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ABSTRACT: The polymerization of acrylamide (AA) and methacrylamide (MAA) was studied by an
extensive set of computational methods with a particular focus on the possible influence of water molecules
on the propagation reaction. An extensive set of electronic structure methods was tested, consisting of
B3LYP, BMK, MPWBIK, MP2, and B2-PLYP of which some include dispersion effects. The effect of water
on the transition state is modeled in two different ways. Explicit water molecules are added to the system,
showing that replacing the hydrogen bond that dominates the transition state structure by a water-mediated
hydrogen bond, results in more stable, more feasible transition states. This effect is the largest for AA
polymerization, a monomer that is known to experience a larger solvent effect than MAA. Additionally, a
conductor-like polarizable continuum model (C-PCM) is applied on both the transition states in gas phase
and the ones bearing explicit water molecules. This model has a dramatic effect on all the propagation rates,
raising them by about 3 orders of magnitude. The inclusion of explicit water molecules gives insight into the
role of water molecules and the formation of prereactive complexes. The relative rate of polymerization of AA
with regard to MAA is well reproduced for a trimeric propagating radical with inclusion of explicit water

molecules or by using an implicit solvation model at the BMK and MPWBIK level of theory.

Introduction

Free radical polymerization is one of the most important
reaction mechanisms for the industrial production of a wide
variety of polymers. It is a complex multistep process and the
determination of rate coefficients of the various elementary
reactions is a challenge both for theoreticians and experimental-
ists. From the experimental point of view, substantial progress
has been made since the establishment of elegant laser-flash
photolysis-based techniques, such as pulsed laser polymerization
(PLP) and time-resolved PLP. Computational quantum chem-
istry has the potential to study individual reactions and their rates
without kinetic model-based assumptions. However the model-
ing of radical reactions generally requires high levels of theory
which are not feasible for polymeric systems. Nonetheless, due to
a continuing increase in computer power and the development of
advanced numerical models, computational chemistry has estab-
lished itself as a useful tool for the radical polymer field. In
the literature, a rich database exists consisting of both experi-
mental' "> and theoretical data for a broad range of radically
polymerizing monomers like ethylene,*’ (meth)acrylate-type
monomers,” '® styrene,'" (meth)acrylamide-type monomers,
acrylonitrile,'* and vinyl chloride. "

To date, there have been relatively few published direct
assessments of the influence of solvent on radical reactions.
Moreover, experimental solvation energies for radical species
are scarce in the literature. However, as some polymerizations are
carried out in solution, the knowledge of the effects that are
induced by the solvent is crucial for a better understanding of free
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radical polymerization in solution. Therefore, theoretical model-
ing of the kinetics of propagation reactions should take solvent
effects into account. It has long been recognized that solvents
may affect the reaction kinetics but the origin of the solvent effect
and the extent of its influence have been the onset of a long
debate. Reaction rate coefficients (k,) for styrene and methyl
methacrylate (MMA) polymerizations have been measured in a
wide variety of solvents by Olaj et al.'* and the solvent-induced
changes were found to vary around 20%. In other experimental
work, one notices a significant increase in k, in some specific
polar solvents when the monomer concentration decreases.
Recently Beuermann published a very good review on the current
status of the solvent influence on the propa%ation kinetics studied
by pulsed laser initiated polymerizations." Various effects may
contribute to changes in k, due to solvent such as hindered
rotational modes, hydrogen bonding'® or electron/pair interac-
tions. These may lead to an enhancement of a factor 10 of the
propagation rate. In contrast, nonspecific solvent interactions
originating from solvent size, local monomer concentration or
steric effects lead to less pronounced variations in k,,.16

In this article, attention is focused on two polar monomers, i.e.,
acrylamide (AA) and methacrylamide (MAA), for which specific
interactions between solvent and monomer occur through hydrogen
bonding. In aqueous solution, the concentration of a monomer
that is prone to hydrogen bonding will influence the reaction rate
and the Arrhenius parameters compared to bulk polymerization.' "
This was observed for a variety of polar monomers like acryla-
mide (AA),**?' methacrylamide (MAA),** N-isopropylacryla-
mide (NIPAM),* acrylic acid,*** and methacrylic acid.® These
effects are often ascribed to the reversible formation of prereac-
tive complexes In the literature, complexation between radical
and monomer®2""?? as well as radical-solvent interaction'” is
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Scheme 1. Schematic Representation of Different Chain Lengths for Syndiotactic Propagation of Acrylamide (R = H) and Methacrylamide (R = Me)
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proposed. For the studied system, the polymerization of acryl-
amide, similar experimental findings and hypotheses are well
documented. Several pulsed laser polymerization studies (PLP)
clearly show that AA polymerization exhibits a strong solvent
effect in aqueous solution.*""* 73 The class of acrylamides,
methacrylamides, and derived monomers have always been
interesting monomers for a wide range of applications, for
instance for the ability of the corresponding polymer hydrogels
to absorb huge amounts of water.*' These gels have applications
ranging from analysis (gel electrophoresis)®> to nanotechno-
logy.*> An acrylamide-derived monomer such as NIPAM is
one of the most studied monomers as a result of its peculiar
lower critical solution behavior. Several studies on the solvation
of acrylamide have shown that acrylamide exists as a hydrogen-
bonded complex with one or more water molecules.***> This
interaction will certainly play a role in the behavior of the reacting
monomers and should be incorporated in the molecular model in
order to completely account for them in the evaluation of the
propagation reaction rate coefficients. An other aspect of acry-
lamide solvation is the result of the presence of the hydrophobic
vinyl bond. Although this entity will not interact directly with the
water molecules, an electrostatic effect of the surrounding dipolar
water molecules can not be neglected.*® This is certainly the case
for methacrylamide which has a second hydrophobic group.

