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ABSTRACT: In this study, the relative rate of polymerization of
acrylic acid (AA) versus methacrylic acid (MAA) and the effect
of water on the polymerization kinetics are investigated within
a combined static and molecular dynamics set of computa-
tional tools. Experimentally the relative rate of propagation of
AA versus MAA is around 35 in bulk and 31 in water. Classical
Molecular Dynamics calculations have been carried out to
determine the location of the solvent molecules in the proxim-
ity of the dimeric poly(AA) and poly(MAA) units. A combined
implicit/explicit solvent model was used for the evaluation of
the kinetics of the dimeric polymer chains. We show that the
rate acceleration of both polymers in water is mainly due to

INTRODUCTION Water-soluble polymers are of high impor-
tance, finding widespread applications in hydrogels, floccu-
lants, thickeners, coatings, and have adhesion characteris-
tics."”* Pulsed-laser polymerization in conjunction with size-
exclusion chromatography has been carried out to monitor
the influence of solvents on the propagation kinetics of free
radicals.>* The effect of solvent on the kinetics of the free
radical polymerization (FRP) of acrylates, methacrylates and
other vinylic monomers has been investigated.® It is known
that rate enhancement or retardation depends not only on
the monomer structure and the nature of the solvent sepa-
rately but also on the specific type of interactions between
the reacting species and the solvent.®

It is known that the propagation rate coefficients for styrene
and methyl methacrylate (MMA) in a wide variety of solvents
(acetonitrile, dimethyl formamide, anisole, methyl isobutyrate,
bromobenzene, benzene and 1,2-dichloroethane) only change
mostly by 10% (see review of S. Beuermann and references
cited therein).” Conversely, certain solvents, such as benzyl
alcohol,”® dimethylsulfoxide,7'8 N-methylpyrrolidinone,7'8 2,6-
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entropic rather than electrostatic effects and is in agreement
with experimental findings. Moreover the slower propagation
rate of MAA versus AA is ascribed to additional steric effects
present in MAA due to the methyl group at the o position of
the monomer. Among the functionals used, the MO06-2X/6-
311+G(3df,2p)//B3LYP/6-31+G(d) methodology reproduces the
experimental rate constants quantitatively the best. © 2013
Wiley Periodicals, Inc. J. Polym. Sci., Part A: Polym. Chem.
2013, 51, 2024-2034
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dithiaheptane,” and 1,5-dithiacyclooctane’ induce a significant
increase in k. In many cases hydrogen bonding is responsible
for this observed rate acceleration. The usage of alcohols as
solvents in the FRP of acrylates has caused a rate enhance-
ment which was attributed to a decrease in electron density
around the C=C bond of the monomer due to the hydrogen
bonding between the solvent and the oxygen atom of carbonyl
group.'® The rate of propagation, ky,, of MMA in benzyl alcohol
has been reported to increase by almost one order of magni-
tude as compared to bulk polymerization.”®

When there are no specific interactions between the mono-
mer and the solvent, a correlation between the propagation
rate constant k, the size of the solvent molecules and the
monomer has been established.” Thus, one expects an
increase in the propagation rate constant when the solvent
is larger in size than the monomer. When the solvent size is
smaller than the monomer, the propagation rate constant
decreases. These results were explained by a change in local
concentration of the monomer around the growing chain
end: a larger solvent size leads to an increase in local
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monomer concentration around the growing chain end
increasing the propagation rate constant and vice-versa.’

For the FRP of styrene (in ethanol, methanol, toluene, ethyl-
benzene), methacrylic acid (MAA) (in methanol, tetra-
hydrofuran, 2-propanol, toluene, and acetic acid), methyl
methacrylate (in methanol, ethyl acetate, ethanol, toluene, 2-
butanone), and butyl acrylate (in toluene, tetrahydrofuran) it
was shown that the propagation rate constant k,, is invariant
with monomer concentration.’*"*” Increase in k, with dilu-
tion of monomer concentration was observed for acrylamide
(AM) and methacrylamide (MAM) derivatives,'®%! acrylic
acid (AA) and MAA.'#>?2728 This strong solvent effect was
attributed to dimerization,’®?* or to local monomer concen-
trations at the radical site being different from the overall
monomer concentration.?’ These studies have revealed the
fact that polar monomers, that are capable of forming hydro-
gen bonds, are affected substantially by the solvent.?°~3?
When the bulky system is diluted, the propagation rate con-
stant k, of MAA and AA has been reported to increase by at
least one order of magnitude. This change was reflected in
an increase in the Arrhenius pre-exponential factor, due to
the disorder created by strong hydrogen bonding between
the growing species and water molecules.?*3373°

