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ABSTRACT: High-level ab initio molecular orbital theory calculations have been used to calculate the rate
coefficients and Arrhenius parameters for dimer models of the propagation steps for the free-radical
homopolymerization of methyl acrylate and vinyl acetate at 298.15 K. Gas-phase Arrhenius parameters,
as calculated under the hindered rotor model, showed large deviations from the corresponding solution-phase
experimental data, because the stabilizing effect of hydrogen bonding in the transition structures of
these reactions is much less significant in solution compared with the gas phase. This also leads to qualitative
differences in the preferred transition state conformations in the respective phases, and it is therefore
necessary to base all calculations (including the conformational analysis) on the solution-phase free energies.
We find that chemically accurate values can be obtained via a thermodynamic cycle in which accurate
G3(MP2)-RAD calculations in the gas phase are corrected to the solution phase using free energies of
solvation, as computed by the COSMO-RS method. However, the use of DFT methods for the gas-phase
energies and/or simple continuum models for the solvation energies can lead to errors of several orders of

magnitude and should therefore be avoided for these types of reaction.

Introduction

The accurate and precise measurement of the rate and equili-
brium constants of the various individual reactions of free-radical
polymerization is crucial for the design and implementation
of valid kinetic models for these complex processes. This has
become particularly important with the development of con-
trolled radical polymerization processes, as their success is often
dependent upon striking a delicate balance of the rates of several
competing reactions. Kinetic modeling offers the opportunity to
study the effects of the reaction conditions, and the reactivities of
the reagents themselves, on the overall outcome of the reaction.
This information can then be used to develop simple guidelines
for selecting (or designing) optimal control agents for the control
of any specific monomer and for optimizing the other accom-
panying reaction conditions.

However, not only has the complexity of radical polymeriza-
tion processes placed increased importance in the measurement
of individual rate coefficients but also it has concurrently in-
creased its difficulty. This is because experimental techniques, by
necessity, can only measure the “observables” of a process,
typically the overall reaction rate, the average molecular weight
distributions, and the time dependent concentrations of some of
the major species and/or major functional groups. These are then
related to the individual rate coefficients by fitting some assumed
model to the measured data. For simple homopolymerizations,
the development of elegant techniques such as pulsed laser
polymerization has made possible the measurement of the
principal rate coefficients in a relatively model-free manner.'
However, for more complex systems, such as controlled radical
polymerization processes, the kinetic models themselves are less
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well established and further simplifying assumptions are in any
case necessary to reduce the number of unknown model para-
meters. These model-based assumptions are a potentially large
source of error in the rate coefficients obtained from experimental
data.’

Given these difficulties, computational quantum chemistry
offers an attractive complementary strategy for modeling free-
radical polymerization processes as it can be used to calculate the
rate and equilibrium constants of any individual chemical reac-
tion directly, without recourse to model-based assumptions other
than the requirements of quantum mechanics. However, as is
well-known, the many-electron Schrodinger equation has no
analytical solution and approximate numerical methods must
be used. Although highly accurate methods exist, these are
extremely computationally intensive, with their computational
cost scaling rapidly with the size of the system. Applying quantum
chemistry to polymerization processes therefore involves a com-
promise whereby the propagating radical and other polymeric
species are modeled with corresponding oligomeric species, and
so that these models can be as large and realistic as possible,
lower-cost computational procedures are adopted. The use of over-
simplified chemical models, and/or low-level quantum-chemical
methods, can lead to large errors in the resulting kinetic data.

Nonetheless, aided by rapid and continuing increases in
computer power, computational chemistry is rapidly establishing
itself as a reliable and useful tool for the polymer field.® To date it
has principally been used in mechanistic studies where qualitative
or semiquantitative information is usually sufficient for practical
purposes; however, progress has also been made toward the more
ambitious goal of using computational chemistry to make quan-
titative predictions of rate and equilibrium constants. In a proof-
of-principle study, we examined the chain length dependent
propagation rate coefficients of vinyl chloride and acrylonitrile,
showing that chain length effects converged to within a factor of
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2 of their long chain values once the propagating radical was
modeled as a dimer.* When these dimer models were studied
using high-level ab initio molecular theory calculations, the
resulting (gas-phase) rate coefficients agreed with the correspond-
ing (solution-phase) experimental values for the polymeric sys-
tems to within a factor of 2 in each case. For these systems, we
showed that the inclusion of solvation effects, as modeled using a
simple continuum model, had a negligible effect on the results.
We have also taken this one step further and combined quantum-
chemical predictions of the chain length dependent addition—
fragmentation equilibrium in cyanoisopropyl dithiobenzoate
mediated polymerization of styrene, with independent experi-
mental rate coefficients for the addition step and the primary
reactions in styrene polymerization, so as to simulate the initi-
alization period of this reversible addition—fragmentation chain
transfer (RAFT) process from first principles.” Our predicted
concentration profiles for the various species, made without
model fitting of any kind, showed excellent agreement with the
independent experimental data,® measured under the same reac-
tion conditions.