Until now, the majority of quantum chemical studies on
radical polymerizations have been carried out in the gas phase.
Gas phase predictions for polymerization in a solvent environ-
ment where explicit solvent interactions occur systematically
underestimate the propagation reaction rate constants k, in
density functional theory (DFT) methods even if the most
advanced functionals are used. More recently, some studies
appeared in which the solvent was treated implicitly by a
polarizable continuum model. These studies showed that the
continuum solvation model is capable of capturing a substantial
amount of the solvation effects.”"*” These models show a minor
effect on the polymerization of acrylonitrile and vinyl chloride in
toluene, tetrahydrofuran and dimethylformamide®” and a large
(10.5 kJ-mol™ ") decrease in activation energy for acrylic acid in
water.>® However, in the case where the solvent effect is mainly
due to hydrogen bonding, these models fail as it was shown for
the ethyl a-hydroxymethacrylate (EHMA) system for which the
gap between experiment and theory increased by 3 orders of
magnitude upon inclusion of a continuum solvation model.®

In this article, we will evaluate the influence of solvent effects
on the propagation rate of acrylamide and methacrylamide.
Therefore, we will not only assess the influence of a dielectric
continuum on the reaction rate, but we will also take into account
explicit water molecules assisting the transition state. Embedding
these molecular clusters in the continuum model is often referred
to as the supermolecule method, the cluster-continuum method
or the mixed implicit/explicit solvent model.**** Although the
determination of the amount and the location of the explicit
solvent molecules is not always trivial (one should only include
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Figure 1. Thermodynamic cycle for the determination of the free
energy of solvation of a solute, X, in a dielectricum (AG;™), calculated
from the free energy of solvation in vacuo (AG4e*’) and the dielectric

solvation energies (DSES).

the relevant solvent molecules that strongly interact with the
solute),*'** this model has proven to be very useful in reaction
and solvation modeling. A comparative study of continuum,
explicit and mixed solvation models has been performed for
studying phosphate hydrolysis by the group of Warshel.** It
turned out that the mixed implicit/explicit solvation model gave
unreliable results if the number of explicit solvent molecules
became too large or if the solvent molecules do not show the
correct orientation. In this work we tested the adequacy of the
three solvation models on the radical polymerization systems. In
particular the effect of explicit water molecules on the structures,
energies and kinetic parameters for the polymerization of AA and
MAA will be investigated combined with a continuum model or not.

Computational Methods

Rate coefficients, Arrhenius parameters, solvation energies
and Gibbs free energies were calculated for the propagation
reaction of two monomers, namely acrylamide (AA) and metha-
crylamide (MAA). In each case, transition states for reaction
with a monomeric (aal, maal), dimeric (aa2, maa2), and trimeric
(aa3, maa3) radical were used as a model for growing polymer so
as to investigate the chain length effect on the propagation rate.
These models are shown in Scheme 1. Notice that only syndio-
tactic propagation will be considered in this paper as the main
scope is to understand how water molecules can interact with the
transition state and influence the reaction kinetics.

Several studies have shown a rapid rate of convergence of the
kinetic coefficients with respect to the chain length.!%-374374
Notice that it is very important to start with an analogous series
of reactants and transition states. Considering the higher flexi-
bility of the longer radicals, it is important to use configuration-
ally similar structures for all the reactions considered. This can be
seen in Scheme 1 for the reactions in gas phase.

The effect of the solvent, water, is modeled as the sum of two
contributions (see Figure 1): one resulting from the coordination
of one or more water molecules to the transition state (X) and
one originating from the bulk solvent effect.’**** The first
contribution is the free energy of solvation in vacuo (AG4,"’) and
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accounts for the effect of hydrogen bonds that can assist the
radical addition reaction while the second contribution essentially
takes into account the permanent dipole moment of the sur-
rounding water molecules by placing the transition state in a
dielectric continuum, resulting in a dielectric solvation energy
(DSE). For the latter effect, single point energy calculations using
the C-PCM model as implemented in Gaussian03 is used with
Pauling radii for the solute.’®>' Combination of both contribu-
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Figure 2. B3LYP/6-314+-G(d.p) optimized structures for monosolvated
AA and MAA monomers. Distances are in A.

