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ABSTRACT: Free-radical copolymerization propagation kinetics of styrene (ST) and 2- hydroxyethyl
methacrylate (HEMA) have been investigated using pulsed laser polymerization (PLP) combined with size
exclusion chromatography (SEC) and proton NMR. Monomer reactivity ratios for bulk ST/HEMA
copolymerization are rHEMA = 0.49 and rST = 0.27, with no significant variation with temperature found
between 50 and 120 �C. The composition-averaged copolymerization propagation rate coefficient, kp,cop, is
well represented by the implicit penultimate unit effect (IPUE) model. The copolymerization kinetics of
HEMA with ST is quite similar to that of glycidyl methacrylate (GMA) with ST. A computational study
based on quantum chemistry supports the finding that GMA and HEMA are more reactive toward ST
radicals compared to alkyl methacrylates.

Introduction

Acrylic copolymers used as binder resins in solvent-borne
automotive coatings are produced at high temperature (usually
>120 �C) and low solvent levels via free-radical polymeriza-
tion in a semibatch process. Good reactor control is required to
ensure that the copolymer composition and distribution of
reactive functional groups are uniform among the copolymer
chains produced over the course of the batch. This uniformity is
required, as the functional groups on the low molecular weight
(MW) chains react on the surface of the vehicle, cross-linking to
form the final high MW coating. Thus, a good understanding of
copolymer chain-growth kinetics under these higher-temperature
conditions is required. We have focused attention on styrene-
(ST-) methacrylate (xMA) copolymers, studying the effect of
methacrylate ester group (denoted by x) and temperature on
polymer composition and propagation kinetics for copolymers of
butyl methacrylate (BMA) and ST,1 dodecyl methacrylate
(DMA) and ST2 and glycidyl methacrylate (GMA) and ST.3

Although following a general family behavior, small differences
were found in the relative reactivity of GMA to ST compared to
alkyl methacrylates BMA andDMA. In this work, we extend the
study to the copolymerization of ST with 2-hydroxyethyl metha-
crylate (HEMA), an important functional monomer used in the
coatings industry.

Incorporating HEMA into polymer chains has garnered
much attention, especially in the biomedical field,4 because
of the monomer’s high polarity. Early work demonstrated
that the polarity and hydrophilicity of solvents affect copoly-
mer composition and the copolymerization rate of the ST/
HEMA system.5,6 More recently, Schoonbrood et al.7 used
proton NMR to determine the monomer reactivity ratios of
ST and HEMA in bulk polymerization, and S�anchez-Chaves
et al.8 described the cumulative composition as a function of
conversion and the monomer conversion as a function of poly-
merization time in N,N0-dimethylformamide (DMF) solution.
Buback and Kurz9 have measured propagation rate coefficients

(kp) for the homopolymerization of HEMA by the pulsed laser
polymerization (PLP)/ size exclusion chromatography (SEC)
technique, finding that the kp value for HEMA is higher than
alkyl methacrylates by a factor of 2. In this article, we apply the
PLP/SEC technique to the study of ST/HEMA propagation
kinetics as a function of monomer composition over a range of
temperatures. In addition, copolymer composition is deter-
mined using proton NMR.

From previous studies on ST with methyl methacrylate
(MMA),10 ST/BMA,1 ST/DMA,2 and ST/GMA,3 it is found that
the terminal model adequately describes copolymer composition
and that the monomer reactivity ratios do not exhibit an
observable temperature dependence. In the terminal model, the
radical reactivity depends only on the terminal unit of the
growing chain such that the mole fraction of monomer-1 in the
copolymer (F1

inst) is a function of monomer mole fractions (f1
and f2) and the monomer reactivity ratios:11

F1
inst ¼ r1f1

2 þ f1f2

r1f1
2 þ 2f1f2 þ r2f2

2
ð1Þ

Here r1 = kp11/kp12, r2 = kp22/kp21, and kpij is the propagation
rate coefficient for addition of monomer-j to radical-i. Schoon-
brood et al.7 have reported monomer reactivity ratios for bulk
ST/HEMA polymerization at 50 �C. In this work we re-examine
the system over a wider temperature range.