Despite this success, the treatment of more solvent sensitive
systems remains problematic. Owing to the large size of the
molecules involved, the majority of published computational
studies have either neglected solvation effects altogether, or
treated them using simple continuum models, such as CPCM’
and PCM.® in which each solute molecule is simply embedded in
an cavity surrounded by the relevant dielectric continuum.
Although these computationally efficient models also include
additional terms for the nonelectrostatic contributions of the
solvent, such as dispersion, repulsion, and cavitation, they are
generally thought to be reliable only when explicit solute—solvent
interactions (such as hydrogen bonding) can be neglected.” ! It
is also worth noting that results obtained with these models are
very sensitive to the cavities used and these are generally opti-
mized against experimental solvation energies for stable mole-
cules, rather than transition structures.

To date, continuum models have been applied to radical
polymerization processes with mixed success. We have used
continuum model solvation energy calculations in conjunction
with high-level ab initio molecular orbital theory calculations to
predict chemically accurate equilibrium constants for reactions
relevant to atom transfer radical polymerization (ATRP)'? and
RAFT."? We have also found that these procedures perform well
for the prediction of redox potentials of a wide variety of open-
and closed-shell species, including species relevant to ATRP and
nitroxide mediated polymerization.'>'* Applications of conti-
nuum models to polymerization kinetics have been more proble-
matic. In an early study, Thickett and Gilbert used a simple PCM
model to study the effect of solvent on acrylic acid propagation,
confirming experimental observations'” that aqueous solvation
substantially lowers the reaction barrier.'® However, it was noted
that in this work that the levels of theory used in the gas- and
solution-phase calculations were not accurate enough for quan-
titative predictions of the reaction rate. More recently, a DFT
study of ethyl o-hydroxymethacrylate (EHMA) yielded a gas-
phase propagation rate coefficient that differed from the corre-
sponding solution-phase experimental values'’ by more than
5 orders of magnitude; when the effects of solvation were included
in the calculations via a simple continuum model, the gap
between theory and experiment actually widened to as much as
8 orders of magnitude. ® However, it is again difficult to establish
whether this large error stems primarily from the use of DFT
methods for the gas-phase calculations, or the failure of the
continuum model solvation energy corrections to account for the
significant hydrogen bonding interactions in this system.

Given these problems, in the present work, we study the
prototypical acrylic and vinyl esters, methyl acrylate and vinyl
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Scheme 1. Free Energy Cycle for the Dimer Propagation Reaction in
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acetate, in order to explore whether chemical accuracy is achie-
vable for these hydrogen-bonding monomers. To this end, we
first benchmark the gas-phase electronic-structure calculations
against gas-phase experimental data for related model systems,
and then, using these procedures in combination with simple
continuum solvation model methods, we compare the solution-
phase predictions against corresponding experimental data. As
part of this work, we also examine a new generation solvation
method called COSMO-RS," in order to determine whether this
improves the accuracy of the calculations. During the course of
our investigations, a gas-phase DFT study of methyl acrylate
polymerization was published.? In this previous work, the pre-
dicted rate coefficients deviated from experiment by approxi-
mately 2 orders of magnitude, and as part of the present inves-
tigation we will explore whether these errors can be mitigated
through the use of higher-level ab initio calculations and/or the
inclusion of solvation energy corrections.

Computational Procedures

To calculate the rate coefficients of propagation reactions in
the solution phase, we utilized the simple thermodynamic cycle
shown in Scheme 1, whereby the free energies of each species in
the solution phase were obtained as the sum of the corresponding
gas-phase free energies and the free energies of solvation. In this
way, we could make use of highly accurate ab initio procedures
developed for the calculation of gas-phase species, and use the
solvation model calculations only for the quantity they were
directly parametrized for (i.e., the free energies of solvation rather
than total free energies in solution). This also allows us to evaluate
the accuracy of the gas- and solution-phase components of the
calculations separately.