In the last two decades quantum chemical studies on the
FRP of vinyl monomers,'®3°>3 acrylate and methacrylate
derivatives, 3637485466 anq their copolymerization °7-°86067
have been carried out. In these studies at least two units
were considered to mimic the growing polymer chain and to
obtain reliable kinetic results. Implementation of the solvent
by a polarizable continuum model (PCM) has lead to serious
underestimation of the experimentally obtained propagation
rate constant in the case of ethyl a-hydroxymethacrylate.®®*
Usage of the PCM methodology, in bulk for methyl acrylate
(MA) and methyl methacrylate (MMA) has lead to a very
good qualitative agreement with the experimentally observed
trends.®® Thicket and Gilbert > have monitored the effect of
the solvent on the propagation reaction of the monomers: a
decrease in the activation barrier was attributed to a greater
resonance stabilization of the transition state in a polar
medium.

Recently, the COSMO-RS methodology has yielded promising
results to simulate the solvent effect.***® Coote et al. have
obtained highly accurate propagation rate constants for MA
and vinyl acetate by using the thermodynamic cycle in which
G3(MP2)-RAD calculations in the gas phase are corrected by
the solvation energies obtained from COSMO-RS. *>%¢7%71 The
latter have used the G3(MP2)-RAD methodology that approxi-
mates CCSD(T) calculations with a large triple-{ basis from
calculations with a double-{ basis set, via basis set corrections
carried out at the R(O)MP2 level of theory.”®”* They calcu-
lated the rate coefficients and Arrhenius parameters with this
composite method for dimer models and have corrected their
gas phase results by computing solution phase calculations
with the COSMO-RS method.”>”* Warshel and coworkers
have carried out a comparative study between continuum,
explicit and mixed implicit/explicit solvation models in the
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context of phosphate hydrolysis.”> Some of us have used suc-
cessfully the mixed implicit/explicit solvation model to study
the propagation reaction of MMA, n-isopropylacrylamide, ac-
rylamide (AM), and methacrylamide (MAA).°%%%¢ In these
studies, the experimentally observed head to tail propaga-
tion”® which is assumed to be the most favorable mode of
attack was proven by theoretical methods.>

Thus, the elucidation of the solvent effects on the reaction
kinetics of FRP is of utmost importance and quantum chemi-
cal calculations can give insight at the molecular level. In
this study, we focus on acrylic and MAA and we compare the
geometrical features of the propagating species in bulk and
in solution to unravel the role of water on the propagation
rate constants of AA and MAA. The propagation ratio of AA/
MAA which is around 35 in bulk, lowers slightly to 31 in
water?>?” and it is the goal of this study to understand the
mode of acceleration of the propagation of the FRP of AA
and MAA by a protic and polar medium.

Computational Procedure
The FRP of a monomer starts with the generation of free
radicals from the initiator (the non-radical species).

1%, Re (initiation)

Addition of R--the methyl (CHs3-) radical for unimeric species-
to a monomer yields a backbone with three carbon atoms.
This type of approach—addition of CH3 to the carbon-car-
bon double bond (C=C) by the aid of quantum chemical
tools—has already been used previously.!038-43525377.78 The
unimeric radical then adds to the monomer to generate the
propagating polymer chain (propagation reaction; Scheme 1).
In this study we systematically located the transition states
for both unimeric and dimeric radical models, to evaluate
the influence of the length of the radical chain on the propa-
gation Kinetics.

The B3LYP methodology combined with 6-31+4G(d) basis set
within the Gaussian 03 program package’® has been used as
a cost effective and accurate method for geometry optimiza-
tions.®® COSMO-RS calculations were performed with ADE®!
The energetics and kinetics in vacuum and in solution have
been evaluated with the MPWB1K/6-311+G(3df,2p)//
B3LYP/6-31+G(d), M05-2X/6-311+G(3df,2p)//B3LYP/6-31+
G(d), and MO06-2X/6-311+G(3df,2p)//B3LYP/6-31+G(d)
methodologies to further refine the energy at another level
of theory. The MPWB1K method was chosen because it has
been proven to be successful for describing thermochemistry,
reaction Kkinetics, hydrogen bonding, and weak interac-
tions.®®®? This method has also been found to be successful

