
erations which can be found to moderate accuracy with
low levels of theory, frequency factors and rotational
potentials were found as expected to be insensitive to
the level of theory used (above the HF/3-21G level),
although the semiempirical AM1 method does not
perform very well. However, two of the internal rota-
tions studied (one in the radical and one in the TS) were
found to be sensitive to the chain length of the radical
or TS used in the calculations. E, is of course extremely
sensitive to the level of theory used, and calculations
at an adequate level (to an accuracy of, say, £2 kJ
mol~1) were unfeasible.

On the basis of the comparison of transition state
properties for propagation in the model systems of MAN
and AN, it seems that the difference in A for propagation
of acrylates and methacrylates is almost entirely due
to hindrance caused by the methyl groups to the three
transitional modes in the TS, which correspond to the
three external rotational degrees of freedom of the
monomer in the reactants (but not due to an increase
in hindrance to methyl rotations in the TS of the methyl-
substituted monomer). The difference in E, for the
same systems could be explained in terms of steric
effects (angle strain/nonbonded interactions) and loss
of delocalization in the TS. The difference in steric
effects was quantified and found to agree with the
measured difference in E;. This analysis of differences
in A and E, can be applied to understanding trends in
propagation in general.
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