Gas-phase calculations were performed using the methodology
we have previously developed for the chemically accurate predic-
tion of propagation rate coefficients in free-radical polymeriza-
tion.* Thus, geometries were optimized at the B3-LYP/6-31G(d)
level of theory, and frequencies were also calculated at this level
and scaled by the recommended?' scale factors. Systematic con-
formational searching at a resolution of 120° was carried out to
ensure all conformations were global rather than merely local
minimum energy structures. Improved energies were calculated at
the G3(MP2)-RAD level of theory, a high-level composite ab initio
molecular orbital theory method that approximates CCSD(T)
calculations with a large triple-& basis from calculations with a
double-¢ basis set, via basis set corrections carried out the R(O)MP2
level of theory.??> Where full G3(MP2)-RAD calculations were
impractical, an ONIOM? approximation was used in which the
core (designed to include the reaction center, all a-substituents,
and any other substituents conjugated with it) was studied at
G3(MP2)-RAD, and the remaining remote substituent effects were
modeled at R(O)MP2/6-311+G(3df,2p). We have previously
shown that this approach can reproduce full G3(MP2)-RAD
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calculations to within chemical accuracy.”* As part of this work,
we have further confirmed the accuracy of this methodology for
gas-phase rate calculations via an assessment study, in which we
examined separately the effect of the level of theory for the
geometry optimizations and the single-point energy calculations
on the accuracy of the results, benchmarking the calculations
against higher-level ab initio calculations and available gas-phase
experimental data for related reactions (see the Results and
Discussion section for further details).

Having obtained the geometries, frequencies and energies
of each reactant and transition structure, gas-phase rate coeffi-
cientgswere calculated via the standard transition state theory
eq 1.

k(T) = K(T)ICBTT(CO)lf’”e(*AGI/RT)
kgT o\ 1 —7 QI —AEL
:K(T)};T(c )! "H_Qe( AE/RT) (1)

In this equation, «(7) is the tunneling correction factor, 7T is the
absolute temperature, R is the universal gas constant (8.314 J
mol ! K1), kg is the Boltzmann constant (1.380658 x 1072 J
mol~' K1), & is the Planck’s constant (6.6260755 x 1073* I s),
¢® (= P/RT) is the standard unit of concentration (mol L) and
m is the molecularity of the reaction, Oy and Q; are the molecular
partition functions of the transition structure and reactant i res-
pectively, AG* is the Gibb’s free energy of activation and AE is
the 0 K, zero-point energy corrected energy barrier for the
reaction. The value of ¢° depends on the standard-state concen-
tration assumed in calculating the thermodynamic quantities
(and translational partition function); in the present work, the
(gas-phase) quantities were calculated for a mole of ideal gas at
298.15K and 1 atm, and thus ¢® = 0.0409 mol L™'. The tunneling
coefficient «x(7) corrects for quantum effects in motion along the
reaction path and can be assumed to be unity in the addition of
carbon-centered radicals to alkenes, due to the large masses of the
reacting groups.

Molecular partition functions (Q;) and their associated ther-
modynamic functions (i.e., H, S, and G) were calculated using the
optimized geometries and frequencies in conjunction with the
standard textbook formulas, based on the statistical thermody-
namics of an ideal gas under the harmonic oscillator rigid-rotor
approximation.”®?” These were then further corrected by treating
all low frequency torsional modes as hindered internal rotations
using the standard 1D-torsional eigenvalue summation (TES)
method, apglied at a 10° resolution, as described in a recent
publication.”® To mitigate the effects of coupling between the
modes, we use the method of Van Cauter et al.>’ in which the
harmonic oscillator approximation is applied to all 3N — 6 inter-
nal modes of a molecule, and the resulting vibrational partition
function is then multiplied by a correction factor for each internal
hindered rotor partition function. This factor is then calculated as
the ratio of the hindered rotor partition function to the corre-
sponding “pure” vibrational partition function, as calculated
from second derivative of the rotational potential.