X X X
/‘\ kp X Y
2 —_— e
Y H,C Y Y

X=-H for AA and -CH; for MAA
Y=-COOH

SCHEME 1 Propagation of AA and MAA.
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in studies concerning the FRP reactions of acryl-
ates,37:55:56:60.62.6466 Tha M(5-2X%3 and M06-2X%* functionals
have been chosen because they are recommended for ther-
mochemistry, kinetics, and noncovalent interactions.?*#* The
MO05-2X functional is further known to be successful for rad-
ical species.>”#5"° According to Zhao and Truhlar, the MO05-
2X functional implicitly accounts for “medium-range” elec-
tron correlation because of the way it is parametrized, and
this is sufficient to describe the dispersion interactions
within many complexes.®* These authors define “medium-
range”correlation to be that found in complexes separated
by about 5 A or less.”® The main intermolecular interactions
in the species analyzed in this study are hydrogen bondings
thus M05-2X and M06-2X functionals are expected to repro-
duce these interactions quite well. The conventional transi-
tion state theory is used to calculate the rate constants. The
rate constant of a bimolecular reaction A + B — C is
expressed’’ in terms of the molecular Gibbs free energy dif-
ference between the activated complex and the reactants
(with inclusion of zero point vibration energies):

ky = Kgﬁeﬂm/m
h p?

where R represents the universal gas constant and « is the
transmission coefficient which is assumed to be about 1 and
pe is the standard pressure 10° Pa (1 bar).”®

For implicit solvation, the effect of a polar environment was
taken into account by use of the self-consistent reaction field
theory, utilizing the integral equation formalism-PCM.??102
For the case where the solvent has been modeled explicitly
and implicitly, the contribution resulting both from the
explicit coordination with solvent molecules in the reactants
and transition states and the one originating from the bulk
solvent effect as in earlier publications have been consid-
ered.”>19371%¢ I the latter case all gas phase geometries
were re-optimized in polarizable continuum medium (PCM)
with explicit water molecules (implicit/explicit solvation
model) to access the effect of the solvent. The calculated free
energy of solvation was corrected with the term RT In
(24.46) to take into account the unit transformation from
1 mol/L (g) to 1 mol/L (soln)."®” These structures were fur-
ther used to calculate the solvation energies with the new
generation method COSMO-RS.”?"7* All the energies reported
in this study are in kcal/mol.

Classical MD simulations were performed on the dimers of pol-
y(AA) and poly(MAA). The simulation box was composed of
three dimeric chains and 250 water molecules, a solution with
a density of 1 g/cm® having 9 wt % poly(AA/MAA). Each side
of the cubic box was 20.2 A. The box was constructed with the
Amorphous Cell module of Accelrys Materials Studio suite of
programs.'®® The COMPASS forcefield'®® was used with a cut-
off distance of 10 A, and a switching function with spline and
buffer widths of 1.0 and 0.5 A, respectively. The system was
initially minimized with 5000 steps of conjugate gradients up
to a convergence of 1 kcal/mol/A. Then, periodic boundary
conditions were imposed and MD simulations were performed

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2013, 57, 2024-2034

WWW.POLYMERCHEMISTRY.ORG

JOURNAL OF Polymer
POLYMER sCIENCE Chemistry

in the NVT ensemble at 298 K using the Andersen thermostat
as the temperature control method with a collision ratio of
1.0.M° 200 ps equilibration run was followed by a production
run of 1 ns. The time step was set to 1 fs and coordinates from
the production stage were recorded every 1 ps for further
analysis. The radial distribution functions analyzed in this
study are based on 1000 snapshots.

RESULTS AND DISCUSSION

Propagation of AA and MAA in Vacuum

A conformational search was carried out for the monomers
and the radicals at the B3LYP/6-31+4G(d) level of theory.
The s-cis geometry has the lowest energy for AA, while the
s-trans conformer is preferred in case of MAA. Although the
energy difference between s-cis and s-trans conformers is
only 0.31 and 0.45 kcal/mol for AA and MAA respectively
(Fig. 1), the rotational barrier between the s-cis and s-trans
conformers of AA is 6.69 kcal/mol and that of MAA is 5.84
kcal/mol (Supporting Information Fig. S1). These results are
consistent with previous theoretical studies on MA and
MMA.>® Notice that in both cases long range electrostatic
interactions between the carbonyl oxygen and hydrogens sta-
bilize these structures. In the case of MAA s-trans is pre-
ferred because of the bifurcation of the carbonyl oxygen
between the hydrogens of the methyl group. A similar con-
formational study was performed for the radicals formed by
addition of CHj3 radical to the monomers, as they may adopt
either a syn or anti configuration (Fig. 1).