Table 1. Energies of Solvation for the AA and MAA Monomers Using
the B3LYP/6-314+-G(d,p) Geometries and Single Point Energy Cal-
culations for a Variety of Electronic Structure Methods”

AA
B3LYP BMK MPWBIK MP2 B2PLYP
aa_a —31.60 —31.30 —34.36 —34.07 —35.41
aa_b —22.39 —21.59 —23.84 —24.58 —25.71
aa_c —17.45 —16.70 —19.88 —22.97 —21.40
MAA
B3LYP BMK MPWBIK MP2 B2PLYP
maa_a —32.03 —31.83 —34.83 —34.65 —36.03
maa_b —21.39 —20.89 —23.54 —24.26 —24.96
maa_c —14.35 —13.99 —17.02 —20.46 —18.39

@ All values are in kJ-mol ™.
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tions allows us to calculate the coordination free energy in
solution, AG™, from the thermodynamic cycle that is depicted
in Figure 1.

Full geometry optimizations for transition states and stable
minima are performed with DFT using the B3LYP>*? density
functional. This method is known for it is ability to produce good
geometries and it has been used intensively for the modeling of
radical reactions. Test calculations with both the 6-314+G(d,p)
and the 6-3114++G(d,p) basis set show that the geometries
undergo very little influence from the basis set.

The results are corrected for the zero-point energy and a
normal-mode analysis is performed to ensure that the calculated
structures are either a local minimum (no imaginary frequencies)
or a transition state (saddle point, 1 imaginary frequency). All
DFT optimizations were carried out using the Gaussian03 soft-
ware package.’! For the calculation of the kinetic parameters, no
scaling factors were used for the frequencies nor for the zero-point
energy correction. The kinetic parameters for the reactions in
vacuo were calculated by fitting an Arrhenius equation to the
calculated values for the reaction rate coefficient between 200 and
400 K. The C-PCM kinetics was calculated using Gibbs free
energy of activation.

Additionally, single point energy calculations were carried out
for the optimized structures using more advanced electronic
structure methods. The following electronic structure methods
are used: MPWBIK, BMK, UMP2, and B2-PLYP with the
6-31+G(d,p) basis set using Gaussian03. The MPWBI1K method
is selected because of its good description of hydrogen bonding,
weak van der Waals interaction, partial bonding, and the more
accurate thermochemistry results.'®** The BMK functional is
chosen because of its good performance for describing the
kinetics of radical reactions in general.!*>>% The effect of higher
order corrections is investigated with the UMP2 second order
perturbation method, from here referred to as MP2. The B2-PLYP
method, which combines the BLYP*>% functional with Hartree—
Fock exchange and a perturbative second-order correlation part,
is used since it is a promising functional with a high accuracy,
taking into account dispersion interactions.”®

Results and Discussion

Solvation. To understand the influence of water molecules
on the reaction Kinetics, possible solvated structures of the
monomers are investigated first. Both monomers feature
several sites that are prone to hydrogen bonding, namely
the acrylic oxygen atom and the amide hydrogens. Putting a
water molecule in the vicinity of these hydrogen bond donors
and acceptors, results in 3 conformations for each monomer:

Figure 3. Gas phase transition states for the addition of AA and MAA to a monomeric, dimeric, and trimeric propagating radical.
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Figure 4. Solvated structures of the AA transition states.

aa_a, aa_b, aa_c and maa_a, maa_b, maa_c, see Figure 2 and
Table 1. Both static and dynamic studies on the solvation of
acrylamide in water, performed by Balbuena et.al..>*3% show
that the acrylamide carbonyl oxygen coordinates with water
hydrogen and that the bridge-type interactions aa_a and
maa_a are the most stable. These findings are confirmed here
for various electronic structure methods. In the rest of this
paper, the water bridge solvated monomers aa_a and maa_a
will be taken as a reference reactant for calculating the
energetics of the reactions considered.

aal(1H,O)r

aa2(1H,0)r

aal(2H,0)

2a2(2H,0)

Next, the transition state for the addition of the acrylamide
(AA) and methacrylamide (MAA) monomer to their respec-
tive radicals is investigated. In a first step, geometry optimiza-
tions for transition states are performed in the gas phase using
the B3LYP/6-31+G(d,p) electronic structure method. More-
over, due to the orientation of both molecules in the most
stable transition state in vacuo for the syndiotactic attack,
intermolecular hydrogen bonding takes place between the
acrylic oxygen from the monomer and an amide hydrogen
from the radical, as shown in Figure 3. On the same figure, the
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Figure 5. Solvated structures of the MAA transition states.

dimeric and trimeric transition states are also shown for both
AA and MAA, and they all show similar characteristics.
Rotation of the monomeric transition state about the forming
bond does not result in more stable structures, because it
would involve breaking of the intermolecular hydrogen bond.