Solvation energies in bulk were calculated using the popular
continuum model CPCM” in conjunction with both the UAKS
and UAHF radii, and also the new generation method COSMO-
RS." These calculations were carried out using the theoretical
procedures at which they were parametrized; namely, B3LYP/6-
314-G(d) for CPCM-UAKS, HF/6-31+G(d) for CPCM-UAHF
and BP/TZVP for COSMO-RS. As part of this work, we
compared solvation energies obtained using geometries that were
optimized in the solution phase versus those obtained using the
gas-phase geometries. At each level of theory, free energies of
each species in solution were obtained as the sum of the corres-
ponding gas-phase free energy, the calculated free energy of
solvation and a correction term, RT In(24.46), to take account
of the fact that the solvation energy is computed for the passage
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Table 1. Comparison of Gas-Phase Theoretical and Solution-Phase
Experimental Propagation Rate Coefficients (kog; L mol ™' s71),
Arrhenius Activation Energies (E,; kJ mol '), and Frequency Factors
(4; L mol ' s ") for Methyl Acrylate and Vinyl Acetate Polymeri-
zation at 298.15 K“

CH,=CHCOOCH; CH,=CHOCOCH;
level of theory E, log(A) log(kyg) E. log(A) log(kaog)

G3(MP2)-RAD 128 64 4.2 74 5.0 3.7
(anti addition)

G3(MP2)-RAD 52 54 4.5 88 4.2 2.6
(lowest conformer)

experimental value 17.7 7.2 4.1 19.8 7.0 3.5
from ref 36

experimental value 20.5 7.2 3.6
from ref 37

“G3(MP2)-RAD//B3-LYP/6-31G(d) calculations were performed
dimer models of the propagating radical. Global minimum energy
conformations were used for the reactants, and rates were calculated
for both the lowest conformer of the transition structure and the
corresponding anti addition conformers, as shown in Figure 1.

from 1 mol L' (g) to 1 mol L™ (soln).*® The overall solution
phase free energy of activation was then used to calculate the rate
coefficient via eq ' as for the gas-phase calculations. In this
equation, the standard unit of concentration (¢°) has a value of
1 mol L™" for solution-phase free energies. Since the solvation
models are parametrized to calculate total free energies of solva-
tion, rather than the individual enthalpic and entropic compo-
nents, solution-phase Arrhenius parameters were obtained by
repeating all calculations at 293 and 323 K and fitting the
Arrhenius relationship to the resulting rate data.

All abinitio molecular orbital theory, density functional theory
and solvation calculations were performed using Gaussian 03,
with following exceptions. URCCSD(T) calculations were per-
formed in Molpro 2006.1,>> and COSMO-RS calculations were
performed in ADF,* using the implementation of Pye et al.**
Calculations of partition functions were carried out using our in-
house program TChem.?%%

Results and Discussion

Gas-Phase Results. Propagation rate coefficients were
calculated for the free-radical polymerization of the proto-
typical acrylic and vinyl esters, methyl acrylate and vinyl
acetate. Initially, calculations were performed in the gas
phase using the high-level ab initio methodology pre-
viously* shown to reproduce the propagation rate coeffi-
cients of acrylonitrile and vinyl chloride to within a factor
of 2. Table 1 shows the resulting Arrhenius parameters
and propagation rate coefficients for each monomer at
298.15 K, as calculated for the addition of a dimer pro-
pagating radical to the monomer, together with the corres-
ponding experimental values.>**” From this table, we find
that the agreement between theory and experiment is very
disappointing. In both cases, while the propagation rate
coefficients show very reasonable agreement with experi-
ment (to within a factor of 2 for MA and an order of
magnitude for VA), this is due to an unacceptably large
cancellation of error in the barriers and frequency factors.
In each case, the theoretical calculations significantly un-
derestimate both the barrier and frequency factor, resulting
in self-canceling errors of around 2—3 orders of magnitude
in the resulting rate coefficients.

These discrepancies between theory and experiment raise
serious questions about general applicability of quantum
chemistry to radical polymerization processes, and it is
therefore worth investigating the cause of these discrepan-
cies, and whether they can be addressed by further improve-
ments to the calculation procedure. To this end, we first test
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Table 2. Effect of Level of Theory for the Geometry Optimizations on
the Forming Bond Length in the Transition State (A) and the
Calculated Reaction Barrier (kJ mol ')*

methyl acrylate vinyl acetate

Lin et al.