Racemo and meso dimeric radicals may be formed by attack
of the most stable conformation of the radical (syn/anti) to
the most stable conformation of the monomer (s-cis/s-trans)
as schematically depicted in Scheme 2.

All the plausible combinations for the radical addition to the
monomer were used giving rise to eight different transition
states. For each of these transition structures a relaxed
potential energy scan was carried out around the forming
bond (Supporting Information Figs. S2 and S3); in this way
the most stable transition state structures were located. The
most stable structures for the unimeric and dimeric transi-
tion structures of AA and MAA are displayed in Figure 2.

In vacuum, the pro-racemo (syndiotactic) transition state of
AA is preferred whereas the pro-meso (isotactic) attack is
prefered for MAA as seen from Table 1, where the relative
electronic energies are tabulated for the eight different tran-
sition structures of AA and MAA. In the case of MAA (TS-
MAA and TS-MAA-dimer) for the meso chain the gauche
addition is preferred. In the case of AA (TS-AA and TS-AA-
dimer), due to the absence of a methyl group at the alpha
position which leads to steric repulsions, the anti-addition is
preferred. These trends are dictated by steric effects as well
as by long range stabilizing interactions between the car-
bonyl oxygen and the hydrogens of the methyl group.

AA has an earlier transition state (2.290 A) and lower activation
barrier of 6.43 kcal/mol (B3LYP/6-31+G(d)) than MAA which
has a late transition state (2.256 A) with an activation barrier of
8.81 kcal/mol (Fig. 2). Most probably these geometrical

@ WILEY @ ONLINE LIBRARY



JOURNAL OF Polymer
poLYMER sciEncE Chemistry

’
v i
v
'J

s-cis-AA s-trans-AA
0.00 (0.00) 0.31(0.29)
9
syn-AA-R anti-AA-R
0.00 (0.08) 0.39 (0.00)

WWW.POLYMERCHEMISTRY.ORG

ARTICLE

o oA

s-cis-MAA s-trans-MAA
0.45 (0.49) 0.00 (0.00)

d 9
syn-MAA-R anti-MAA-R
0.00 (0.00) 0.04 (0.56)

FIGURE 1 Relative electronic energies (Gibbs free energies in parenthesis) for the most stable conformers of the monomers and

the radicals of AA and MAA (B3LYP/6-31+G(d)).

features can be ascribed to additional steric effects present in
MAA due to the methyl group at the « position of the monomer.
The early transition state and the absence of the steric group in
the proximity of the reactive center lead to a higher rate for the
propagation reaction in the case of AA.

The most stable transition states have been chosen (pro-
racemo in case of AA and pro-meso in case of MAA) and the
chains were extended to dimeric chains to mimic better the
propagating radical. The dimeric transition states show simi-
lar features as compared to the unimeric model for AA with
an early transition, a critical bond distance of 2.287 A, and
an activation barrier of 6.49 kcal/mol and a relatively late
transition state for MAA with higher activation energy
(10.37 kcal/mol) and critical bond distance of 2.225 A

O/H
\\ s-trans AN —
s-cis \\\ —O ) Clu C\\\\\\ —0
H,C=— =
ueny) “VH(CH)
isotactic H isotactic ( /H
W —0 S —0
o C—Cle i C—Ce
0 Ny o Nycny)
syndiotactic syndiotactic
. WH(CH;3) WW(CH;)
H,C=C:. H,C==CX
: N 2 N
s-cis /C O\ s-trans .~ ¢=0
(0] \ O\H

SCHEME 2 Stereoselective radical (syn) addition to AA and
MAA (s-cis and s-trans).
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(Fig. 2). As the chain extends, the activation barrier for AA
does not change significantly, whereas that of MAA increases
by 1.5 kcal/mol, because the radical center is even more hin-
dered in the alpha position.

We have also considered transition structures where the
propagation occurs via the attack of cyclic dimers of AA and
MAA. The activation barriers for the latter are slightly lower
than the others in vacuum (Fig. 3, Table 2).