In a next step, solvation of the transition states is studied
by explicitly including one or two water molecules to the
optimized gas phase geometry and a subsequent reoptimization

maal(1H,0)r

maa2(1H,0)r

maal(2H,0)

AU

maa2(2H,0)

at the same level of theory. The water molecules were placed
around the studied transition states by first identifying the
hydrogen bond donors and acceptors in the system. The
carbonyl oxygen and the amide hydrogens are the most
important sites for interactions with water. Starting with
the monomeric transition state, a water molecule was posi-
tioned in the vicinity of a hydrogen bond donor or acceptor
and the structure was reoptimized to obtain a transition state
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Table 2. Gibbs Free Energy (298 K) of Solvation in Vacuo and in the C-PCM Model for the Studied Transition States in the Formation of PAA
Using the B3LYP/6-31+G(d,p) Geometries and Single Point Energy Calculations at a Variety of Electronic Structure Methods”

B3LYP MPWBIK BMK MP2 B2PLYP

AGE™ AGE™  AGH™  AGH™  AGW™  AGL"  AGH™  AGL"  AGH™  AGH"
aal(1H,O)m’ 5.6 -39 2.4 —5.2 6.0 —1.6 1.8 =75 1.3 —7.0
aal(1H,O0)r 2.5 —4.3 —1.4 —6.4 24 —2.2 —2.4 —8.7 —-1.9 =7.5
aal(1H,O)m —2.0 —13.0 —2.8 —11.9 —0.5 —9.0 =72 —17.5 —7.3 —16.4
aal(1H,O)r 4.3 39 —1.7 0.5 2.4 4.6 —6.8 —-7.4 —4.2 —-2.9
aal(2H,0) —-1.7 9.4 —-9.7 —13.5 —3.1 —6.0 —18.2 —25.4 —15.5 —19.6
aa2(1H,O)m —3.8 —11.3 —4.1 —11.1 -23 =7.1 —10.6 —17.6 —9.6 —15.9
aa2(1H,O)r 3.7 39 —-1.9 0.4 1.8 4.5 =7.5 =75 —4.9 -3.0
aa2(2H,0) —0.9 —9.1 —8.0 —14.0 —2.5 —6.1 —18.9 —26.5 —154 —20.5
aa3(1H,O)m 1.3 —10.3 0.6 —10.1 3.1 —6.7 —6.5 —17.7 —5.1 —15.5

@ All values are in kJ-mol ™.

Table 3. Gibbs Free Energy (298 K) of Solvation in Vacuo and in the C-PCM Model for the Studied Transition States in the Formation of PAA
Using the B3LYP/6-31+G(d,p) Geometries and Single Point Energy Calculations at a Variety of Electronic Structure Methods”

B3LYP MPWBIK BMK MP2 B2PLYP

AGH™  AGL"  AGE™  AGL"  AGW™  AGH™  AGH"  AGL"  AGu"™  AGH"
maal(1H,O)m' 6.3 —4.2 4.4 —4.9 7.1 —1.5 2.4 =79 2.0 —7.4
maal(1H,O)r’ 4.2 —0.7 —1.2 —4.7 3.4 0.3 —-3.7 —8.5 —1.3 —5.1
maal(1H,O)m 5.6 —7.3 2.1 —10.3 4.1 —7.3 —2.7 —16.0 —-1.2 —13.1
maal(1H,O)r 9.0 259 5.5 5.9 7.7 8.8 —1.7 —2.9 0.8 1.4
maal(2H,0) 44 —3.0 —2.4 —8.1 22 —1.8 —13.6 —21.3 —10.0 —15.0
maa2(1H,O)m 4.9 —4.2 0.9 —7.8 3.1 —4.6 —5.1 —14.6 —2.8 —11.0
maa2(1H,O)r 9.1 9.5 4.8 6.8 6.8 9.4 —2.7 —2.2 0.4 2.6
maa2(2H,0) 5.9 —3.3 0.0 =75 3.9 —-1.7 —12.7 —22.0 —8.9 —15.8
maa3(1H,O)m 4.8 —6.4 3.9 —6.6 5.1 —4.7 —0.9 —12.4 —-1.2 —11.5

@ All values are in kJ-mol ™.

with one imaginary frequency. With this procedure, one or
two water molecules were added to the system. The resulting
structures are compared to each other and the Gibbs free
energy of solvation is evaluated with respect to the transition
state in vacuo since this number will determine the rate
enhancement resulting from the water molecule. The differ-
ent water positions that are considered at this stage are
shown in Figure 4 for acrylamide and in Figure 5 for
methacrylamide.