Table 3. Comparison of Gas-Phase Theoretical and Experimental
Rate Coefficients (kyog; L mol ! sfl), Arrhenius Activation Energies
(En; kJ mol ) and Frequency Factors (4; L mol s ) at 298.15 K

for Radical Addition to Alkenes “

- - G3(MP2)-RAD experimental”
forming forming

geometry level bond barrier bond barrier reaction E, log(A4) log(kys) E, log(A) log(kags)
B3LYP/6-31G(d) 2.299 14.1 2.312 11.4 ‘CH,CH;3+CH,=CH, 33.81 8.07 2.15 30.51  8.20 3.93
B3LYP/6- 2.268 15.6 2.281 13.4 *CH,CH;+CH,= 18.22 7.65 4.45 1422 7.79 5.80

3114+G(3df.2p) CHCN

BMK/6-31G(d) 2312 13.0 2.319 10.9 ‘CH,CH;3+CH,= 30.01 7.20 1.94 28.85 7.89 3.85
BMK/6-3114+G(3df,2p) 2.283 13.5 2.288 10.8 CHOCOCH;
MP2/6-31G(d) 2.256 15.4 2.248 11.3 *CH,CN+CH,=CH, 37.41 8.09 1.53  37.81¢ 8.09° 1.46°
MP2/6-311+G(3df,2p) 2.252 14.5 2.241 13.5 “ All theoretical data calculated via standard transition state theory
QCISD/6-31G(d) 2.248 13.7 2.259 11.5 under the 1D-TES model. ® Unless otherwise noted, experimental data

“ All barriers calculated using QCISD/6-31G(d) single points so that
any differences represent only the effect of the geometry on the final
results.

the accuracy of our gas-phase rate calculations against gas-
phase experimental data for a series of related model reac-
tions, before examining whether the inclusion of solvation
energies can diminish the discrepancies between theory and
experiment.

Gas-Phase Assessment Study. The present calculations use
state-of-the-art ab initio molecular theory methods, demon-
strated to deliver chemical accuracy for a wide range of
radical reactions.®>1?71%2*3% They are based on full con-
formational searching for all species, and include hindered
rotor corrections for all low frequency modes. Nonetheless,
given the large discrepancies between theory and experiment
in Table 1, it is worth examining further whether these gas
phase calculations are capable of reproducing gas-phase
experimental data. It is also worth testing whether the lower
levels of theory used in the geometry optimizations are
indeed sufficient for the present work. To this end, we carried
out a small benchmarking study as follows.

First, to investigate the effect of level of theory for the
geometry optimization on the accuracy of the results, geo-
metries were optimized at a variety of levels of theory
including low-level DFT methods with various basis sets,
and various ab initio molecular orbital theory methods. As
triple-¢ CCSD(T) calculations are impractical for geometry
optimizations of species of this size, we have adopted
the QCISD/6-31G(d) level of theory as our benchmark for
Table 2. In previous testing for (smaller) prototypical radical
addition reactions, this level of theory was shown to provide
highly accurate geometries and frequencies.*” Table 2 shows
the calculated 0 K reaction barriers for methyl acrylate and
vinyl acetate propagation, as calculated using a consistent
level of theory for the energies, in this case QCISD/6-31G(d),
but using geometries optimized at a variety of levels of
theory. The forming bond lengths in the transition structures
are also shown. So that high levels of theory could be used in
the geometry optimizations, all calculations were carried out
using unimer propagating radicals. As noted in our earlier
studies of radical addition,®® the DFT methods slightly
overestimate the length of the forming bond in the transition
state, compared with higher-level ab initio methods. How-
ever, this has a negligible effect on the resulting barrier
height, which is virtually independent of the method and
basis set used in the geometry optimizations. Thus, the
results confirm that a low-cost level of theory such as B3-
LYP/6-31G(d) is adequate for geometry optimizations for
these reactions.

Second, having checked the geometry optimization meth-
od, we next used our G3(MP2)-RAD methodology to calcu-
late the rate coefficients for ethyl radical addition to
ethylene, acrylonitrile and vinyl acetate. These small model

taken from ref4l. ¢ Experimental data unavailable for this reaction;
however, benchmark ab initio calculations (at the W1 level of theory*®)
were feasible and used instead.

propagation reactions were chosen on the basis of the
availability of gas-phase experimental data for benchmark-
ing purposes. The addition of the delocalized radical
‘CH,CN to ethylene was also studied; for this system experi-
mental data was unavailable but benchmarking calculations
at the W1 level of theory*® were possible instead. Table 3
shows the calculated Arrhenius parameters and rate coeffi-
cients at 298.15 K for each reaction, along with correspond-
ing experimental data.*'** From this table we find that
there is good agreement between theory and experiment,
which further validates this methodology for gas-phase
calculations.