Propagation of AA and MAA in Solution

Molecular dynamic simulations were carried out to under-
stand the location of water molecules around the propagat-
ing species. Thus dimeric chains of AA (HOOC—CH,—
CH,—C(H)(CH3)(CO—OH) and MAA (HOOC—CH(CH3) —CH;
—C(CH3)(CH3)(COOH) are chosen as models for PAA and
PMAA respectively and were placed separately in a box of
water as described earlier. Analysis of the radial distribution
functions for PAA shows that the water molecules are
trapped in the vicinity of the acidic ends of the dimeric
chains (Fig. 4) with the closest distance being the one
between the —OH moiety of the carboxyl group of the poly-
meric chain and water. The radial distribution function for
PMAA is shown in Supporting Information Figure S4. Almost
all of the snapshots have recorded a water molecule to be
within a hydrogen bond distance (1.7 A) from the acidic pro-
ton on each end of the chain. A snapshot from the MD simu-
lation of PAA displays the water molecules in the proximity
of the acidic end (Fig. 5). In view of these results we decided
to use an explicit water molecule on the polymeric chain in
the proximity of the acidic functionality to mimic explicit
interactions with the solvent environment of PAA and PMAA
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'
TS-AA TS-AA-dimer
(6.43) (6.49)

.

TS-MAA
(8.81)

TS-MAA-dimer
(10.37)

FIGURE 2 Most stable transition state structures of AA and

MAA in vacuum (B3LYP/6-31+G(d)) (Electronic activation bar-
riers are given in parenthesis (kcal/mol)).

in water. The bulk solvent effects on the geometry were fur-
ther included by systematically optimizing the structures
using a bulk electrostatic model (PCM), as explained in the
methodology section.

We constructed unimeric and dimeric transition states by
adding one explicit water molecule to each acidic end of the

TS-AA-cyclic
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TABLE 1 Relative Electronic Energies (ZPE included, kcal/mol)
Leading to Pro-Racemo and Pro-Meso Unimeric Transition
States (B3LYP/6-31+G(d))

AA MAA
Stereoregularity  Radical s-cis s-trans  s-cis  s-trans
pro-racemo syn 0.00° 0.87 0.09 0.34
pro-meso syn 0.31 1.38 0.00° 0.39
pro-racemo anti 0.98 1.74 0.1 0.44
pro-meso anti 0.86 1.62 0.23 1.62

2 TS-AA (pro-racemo) in Figure 2 has an electronic activation barrier of
6.43 kcal/mol (B3LYP/6-31+G(d)).
® TS-MAA (pro-meso) in Figure 2 has an electronic activation barrier of
8.81 kcal/mol (B3LYP/6-31+G(d)).

monomer and the radical. The optimized transition struc-
tures in implicit solvent states are depicted in Figure 6. All
the transition structures with explicit water molecules have
longer critical bond distances than their counterparts in vac-
uum, indicating slightly earlier transition structures. Note
that long critical bonds lead to an increase in the disorder of
the polymeric chain and thus are an indication of rate accel-
eration. Both for AA and MAA critical distances slightly
shorten while passing from the unimeric to the dimeric case,
due to an increase of steric factors.

A general overview of the electronic activation energies for
AA and MAA in the various models, using different levels of
theory together with the experimental values is given in
Table 2. Polymeric chains with cyclic dimers have not been
observed in MD simulations with water, thus the correspond-
ing transition structures have not been considered. For AA,
the activation barrier increases slightly (0.79 kcal/mol) as
passing from the gas phase to aqueous medium, whereas for
MAA this change is even smaller (0.26 kcal /mol).*>%>27
Except for the B3LYP methodology all the other function-
als—MPWB1K, M05-2X, and M06-2X—predict the change in
the activation barriers in the correct direction and magni-
tude. The experimental values are better described using a
dimeric model. Note that the M06-2X functional reproduces
the experimental values in solvent quite satisfactorily.