Although the terminal model succeeds in describing ST/xMA
monomer reactivity ratios, it does not represent the variation in
the copolymer-averaged propagation rate coefficient, kp,cop, as a
function of monomer composition. Merz et al.12 first developed
the penultimate model to describe kp,cop:

kp, cop ¼ r1 f1
2 þ 2f1f2 þ r2 f2

2

r1 f1

k11

� �
þ r2 f2

k22

� � ð2Þ

If the penultimate unit does not affect the selectivity of the
radicals, r1 = r1 and r2 = r2; Fukuda et al.13 named this case*Corresponding author. E-mail: robin.hutchinson@chee.queensu.ca.
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the implicit penultimate effect (IPUE)model. In addition, k11 and
k22 can be expressed as functions of monomer fraction

k11 ¼ kp111ðr1f1 þ f2Þ
r1f1 þ ðf2=s1Þ k22 ¼ kp222ðr2f2 þ f1Þ

r2f2 þ ðf1=s2Þ ð3Þ

where kp111 and kp222 are homopolymerization propagation rate
coefficients, and radical reactivity ratios s1 and s2 are defined as
kp211/kp111 and kp122/kp222, respectively. (kp,ijk is the propagation
rate coefficient for addition of monomer-k to a growing radical-
j with unit-i in the penultimate position.) These values can be
estimated by fitting the penultimate model to experimental
kp,cop vs monomer composition data, usually measured using
the PLP/SEC technique.

One of the first applications of the PLP/SEC technique to
copolymerization systems was to demonstrate the failure of the
terminal model to represent kp,cop data measured at 25 and 55 �C
for copolymerization of ST withMMA14 and other alkyl metha-
crylates,15 with the experimental values lower than those calcu-
lated according to the terminal model by as much as a factor of 2.
The experimental data were well-fit by the IPUE model, with
both s values less than unity. Our work has shown that penulti-
mate unit effects remain important at temperatures above 100 �C
for ST/BMA, with kp,cop data measured between 50 and 140 �C
well fit using temperature-independent values for s.1 In addition,
penultimate unit effects are also important for copolymerization
of ST with the functional monomer GMA.3 As far as we know,
the copolymerization propagation kinetics of ST with HEMA
have not been studied using the PLP/SEC technique.

Techniques such as PLP/SEC can provide reliable and
accurate information about the kinetics of copolymeriza-
tion reactions. However, the experimental determination of
rate coefficients is time-consuming and costly, especially for
the diversity of acrylate and methacrylate monomers used in
the coatings and adhesives industries. An alternative is to study
the reactions based on quantum mechanics, provided that the
corresponding computational effort can be managed. Fischer
and Radom16 have explored, both experimentally and computa-
tionally, the influence of radical and monomer structure on
alkene addition rates to carbon-centered radicals and Heuts et
al. applied computational techniques to estimate Arrhenius
parameters for propagation in free radical polymerization of
ethylene.17,18 These pioneering studies have been extended to a
range of systems and reactions,19-21 including application to
acrylates and methacrylates22-24 and their copolymerization.25

Computational work of Coote et al.,26 a systematic study of
chain length effects for acrylonitrile and vinyl chloride free radical
polymerizations, found that rate coefficients largely converged to
their long chain limit at the dimer radical stage. Chain length
effects were also explored in other studies;20,23,27-29 generally
speaking, the absolute rate coefficients values for the addition of
the dimeric or trimeric radical to monomer are closest to experi-
mental data. Fischer and Radom demonstrated, however, that
monomeric radical systems provide a good model for predicting
and comparing relative rates of monomer addition during po-
lymerization; i.e., copolymerization reactivity ratios.16 In this
work, we simulate the addition reactions of monomeric radicals
to monomer, to compare relative rates of methacrylate addition
rates to styrene radicals. In particular, we examine whether
computational techniques are sensitive enough to capture differ-
ences in monomer addition rates found in ST/xMA copolymer-
ization when changing the methacrylate ester group.

Experimental Section

HEMA (97% purity containing 200-220 ppm mono-
methyl ether hydroquinone), styrene (99% purity, containing

10-15 ppm of 4-tert-butylcatechol), photoinitiator DMPA
(2,2-dimethoxy-2-phenylacetophenone, 99% purity) and anhy-
drousDMSO-d6 (dimethyl sulfoxide-d6, containing 99.9 atom%D)
were all obtained from Sigma-Aldrich and used as received.

Low conversion polymerizations were conducted in a pulsed
laser setup consisting of a Spectra-Physics Quanta-Ray 100 Hz
Nd:YAG laser that is capable of producing a 355 nm laser
pulse of duration 7-10 ns and energy of 1-50 mJ per pulse.
The laser beam is reflected twice (180�) to shine into a Hellma
QS165 0.8 mL jacketed optical sample cell used as the PLP
reactor. A digital delay generator (DDG, Stanford Instruments)
is attached to the laser in order to regulate the pulse output
repetition rate at a value between 10 and 100 Hz. Monomer
mixtures in bulk with 5 mmol 3L

-1 DMPA photoinitiator were
added to the quartz cell and exposed to laser energy, with
temperature controlled by a circulating oil bath. Experiments
were run in the temperature range of 50-120 �C, with styrene
fraction in the monomer mixture varied between 0 and 100%.
Monomer conversions were kept below 5% to avoid significant
composition drift, and temperature was controlled to (1 �C
during pulsing.