The possible locations of the water molecules are first
explained for the monomeric transition state of acrylamide
aal. Two different water orientations can be distinguished:
nonbridging and bridging solvation. In the former kind, a
water molecule coordinates with the propagating monomer
(aal(1H,O)m’ and maal(1H,O)m’) or radical (aal(1H,O)r'
and maal(1H,O)r’). When a water molecule makes a con-
nection between both reactants, it can either replace the
existing hydrogen bond by a water bridge (aal(1H,O)m
and maal(1H,O)m, the water molecule interacts with the
oxygen atom of the monomer) or create a new water bridge at
the other side of the structure (aal(1H,O)r and maal(1H,O)r,
the water molecule interacts with the oxygen atom of the
radical). Analogous sampling for the possible locations of
the water molecule were performed for methacrylamide and
are shown in Figure 5. For the dimeric and trimeric transi-
tion states, the sampling was restricted to bridging structures
as they were found to be more stable than the nonbridging
geometries. In a further step, single-point C-PCM free energy
calculations are performed. This is repeated for a variety of
electronic structure methods as outlined in the Computa-
tional Details. The Gibbs free energies of solvation for the
acrylamide transition states are given in Table 2 for the
explicit solvent model (AGia"’) and the explicit/implicit
solvent model using the C-PCM scheme (AG55;™). Table 3
reports the results for methacrylamide.

It is clear that not all the considered positions for water
molecules are equally favored. The nonbridging interactions

are in general less favorable and therefore, only bridging
interactions were considered for the larger chains. The
bridging interactions (aal(1H,O)m, aa2(1H,O)m, aa3(1H,O)m
and maal(1H,O)m, maa2(1H,O)m, maa3(1H,O)m) give rise to
the largest negative free energies of solvation, AGY;”. This
feature is a combined effect from hydrogen bonding and the
interaction with the bulk solvent that can be observed over all
electronic structure methods studied. Relaxing the intramolecu-
lar hydrogen bond also seems to be an incentive for a second
water bridge at the other side of the transition state, resulting in
negative free energies of solvation for transition states with a
double water bridge (aal(2H,0), aa2(2H,0) and maal(2H,0),
maa2(2H,0)). For electronic structure methods including dis-
persion interactions, the total free energy of solvation becomes
more negative than with one water molecule. In that case, two
water bridges are formed between the monomer and the propa-
gating radical.

The preference to form bridging interactions with water
molecules rather than direct hydrogen bonds was calculated
before and is important in understanding water-mediated
interactions.®® The free energy decrease means that the
presence of the water molecule will increase the reaction
rate since the water-assisted transition state is more favor-
able compared to the gas phase transition state. For the
monomeric transition states, the water bridge loosening the
intramolecular hydrogen bond is the most favored one and
will be considered in the next section. In that section, also
dimeric and trimeric structures, with bridging solvation will
be considered because that type of interaction will have the
most prominent effect on reaction kinetics, as will be shown
in the next section.

Reaction Kinetics. In order to determine the reaction rates
and kinetic parameters, internal reaction coordinate (IRC)
calculations were performed in order to find the reactant and
product structures that correspond to each transition state
that was selected in the previous section. The gas phase
results will be used as a reference point. The IRC calculations
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transition
state

reactants

pre-reactive
complex

Figure 6. Schematic representation of the role of the prereactive com-
plex in the apparent reaction rate coefficient.

show the existence of prereactive complexes (PRCs)
(see Figure 7) and a dimeric, trimeric or tetrameric radical
as products. The PRCs are characterized by water molecules
forming hydrogen bridges between monomer and radical,
but the reactants are not properly aligned to form the
carbon—carbon bond.

By considering the PRCs, the apparent kinetic parameters
can be split up in two contributions: the unimolecular rate
coefficient (k») and the equilibrium constant for the formation
of the PRC (K,) as is shown in Figure 6.’

M+R;, % PRC (1)

PRC_k_Z) Rr.n+1 (2)

r= kz [PRC} (3)

d[PJ;C] = 0= ~ky[PRC] + ki [M][R},] — k- [PRC]  (4)
= kapp[M][R;},] = %[M] [R:] = Kika[M][R:,]  (5)
kapp = Kk, (6)

When assuming that the reaction is not diffusion-con-
trolled, the reaction rate can be written as eq 3. The unknown
PRC concentration in this equation follows from a pseudo-
stationary state hypothesis on these species (eq 4). Ineq 5, the
factor k, in the denominator is smaller than k_, because the
reaction is assumed to be kinetically controlled, resulting in
the apparent reaction rate coefficient that is shown in eq 6.
This also means that calculating the reaction rate from
separated reactants will result in exactly the same rate
coefficients as compared to calculating the product of the
equilibrium constant and the unimolecular reaction rate.
Although one could start from the separated reactants, the
PRC concept is very valuable to get more insight into the role of
the solvent molecules and their ability to stabilize the transition
state. In the following the apparent reaction rate coefficient,
kapp» Will be systematically used for the reaction rate constant.

The kinetic parameters for the selected reactions from
Table 2 are shown in Table 4 for the polymerization of
acrylamide and in Table 6 for the analogous reactions
of methacrylamide. The predicted kinetic parameters when
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Figure 7. Prereactive complexes for the polymerization of AA.

applying a C-PCM model to the optimized transition states in
vacuo are taken up in Table 5 for AA and in Table 7 for MAA.