TS-MAA-cyclic

FIGURE 3 Propagation transition state structures for cyclic dimers of AA and MAA (B3LYP/6-31+G(d)).
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TABLE 2 Activation Energy Barriers (kcal/mol) for the Unimeric
Propagating Chains of AA and MAA

E, gas Ea water AE,

AA  B3LYP? 6.43 (6.49) [6.38] 8.78 (9.41) —2.35(—2.92)
MPWB1K® 5.09 (5.20) [4.76] 5.16 (5.53) —0.07 (—0.33)
MO05-2XP  1.98 (2.23) [1.62] 2.08 (2.48) —0.10 (—0.25)
MO06-2XP  3.02 (3.24) [2.59] 3.03 (3.40) —0.01 (—0.16)
Exp. 2.89° 3.68¢ —0.79

MAA B3LYP®  8.81(10.37) [8.67] 11.73 (14.07) —2.92 (—3.70)
MPWB1K® 6.13 (6.86) [5.88] 5.20 (6.45)  0.93 (0.41)
M05-2X°  2.26 (3.20) [2.02] 1.38(2.77)  0.88 (0.43)
M06-2XP  3.06 (3.76) [2.67] 1.96 (3.25)  1.10 (0.51)
Exp. 3.85 + 0.4° 3.47 = 0.1° 0.26

The corresponding values for the dimers are given in parenthesis, those
for the cyclic structures are displayed in brackets and italics. AE;, is
defined as the difference between the activation barrier in gas phase
(Ea-gas) and in water environment (E,.water)-

@ Gas phase optimizations are carried out at the B3LYP/6-31+G(d) level
and aqueous phase optimizations are carried out for the explicitly sol-
vated structures by PCM methodology with B3LYP/6-31+G(d).

> The “Functional”/6-311+G(3df,2p)//B3LYP/6-31+G(d)-PCM methodol-
ogy has been used for aqueous phase calculations.

¢ extrapolated from 40 wt % at 25 °C, Ref. 27.

910 wt % AA at 2.1-20.1 °C, Ref. 27.

¢ Extrapolated from 40 wt % at 25 °C, Ref. 25.

15 wt % MAA at 25 °C, Ref. 25.

The Gibbs Free energies of activation as well as the propaga-
tion rate constants for both monomers in bulk and water are
given in Table 3 together with the experimental data. Notice
that in bulk polymerization the monomer acts just as one
particular solvent and that it is the difference in intermolec-
ular interactions between the transition structure and differ-
ent solvent environments which determines whether there is
a solvent dependence of kj. As the activation barriers in
water and in vacuum are very close to each other (Table 2),
the rate enhancement must be attributed to the increase of
entropy in aqueous medium. It is worthwhile noticing that
the Kkinetic parameters obtained with the MO06-2X/6-
311+G(3df,2p)//B3LYP/6-31+G(d) methodology and the di-

H
o o’ :\_o/
H /\/\/\:: "
2 o S5~
O
* D R
f’
0
0 1 2 3 4 5 6 7 8

r (Angstrom)

FIGURE 4 Radial distribution functions for a dimeric AA chain.
The interactions between acidic protons of AA and oxygen of
water are shown in blue (—); the interactions between the car-
bonyl oxygens of AA and the protons of water are in red (—);
the interactions between the —OH oxygens of AA and the pro-
tons of the water are in green (—).

M

WWW.MATERIALSVIEWS.COM

WWW.POLYMERCHEMISTRY.ORG

ARTICLE

FIGURE 5 A snapshot from the MD simulation of PAA (model).

meric model are closer to the experimental ones than those
obtained with the other methodologies.

The rate acceleration of AAp, as compared to MAA can
be attributed to the presence of the methyl group in the
alpha position of MAA that hinders the radical center for fur-
ther attack. A direct relationship between the reactivity and
the electron density on the atoms where the reaction occurs
was suggested in the work of Beuermann.” The solvent is
expected to change the electron density of the carbon atoms
of the double bond and alter the reactivity as discussed in
the literature.® To validate this suggestion, we performed a
charge analysis on the various monomers, with and without
explicit solvent interactions. Based on the calculated NBO
charges for the monomers and the radicals in the gas phase
and in water some qualitative trends can be drawn (Fig. 7).
C1 of s-cis-AA has a charge of —0.334, whereas C1 of s-
trans-MAA is —0.355; C1 of s-cis-AA is more electron defi-
cient and more susceptible to be attacked by a radical. The
radical center C2 (secondary radical) of syn-AA-R is richer in
electrons as compared with the radical center of anti-MAA-R
(tertiary radical). Overall based on the electronic charges
one can predict AA to polymerize faster than MAA. In solu-
tion, the electron densities do not change much and this in
agreement with our previous findings on the origin of rate
acceleration in solution: rate acceleration in solution is due
to a change in entropy rather than a change in electronic
charges.