Polymers produced by PLP were used to determine kp,cop
values from analyses of polymer molecular weight distributions
(MWD)measured by size exclusion chromatography (SEC). The
resulting samples fromPLPwere precipitated in diethyl ether and
the solid polymers were separated from liquid by centrifuge. The
polymers were dried in a vacuum oven and then redissolved in
THF. Copolymers with greater than 70 mol % HEMA are not
THF-soluble, and thus they were not analyzed.Molecular weight
distributions were measured with a Waters 2960 separation
module connected to a Waters 410 differential refractometer
(DRI) and a Wyatt Instruments Dawn EOS 690 nm laser
photometer multiangle light scattering (LS) detector. Tethahy-
drofuran (THF) was used to carry polymers at a flow rate of
1 mL 3min-1 through the four Styragel columns (HR 0.5, 1, 3, 4)
maintained at 35 �C. The DRI detector was calibrated by 10
molecular weight polystyrene standards (870-355 000 Da) with
narrow polydispersities, and the LS detector was calibrated by
toluene as recommended by the manufacturer.

The refractive index (dn/dc) of the polymer in THF is required
to process the data from the LS detector. A Wyatt Optilab DSP
refractometer, calibrated with sodium chloride, was used to
measure these values for several ST/HEMA copolymer samples.
Six samples of 0.1-20 mg 3mL-1 were prepared in THF for each
polymer and injected sequentially to construct a curve with slope
dn/dc. As homopolymer of HEMA cannot be dissolved in THF,
dn/dc values for SThomopolymer and copolymers of ST/HEMA
produced from monomer mixtures containing 0.1-0.7 molar

Figure 1. Refractive index (dn/dc) values for styrene/2-hydroxyethyl
methacrylate (HEMA) copolymers in THF at 35 �C, plotted as a
function of weight fraction HEMA in copolymer.
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fractions HEMA were measured as shown in Figure 1, with the
homopolymer value for HEMA estimated as 0.0556 mL 3 g

-1 by
extrapolation.

The polymers isolated from the PLP experiments were also
used for composition analysis by protonNMR.The polymerwas
dissolved in dimethyl sulfoxide for proton NMR analysis con-
ducted at room temperature on a 400 MHz Bruker instrument.
The copolymer shows chemical shifts from the aromatic protons
in styrene units in the region of 7.4-6.2 ppm and from themethyl
protons and hydroxyl protons of main chain HEMA units in the
regions 1.1-0.1 ppm and 4.9-4.3 ppm.7,8 A typical spectrum is
shown in Figure 2. Copolymer composition (FHEMA=mol frac-
tionHEMA) was estimated from protonNMRvia twomethods,
either ratioing the area from the ST aromatic protons with the
peak area from the HEMA methyl protons

FHEMA ¼ 5AH1

5AH1 þ 3AA
ð4Þ

or with the peak area from the hydroxyl proton

FHEMA ¼ 5AH2

5AH2 þAA
ð5Þ

where AH1 and AH2 are the peak areas of methyl and hydroxyl
protons, respectively, and AA is the peak area of aromatic
protons. The polymer compositions estimated by the two meth-
ods agreed well with reported values determined using the more
distinct hydroxyl peak.

Computational Details. Kinetic parameters were evaluated
adopting density functional theory (DFT), which combines
good accuracy with a limited computational demand. In parti-
cular the Becke 3 parameter and Lee-Yang-Parr functional
(B3LYP) were adopted in the DFT calculations to evaluate
exchange and correlation energy.29,30 All quantum chemical
calculations of monomeric radical reactants and dimeric radical
products were performed with a spin multiplicity of 2 using an
unrestricted wave function in order to avoid spin contamination
(UB3-LYP). The all electron 6-31 basis set with added polariza-
tion functions (6-31G(d6,31,p)) was used for the basis set.

It is generally known that B3LYP methods provide excellent
low-cost performance, especially for structure optimizations
and frequency calculations.19,31-34 However recent works22,23,35

showed that B3LYP is less accurate in the prediction of electro-
nic energies, and new hybrid density functionals have been
proposed to study kinetics and reaction mechanisms. In parti-
cular Yu at al.23 pointed out that B3LYP methods lead to
activation energies higher than the experimental values, and
proposed MPWB1K/6-31G(d,p) as an attractive DFT method
for obtaining results for acrylate polymerization with quantita-
tive accuracy. The presence of nonsystematic errors in DFT
methods was also demonstrated in other studies of radical
addition to double bonds.26,36 These studies all focus on the
prediction of absolute rate coefficients. In this work, we show
that B3LYP/6-31G(d,p) provides estimates for relative rates
of monomer addition in good agreement with experiment. In
addition, single point calculations were performed with the

triple ζ all electron 6-311 basis set with added polarization and
diffuse functions (6-311þG(d,p))37 in order to support these
findings.