Solvent Effects. Having discounted errors in the G3-
(MP2)-RAD methodology for the gas-phase calculations,
we next examined whether solvation effects could account
for the discrepancy between theory and experiment. In this
regard it is worth noting that, in their global minimum
energy conformations in the gas phase, both propagation
reactions proceed via gauche addition transition structures
(see Figure 1). These crowded conformations appear to be
stabilized via hydrogen bonding interactions between hydro-
gens on the terminal ester group of the propagating radical
and the carbonyl of the monomer. In the case of vinyl acetate
propagation, a second hydrogen bonding interaction be-
tween the carbonyl group of the propagating radical and
the hydrogens of the monomer ester group also occurs.
Similar hydrogen bonding interactions have been r%ported
previously in studies of acrylate propagation kinetics,'®* and
in the fS-scission transition structures for certain xanthate-
mediated polymerizations of vinyl acetate, where they are
thought to contribute to the high activity of xanthates in
reactions with this monomer.**

In the gas phase, these hydrogen-bonding interactions
strongly stabilize the transition structure relative to the
isolated reactants, thereby lowering the barrier. At the same
time, they also reduce its flexibility (and hence its vibrational
entropy), thereby lowering the frequency factor. To illustrate
this qualitatively, we can re-evaluate the rate coefficients for
each reaction using the corresponding anti addition confor-
mations of the transition structures (as shown in Figure 1).
For MA, the Arrhenius activation energy and frequency
factor increase when the anti addition transition structure is
studied, resulting in Arrhenius parameters that are closer to
(but still different from) the experimental values (see
Table 1). For VA, some hydrogen bonding is retained in
the anti addition transition structure but the increase in
vibrational flexibility leads to a modest increase in the
frequency factor.*® These illustrative calculations suggest
that in the solution phase, where the energetic consequences
of hydrogen bonding would be further diminished,* the
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MAdim TS anti conformation (1)

Figure 1. B3-LYP/6-31G(d) optimized gas-phase geometries of the minimum energy conformations of the transition structures for dimer models of the
propagation step in methyl acrylate (1) and vinyl acetate (2) polymerization. The corresponding anti addition conformations (1’ and 2') are also shown.

barrier and frequency factor should increase further, as
observed experimentally.

To quantify the effects of solvation, we utilized the newly
developed COSMO-RS method.'” This method uses statis-
tical thermodynamics to describe the interactions in a fluid as
the local interaction of molecular surfaces, the interaction
energies being quantified by the values of the two screening
charge densities that form a molecule contact, in turn
obtained from an initial continuum model calculation. The
resulting energies from this method are expected to be more
accurate than simple continuum model calculations because
the real character of the solvent is taken into account. For
the sake of comparison, we also performed calculations
using the popular continuum solvation model CPCM,’ as
used successfully in our studies of the thermodynamics of
ATRP'? and RAFT"? polymerization. The CPCM solvation
model calculations were performed using both the UAKS
and UAHF cavities, and all models were implemented at
their recommended levels of theory. As noted above, the
solution-phase free energies of activation were calculated
using a simple thermodynamic cycle in which the reaction
was studied using high-level ab initio molecular theory
methods in the gas phase, and then corrected to the solu-
tion phase using the calculated solvation energies of each
species.

Table 4 shows the 298.15 K solution phase Arrhenius
parameters rate coefficients for each monomer, as calculated
using the G3(MP2)-RAD gas-phase calculations in conjunc-
tion with solvation energies from each of the three solvation
models (i.e., COSMO-RS, CPCM-UAHF, CPCM-UAKS).
In this Table, OPT signifies that all geometries are reopti-
mized in the presence of solvent before calculating solvation
energies; SP signifies that solvation energy calculations are
performed as single point calculations on the gas-phase
geometries. Although the former approach is normally pre-
ferable, this may not necessarily be the case for transition state
optimizations, given that the methods used are parametrized

for stable molecules only. The solution-phase experimental
data is shown again for ease of comparison.

From Table 4, we find that the incorporation of solvation
effects dramatically improves the agreement between the
G3(MP2)-RAD calculations and experiment, consistent
with the important role of solvent effects in this system. As
expected, the solvation field decreases the relative impor-
tance of hydrogen bonding in the transition state, causing
both the barrier and frequency factor to increase. Solvation
also leads to a change in the preferred transition state for the
reactions, with the anti addition pathways, which are less
crowded but less subject to hydrogen bonding interactions,
now having lower free energies (and hence faster rate
coefficients) than those for gauche addition. Among the
levels of theory tested, use of the most sophisticated solva-
tion method, COSMO-RS, provides the best agreement
between theory and experiment, predicting barriers to within
4 kJ mol ! or better of the experimental results, and rate
coefficients to within an order of magnitude or better. The
results based on CPCM solvation energies tend to over-
estimate the barriers, and underestimate the rate coefficients
accordingly. This poor performance contrasts with their
promising results for reaction thermodynamics, and probably
stems from the fact that these methods have not been
parametrized for transition structures. We did not have
access to the software required to perform geometry optimi-
zations in the presence of solvent using COSMO-RS; how-
ever, reoptimization of the geometry in solution prior to
calculation of the solvation energy had a relatively minor
effect on the CPCM results. Overall, the results shown here
confirm the important role of solvent effects in these reac-
tions, and suggest that these can be modeled with reasonable
accuracy using COSMO-RS, at least for the present systems.