CONCLUSIONS

In this study, we have used static and molecular dynamics
computational tools to rationalize the rate acceleration in the
FRP of AA and MAA in water and assess their relative rates
of polymerization. Experimentally, it was found that AA poly-
merizes faster than MAA both in bulk and in water. Further-
more the rate of polymerization is faster in water than in
bulk both for AA and MAA. Molecular dynamics calculations
were performed to understand the explicit interactions
between the polymer chain and the water molecules. It was
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TS-AA-dimer-3w

TS-MAA-2w TS-MAA-dimer-3w
FIGURE 6 Most stable transition state structures of AA and MAA in water (B3LYP/6-31+G(d) -PCM).

TABLE 3 Gibbs Free energies of activation (25 °C, kcal/mol) and propagation rate constants k, (L/mol-s) in bulk and aqueous media

Bulk Water
AG” ky AG” kp
AA MPWB1K? 14.53 (14.93) [ 14.45] 3.36E+03 (1.71E-+03) [3.85E+03] 14.88 (14.70) 1.85E+03 (2.51E+03)
M05-2X? 11.42 (11.95) [11.31] 6.37E+05 (2.60E-+05) [7.74E+05] 11.80 (11.66) 3.35E-+05 (4.27E+05)
M06-2X? 12.46 (12.96) [12.28] 1.10E+05 (4.75E+-04) [1.51E+05] 12.76 (12.58) 6.71E+04 (0.91E-+05)
Exp. = 2.01E+04° = 1.32E+05°
MAA MPWB1K? 17.51 (19.23) [15.57] 2.21E+01 (1.20E-+00) [5.78E+02) 16.61 (17.89) 1.01E+02 (1.16E+01)
M05-2X? 13.63 (15.57) [11.71] 1.54E+04 (5.81E+02) [3.97E+05] 12.79 (16.11) 6.37E+04 (2.34E-+02)
M06-2X? 14.43 (16.13) [13.67] 3.95E-+03 (2.24E+02) [ 1.44E+04] 13.37 (14.69) 2.36E+04 (2.58E+03)
Exp. = 5.74E+02¢ = 3.83E+03°

The corresponding values for the dimers are given in parenthesis, those for the cyclic structures are displayed in brackets and italics.

@ COSMO-RS is used for calculations in bulk, optimized structures in vacuum are used. The “Functional”/6-311+G(3df,2p)//B3LYP/6-31+G(d) method-
ology is used for the energetics. For the aqueous phase calculations, explicitly solvated structures are optimized with B3LYP/6-31+G(d) in a contin-
uum (PCM), the “Functional”/6-311+G(3df,2p)//B3LYP/6-31+G(d)-PCM methodology is used for the energetics and is followed by COSMO-RS
calculations in water at 25 °C.

© Extrapolated from 40 wt % at 25 °C, Ref. 27.

°10 wt % AA in water at 2.1-20.1 °C, Ref. 27.

d Extrapolated from 40 wt % at 25 °C, Ref. 25.

€15 wt % MAA in water at 25 °C, Ref. 25.

The sign () stands for excited states (transition state).
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FIGURE 7 NBO charges and geometrical parameters for the monomers and radicals in vacuum and in aqueous medium (opti-

mized in water with the PCM methodology) (B3LYP/6-31+G(d)).

found that water prefers a coordination with the carboxyl
group of the propagating chains. Extensive transition state
searches were performed for MAA and AA in gas phase and
water environment. The slower propagation for MAA com-
pared to AA, was ascribed to additional steric effects present
in MAA due to the methyl group at the o position of the
monomer in both media. In both cases, in water, the acidic
end of the reacting species is captured by water. In water,
the electronic distribution at the reactive centers in the tran-

Ma‘n‘\l‘\iﬁﬁ WWW.MATERIALSVIEWS.COM
1

sition states diminishes, the critical bonds are longer, the en-
tropy of activation increases, the rate of propagation
increases. This study emphasizes the fact that M06-2X/6-
311+G(3df,2p)//B3LYP/6-31+G(d) methodology reproduces
quantitatively the experimental rate accelerations of AA and
MAA in water and is more suitable for modeling their FRP
kinetics. Overall, quantum chemical tools have been used to
enlighten the rate acceleration of the FRP of both species in
water. The dimeric models and the methodology proposed in
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this study can be used for further understanding of the sol-
vent effect on the propagation Kkinetics of acrylate deriva-
tives. The propagation of cyclic dimers plays also a role in
the FRP kinetics of AA and MAA in bulk, conclusive results
about the propagation mechanism can further be drawn by
taking into consideration longer propagating chains.
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