It a well-known feature and it is confirmed by these
calculations that gas phase predictions (aal, aa2, aa3 in
Table 4 and maal, maa2, maa3 in Table 6) with standard
DFT functionals like B3LYP systematically underestimate
the propagation rate constants.”*> Choosing other electro-
nic structure methods like BMK, MPWBI1K, or B2PLYP
can drastically increase the rate constants (k,), but the
propagation rate remains underestimated by at least 2 orders
of magnitude, when not accounting for the molecular environ-
ment. For the B3LYP functional it is a common feature
that reaction barriers are overestimated, yielding unrealisti-
cally low absolute values for the reaction rate constants.”’
With BMK—a functional better suited for reproducing
kinetics—the k, values increase with 2 or 3 orders of
magnitude, getting closer to the experimental values. Taking
dispersion interactions into account with B2PLYP, only
small changes are noticed with respect to the BMK predic-
tions: the similarity of the gas phase k, predictions in both
DzaFT methods is striking. The implicit solvation model
preferentially stabilizes the transition state, giving rise to a
significant increase of 4 orders of magnitude for the reaction
rate coefficient in case of AA (Table 5). This drastic enhance-
ment brings some k,’s closer to experiment but for the more
advanced electronic methods (MPWBIK, BMK, ...) one gets
an overshoot of 2 orders of magnitude. The situation is
somewhat different for MAA where the increase is less
drastic (Table 7) resulting in a better overall agreement
with experiment. It should be noticed, however, that the k,
ratio for AA and MAA polymerization (which is about 75
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Table 4. Kinetic parameters for the addition of acrylamide to a monomeric (n = 1), dimeric (n = 2) and trimeric (n = 3) radical chain for different
levels of solvation and different electronic structure methods”

B3LYP MPWBIK BMK MP2 B2PLYP
A EA k298K EA kz‘)XK EA kz‘)SK EA k298K EA k298K
Monomer

aal 208 x 10> 263 52x10°° 170 22x 107" 195  8.0x 1072 318 58x107* 197  74x1072

aal(1H,O)m 239 x 10> 186 1.3 x 107" 11.2 2.5 % 10° 13.1 12x10° 214 44x107° 10.5 3.3 x 10°

aal(2H,0) 1.59 x 10! 73 83x107' =50 L.1x10> —1.5 2.8 x 10 3.4 40 %10  —57 1.5 x 10°
Dimer

aa2 142 x 10> 248 66x107° 136 59x107" 175 12x 107" 265 33x107° 163 1.9x 10!

aa2(1H,O)m  7.83 x 10> 190 3.6 x 107! 10.3 1.2 x 10 13.0 4.1 x 10° 16.5 1.0 x 10° 8.7 2.3 x 10!

aa2(2H,0) 1.08 x 10! 68 67x107"  —64 13x 10> =27 3.1 %100 —24 26x 100 —8.6 3.3 x 10?
Trimer

aa3 230 x 10> 267  5.0x107° 156 43 x 107" 188  1.2x 107" 254  83x107°? 170 24 x 107"

aa3(1H,0)m  1.10 x 10> 201 33 x 107 11.1 1.2 x 10° 13.6 44 x 107! 136 4.6 x 107! 7.8 4.5 x 10°

Experimental Values
ref 21 1.58 x 10* 134 7.4 x 10!
ref 21 126 x 10* 129 7.1 x 10!

“E,isin kJ-mol™", A is in m*mol™".s™!, hence kaogx is in mol.m™>.s

3.1

Table 5. Kinetic Parameters for the Addition of Acrylamide to a
Monomeric (n = 1), Dimeric (n = 2), or Trimeric (n = 3) Radical
Chain for Different Levels of Solvation and Different Electronic
Structure Methods Using the Implicit/Explicit Solvent Model*

k298]<
B3LYP MPWBIK BMK MP2  B2PLYP
Monomer
aal 6.6 x 10" 2.6x10° 6.7x 10> 7.7 x 10° 1.0 x 10°
aal(IH,0)m 1.7 x 10 2.5x10* 83 x10* 3.7 x 10> 3.5 x 10*
aal2H,0) 3.9 x 10" 28x10° 59 x 10> 3.7 x 10> 4.4 x 10°
Dimer
aa2 27%x 10" 14%x10° 34x10*> 1.7x 10" 7.5x% 10°
aa2(1H,O)m 3.4 x 10> 98 x 10° 2.4 x 10° 84 x 10> 1.7 x 10*
aa2(2H,0) 1.8 x 10" 2.5x10° 3.7 x 10> 1.4 x 10° 4.8 x 10°
Trimer
aal 1.4 % 10" 87x10> 2.0x 10> 2.6 x 10" 6.4 x 10°
aa3(1H,O)m 1.2 x 10> 4.0 x 10> 9.5x 10> 1.4 x 10> 1.4 x 10*
Experimental Values
ref 21 7.4 % 10!
ref 21 7.1 x 10!