Comparison with Earlier Work. Finally, it is worth com-
paring the present ab initio results with those from an earlier
DFT study of acrylate monomers.”® The Arrhenius para-
meters for methyl acrylate propagation, as calculated using
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Table 4. Comparison of Solution-Phase Theoretical and Experimental Propagation Rate Coefficients (ko; L mol ' s~"), Arrhenius Activation
Energies (E,; kJ mol™!) and Frequency Factors (4; L mol™! s™1) for Methyl Acrylate and Vinyl Acetate Polymerization at 298.15 K*

CH,=CHCOOCH; CH,=CHOCOCH;

level of theory E, log(A4) log(k9g) E, log(A4) log(k9g)
Anti-Addition
CPCM-UAHF HF/6-31+G(d) (SP) 34.7 8.2 2.1 314 6.6 1.1
CPCM-UAHF HF/6-314+-G(d) (OPT) 31.5 7.7 2.2 29.8 6.4 1.2
CPCM-UAKS B3LYP/6-31+G(d) (SP) 31.4 6.6 1.1 30.6 6.4 1.1
CPCM-UAKS B3LYP/6-31+G(d) (OPT) 31.6 7.7 22 28.4 6.3 14
COSMO-RS BP/TZVP (SP) 21.8 7.5 3.7 17.6 6.1 3.0
Gauche Addition
CPCM-UAHF HF/6-31+G(d) (SP) 29.9 7.1 1.9 35.6 5.8 -0.5
CPCM-UAHF HF/6-314+-G(d) (OPT) 27.4 6.7 1.9 33.5 5.8 —0.1
CPCM-UAKS B3LYP/6-314+G(d) (SP) 32.8 7.6 1.8 349 5.6 -0.5
CPCM-UAKS B3LYP/6-314+G(d) (OPT) 27.5 6.7 1.9 30.3 5.6 0.3
COSMO-RS BP/TZVP (SP) 17.6 6.5 3.4 20.2 5.4 1.9
Experiment
experimental value in ref 36 17.7 7.2 4.1 19.8 7.0 3.5
experimental value in ref 37 20.5 7.2 3.6

“G3(MP2)-RAD//B3-LYP/6-31G(d) calculations were performed dimer models of the propagating radical for both the gauche addition and anti
addition conformers shown in Figure 1. SP signifies that gas-phase geometries were used for calculation of solvation energies; OPT signifies geometries
were reoptimized in solution.

Table 5. Comparison of MPWBIK and G3(MP2)-RAD Propagation Rate Coefficients (k»o5; L mol ' s™!), Arrhenius Activation Energies
(E,; kJ mol™!) and Frequency Factors (4; L mol™! s™1) for Methyl Acrylate Propagation®

gas phase solution phase”
level of theory E, log(A4) log(kz9g) E, log(A4) log(ka9g)
MPWBIK (ref 20) 24.3 6.5 2.3 333 6.3 1.7
MPWBIK (anti addition) 30.6 5.9 0.5 39.6 6.9 0.0
MPWBIK (gauche addition) 22.8 5.1 1.1 35.2 6.2 0.0
G3(MP2)-RAD (anti addition) 12.8 6.4 4.2 21.8 7.5 3.7
G3(MP2)-RAD (gauche addition) 5.2 5.4 4.5 17.6 6.5 34
experimental value in ref 36 17.7 7.2 4.1