@ Kaogk is in mol-m™3+s7 !,
experimentally) is well reproduced by the MPWBI1K, BMK,
and B2PLYP methods in the continuum solvent model
approach, yielding a ratio of 38, 71, and 94 respectively using
the trimer radical (Table 8). None of the gas phase methods
succeeds in reproducing this ratio properly. With B3LYP,
the ratio is exhaustively too large giving values between 500
and 5000 both with and without implicit solvent model,
indicating that this functional does not reproduce the qua-
litative features of the polymerization, as was earlier re-
ported by Coote et al.>’

From Table 4 and Table 6, the influence of adding explicit
water molecules on the activation energy becomes very clear.
Upon the addition of one or two water molecules, a sig-
nificant decrease in activation energy is observed. Depending
on the electronic level of theory the shift varies between 4 and
10 kJ/mol in case of one explicit water molecule. The main
effect of the explicit water molecule is loosening the original
intermolecular hydrogen bond between the amide hydrogen

and the acrylic oxygen. This strong interaction forces the
substituents about the forming bond to take an almost
eclipsed configuration of 18° for AA and 5° for MAA (see
Figure 8) in vacuo. In the presence of a water molecule, the
angle between the substituents rises to 30° and 35°, respec-
tively, causing structural relaxation. This results in an in-
crease of the reaction rate coefficient, regardless of the
electronic structure method or polymer model that is used.

Some activation energies turn out to become negative
upon the addition of two water molecules and require some
special attention. Because of the very high negative solvation
energy, this transition state can become more stable than its
reactants and the reaction can therefore exhibit a negative
activation energy. This shows that the modeled reaction is
not elementary, but a combination of two events: the for-
mation of the prereactive complex (for which pseudo statio-
narity is assumed) and the unimolecular reaction
transforming this complex into the products. This negative
activation energy is a result of linearly fitting the natural
logarithm of the obtained numbers for k, against tempera-
ture inversed. At low temperatures, the relative importance
of the PRC is higher and it can therefore have an influence on
the reaction rate while at higher temperature, it is easily
formed and the reaction itself is the only determining factor.
For acrylamide, the trimeric model with 1 explicit water
molecule (aa3(1h20)m) gives results that lie very close to the
experimental ones with the BMK, MPWBIK and B2-PLYP
functional and the MP2 method. Especially the activation
energy is in good agreement with the experimental value
whereas the frequency factor is underestimated for the
B3LYP geometries. The same is the case for MAA: although
the better electronic structure methods yield activation en-
ergies that lie in the near vicinity of the experimental value,
the reaction rate is underestimated. For the MA A monomer,
the discrepancy is bigger than for AA. Rather than focusing
solely on the quantitative agreement between calculated and
experimental rate constants, it is more important to validate
whether qualitative trends are reproduced. The AA/MAA
rate ratios are shown in Table 8. The explicitly solvated
trimeric model gives a AA/MAA ratio of 57 and 68 at the
MPWBIK and BMK level of theory, which is in very good
agreement with the experimental value of 67. B3LYP again
significantly overestimates the ratio.
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Table 6. Kinetic Parameters for the Addition of Methacrylamide to a Monomeric (n = 1), Dimeric (n = 2), or Trimeric (n = 3) Radical Chain for
Different Levels of Solvation and Different Electronic Structure Methods”

B3LYP MPWBIK BMK MP2 B2PLYP
A EA k29xK EA kz‘)XK EA k298K EA /(2981( EA k298K
Monomer
maal 724%x 100 316  22x107* 159  12x107' 199 24x107? 196  26x 1072 175 61x 1072
maal(1H,O)m 178 x 10" 277  26x107* 112 19x107" 142 57x10°? 100  3.1x107" 108  23x 107"
maal(2H,0) 1.65x 10° 178  13x107° 0.5 1.3 x 10° 32 44x107 —44 9.4 x10° —=3.0 5.2 x 10°
Dimer
maa2 3.55%x 100 401 35x10°° 179  26x1072 228 3.6x107° 189 1.7x1072 220 50x10°°?
maa2(1H,O)m  1.04 x 10" 360 54x107% 125 67x107% 166 13x1072 73 53 x 107! 141  35x107?
maa2(2H,0) 129 x 10° 281  1.6x107° 49  1.7x 107! 8.1 48x1072 =39 5.9 x 10° 30 37x107"
Trimer
maa3 533 x 100 421 24x10°° 188 27x107% 236 39x107° 182  3.5x 1072 26 59x107°
maa3(1H,0)m  4.08 x 10" 402 39x10°® 188 21x102 21.7 65x10°° 132 20x 107! 186 22x107?
Experimental Values
ref 29 20.0 1.1 x 10°
“ExisinkJ-mol™!, and 4 isin m*-mol™'-s™!; hence, kyogx isin mol-m >-s L.
Table 7. Kinetic Parameters for the Addition of Methacrylamide to a o H
Monomeric (n = 1), Dimeric (n = 2), or Trimeric (n = 3) Radical H
Chain for Different Levels of Solvation and Different Electronic 18° —N
Structure Methods Using the Implicit/Explicit Solvent Model” (_\ H NH,
K300k HsC 3
B3LYP MPWBIK BMK MP2  B2PLYP n H o)
Monomer aal
maal 13%x 107" 7.0 x 10" 92 x 10° 1.5x 10" 3.9 x 10

maal(1H,O)m 2.2 x 107" 1.9 x 10> 3.3 x 10" 2.0 x 10° 1.7 x 10°
maal2H,0) 2.7 x 107% 2.7 x10°54 x 107" 4.4 x 10" 8.0 x 10°

Dimer

maa2 11x 1072 58 x 10" 6.7 x 10° 6.0 x 10" 1.5 x 10
maa2(1H,O)m 5.2 x 107> 6.0 x 10" 8.2 x 10° 4.6 x 10*> 2.9 x 10
maa2(2H,0) 80 x 10776.5x 1073 1I1x 107339 x107'1.2x 1072

Trimer

maa3 26x 1070 23 x 10" 28 x10° 53 x 10" 6.8 x 10°
maa3(1H,0)m 3.1 x 107° 1.5 x 10" 3.5 x 10° 1.7 x 10*> 1.5 x 10

Experimental Values

1.1 x 10°

3'S

ref 29
@ kyogk is in mol-m 3.5,

Table 8. AA/MAA Rate Ratio for Addition to a Trimeric Radical in

Vacuo, with 1 Explicit Water Molecule, in the Continuum Model and

in the Combined Explicit/Implicit Solvation Model for All Studied
Electronic Structure Methods”

in vacuo C-PCM

without H,O with 1 H,O without H,O with 1 H,O
B3LYP 2083 8462 5385 38710
MPWBIK 16 57 38 267
BMK 31 68 71 271
MP2 0 2 0 8
B2PLYP 41 205 94 933
experimental 67—75

“The experimental range for this ratio is about 67—75.

The mixed implicit/explicit solvent model results, based on
the free energy differences in solution, account for a major
increase in the reaction rates of about 3 orders of magnitude.
They largely overshoot the experimental values for acrylamide
polymerization, while reproducing the MAA polymerization

HsC

maal maal(1H,0)m

Figure 8. Newman projection along the forming bond for the acryla-
mide and methacrylamide monomeric transition states with 0 and 1
water molecule assisting.

rate quite well. As a result the AA/MAA rate ratio is too
large, giving values of around 270 at the best levels of theory.
At first sight, the mixed solvation models give better results
for the MAA polymerization system but these are probably
due to a fortuitous cancellation of effects. An interesting
study concerning the mixed solvation models was recently
published by Warshel et al.** The reliability of the mixed
solvation models is largely dependent on the conformations
of the water molecules. There is no guarantee that the explicit
water molecules have the correct orientation as they would
have in an explicit infinite system, for instance reulting from
QM/MM molecular dynamics runs. For the MAA polym-
erization system, the combination of a too low k,, prediction
with explicit solvent molecules with an excessive effect of the
C-PCM model on a system with explicit water molecules
leads to a fairly good agreement with the experiment but this
is due to a cancellation of errors.

Conclusion

The radical polymerization reaction for both acrylamide and
methacrylamide was studied in the presence and absence of
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explicit water molecules. The calculations reveal that an impor-
tant solvent effect can be attributed to these solvent molecules,
stabilizing the transition state and thereby lowering the activation
energy of the reactions by 4—10 kJ/mol depending on the
electronic structure method used. As the propagation rates were
seriously underestimated when modeled in the gas phase, the
inclusion of explicit water molecules brings the propagation rates
much closer to the experimental values. The reaction rates also
increase significantly by using an implicit solvent model. In
general, gas phase calculations can give reliable and quite
accurate activation energies when an appropriate description of
the system is used in terms of electronic structure method and
explicit solvation. A remaining challenge lies in a good descrip-
tion of the pre-exponential factor. More advanced techniques in
which the solvent environment around the reactive center is taken
into account entirely, so as to include all possible entropic
contributions might contribute to a better description of the
pre-exponential factor. Apart from the absolute comparison
of calculated and experimental rate constants it is also very
important to validate the relative rates of polymerization of the
AA versus the MAA polymerization system. Experimentally, this
ratio is estimated at 67. Simple gas phase calculations underestimate
this ratio apart from B3LYP which gives unrealistically high results.
The ratio is well reproduced when using the implicit or the explicit
solvation model. The results of the mixed solvation model should be
treated with care as the results are very much dependent on the
position of the explicit solvent molecules. In general, the BMK and
MPWBIK functionals give the best quantitative and qualitative
picture for the trimeric model. These results are in agreement
with the earlier work of Broadbelt and co-workers. '’
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