¢ Calculated for a dimer model of the propagating radical for both the (gas-phase) global minimum gauche addition transition structure, and the anti
addition transition structures shown in Figure 1. The ref 20 MPWBI1K/6-311+G(3df,2p)//B3LYP/6-314+G(d) gas-phase Arrhenius parameters are taken
from Table 6 of ref 20; solvation corrections have then been calculated and used to adjust the data to the solution phase. It is not specified in this earlier
work, whether the Arrhenius parameters refer to the unimer, dimer, trimer or tetramer model; however, the Arrhenius parameters yield rate coefficients
consistent with the (almost identical) unimer and dimer model propagation rate coefficients in Table 5 of the same paper. The dimer model transition
state conformation in this earlier work is not shown in ref 20, however, based on the unimer model conformations shown, it would appear that a slightly
higher-energy transition state conformation was adopted in this earlier work. We have therefore additionally recalculated the propagation rate
coefficients at the MPWBI1K/6-311+G(3df,2p)//B3LYP/6-314+G(d) level using the same geometries as the present work to allow for consistent
comparison. ? Solvation effects calculated using COSMO-RS BP/TZVP.

the MPWBI1K/6-311+G(3df,2p)//B3-LYP/6-31+G(d) level
of theory in this earlier study, are shown in Table 5, along
with the corresponding rate coefficient at 298.15 K, as
calculated using these values. In performing this compari-
son, we noticed that the transition state conformation used in
this earlier work is not the global minimum in the gas phase;
hence results were also recalculated at this level of theory on
the global minimum structure for consistent comparison
with our G3(MP2)-RAD data. Solvation corrections were
also added to the MPWBIK/6-311+G(3df,2p)//B3-LYP/
6-314+G(d) calculations using the best-performing solvent
model, COSMO-RS, and the corresponding solution-phase
results are also shown in Table 5 along with the correspond-
ing G3(MP2)-RAD values.

From Table 5, it is seen that the MPWBIK/6-311+
G(3df,2p)//B3-LYP/6-314+G(d) level of theory yields energy
barriers, and hence rate coefficients, that are very different to
those at G3(MP2)-RAD. When the gas-phase results for the
same gauche addition transition state conformation are
compared, MPWBIK overestimates the reaction barrier by
17.6 kJ mol™' compared with G3(MP2)-RAD. This over-
estimation brings the straight gas-phase barrier at the MPWBIK

level much closer to the solution-phase experimental value.
However, once solvation energy corrections are made, there
is a substantial discrepancy between theory and experiment
at this level of theory. It seems likely that MPWBI1K may be
underestimating the strength of the hydrogen bonding inter-
actions and in this way fortuitously causing the gas-phase
results to resemble the solution-phase experimental data in
this particular case. In support of this, we note that when we
examined the performance of the MPWBI1K method for the
model reactions in Table 3, there was much closer agreement
between the two levels of theory (the MADs are 3.4 and
2.2 kJ mol™!' for MPWBIK and G3(MP2)-RAD, respec-
tively; see Table S3 of the Supporting Information for full
results). The improved performance in this case is presum-
ably because hydrogen bonding and other dispersion inter-
actions do not play a major role in these reactions. This large
variability in the performance of DFT methods such as
MPWBIK has been demonstrated elsewhere for a variety
of simple organic reactions, where for some reactions errors
can range from a few kilojoules up to tens of kilojoules as the
substituents are changed.****” It is this variability and un-
predictability in their performance that makes these low-cost
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procedures unsuitable as universal levels of theory for chemi-
cally accurate calculations.

Conclusion

In conclusion, the use of quantum chemistry to predict chemi-
cally accurate propagation rate coefficients in free-radical po-
lymerization is a challenge for solvent sensitive monomers such
acrylic and vinyl esters. In particular, the use of standard gas-
phase calculations to study the solution-phase reactions can lead
to large errors in the quantitative and even qualitative conclu-
sions, even when high levels of theory are used. Specifically, such
calculations tend to overestimate the stabilizing effect of hydro-
gen bonding in the transition structures of these reactions, leading
to barriers and frequency factors that are much higher than their
equivalent reactions in solution. For the same reason, the lowest
energy reaction pathways in the gas phase feature crowded
gauche addition transition structures in which hydrogen-bonding
interactions are maximized, whereas in solution, the reactions
actually proceed via less crowded anti addition transition struc-
tures.

Fortunately, for these systems at least, chemically accurate
solution-phase results are possible using a thermodynamic cycle
in which accurate G3(MP2)-RAD calculations in the gas phase
are corrected to the solution phase using free energies of solva-
tion, as computed by the COSMO-RS method. Using this
methodology, the quantum-chemical predictions for both methyl
acrylate and vinyl acetate propagation reproduce the correspond-
ing experimental barriers to within 4 kJ mol ™', with predictions
of frequency factors and rate coefficients to within an order of
magnitude. Further testing of this methodology on a broader
range of systems is necessary, but the present results certainly
provide encouragement that chemically accurate calculations are
feasible for radical polymerization processes.
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