All geometries were fully optimized with the Berny algorithm
and were followed by frequency calculations. The geometry of
each molecular structure was considered stable only after cal-
culating vibrational frequencies and force constants and if no
imaginary vibrational frequency were found. Activation ener-
gies and enthalpy changes are determined as

Ea ¼ ðEEþ ZPEÞTST -
X

i¼reactants

ðEEþZPEÞi ð6Þ

ΔH ¼
X

j¼products

ðEEþZPEþ TCÞ-
X

i¼reactants

ðEEþZPEþ TCÞi

ð7Þ
where EE represents the electron energy, ZPE is the zero point
energy, and TC is the thermal energy correction. Transition
state structures were located adopting the synchronous transit-
guided quasi Newtonmethod andwere characterized by a single
imaginary vibrational frequency.38 Kinetic constants were de-
termined adopting the conventional transition state theory
(TST) as:

kðTÞ ¼ Ae-Ea=kbT ¼ kbT

h

qrot6¼ qvib6¼ qel6¼
Preactants qrotqvibqel

e-Ea=kbT ð8Þ

where kb and h are Boltzmann and Plank constant respectively,
T is the temperature, Ea is the activation energy of the process,
and q 6¼

vib, q6¼
rot, qvib, and qrot are the vibrational and rotational

partition functions for the transition state and reactants.
One of themain factors that can affect the accuracy of the rate

coefficients prediction are the approximations used in calculat-
ing the partition functions. In standard ab initio calculations the
partition functions are constructed using the independent har-
monic-oscillator (HO) approximation. However, by analyzing
vibrational spectra, and in particular the low vibrational modes
of the molecules, it is possible to identify some motions that
correspond to internal rotations. These rotations can be free or
hindered in relation to the presence of structural features
inhibiting the motions.32,39 The importance of considering the
low vibrational frequencies as internal rotations is well docu-
mented in the literature, for addition reactions of radicals to
olefins especially.17,18,21,23,25,26,32,39-41 In particular, by taking
into account the internal rotation in the transition state, the pre-
exponential factor increases and in some case the value is
double. However, the activation energy value is unaffected
and remains almost constant.32,39-41

If the computational accuracy is improved by treating the low
frequency torsional modes as internal rotations, it has also been
shown that the corrections on the partition functions can be
more or less critical in relation to the type of system investi-
gated. In particular the corrections are moderately temperature
dependent, but seem to be most pronounced at higher tempera-
tures.21,41 Moreover the contribution of internal rotations be-
comes larger as the molecules investigated gets larger40 and
finally the correction for the internal rotation about the addition
of the same carbon-centered radical to different unsaturated
compounds is close to unity.21

In the present work, the addition of styrene radical to
different methacrylate monomers was studied at relatively low
temperature and, due to the consideration proposed above, the
rate coefficients were calculated using standard transition state
theory with the partition functions determined under the HO
approximation. As the primary goal of this numerical applica-
tion is to compare the reactivity of ST-xMA systems, the
proposed level of theory is sufficient for reasonable estimates
of the rate coefficients.26 All quantum chemistry calculations

Figure 2. NMR spectrum of copolymer produced at 50 �C from a
styrene/2-hydroxyethyl methacrylate (HEMA) monomer mixture
containing 30 mol % HEMA.
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were performed with the Gaussian 03 suite of programs and all
pictures drawn with Molden 4.2.42,43

Results and Discussion

An important assumption of both the terminal and penulti-
mate models is that the monomer addition reactions are irrever-
sible. For methacrylate systems, depropagation can occur at
appreciable rates at higher temperatures (>120 �C), depending
on monomer concentrations.44,45 However, our previous work1,3

has shown that depropagation does not affect low conversion
bulk ST/xMA copolymerization at temperatures below 130 �C;
thus depropagation does not need to be considered for this study.

Monomer Reactivity Ratios. As only a single ST/HEMA
bulk copolymerization study was found in literature, it is
necessary to verify the monomer reactivity ratios reported
for 50 �C. In addition, it is important to examine whether the
values vary with temperature. Low conversion PLP experi-
ments were carried out from 50 to 120 �C and the resulting
polymer compositions were analyzed by NMR. The full set
of experimental conditions and results is summarized in
Table S1, with a plot of HEMA mole fraction in the
copolymer plotted against monomer composition in Fig-
ure 3. The copolymer composition curve has the shape
commonly observed for ST-xMA systems, and the data are
well-represented by the Mayo-Lewis terminal model using
the literaturemonomer reactivity ratios of rHEMA=0.49 and
rST = 0.27.7 In addition, the data indicate that there is no
significant effect of temperature on copolymer composition,
with data up to 120 �C well represented by the same set of
r values.

It is interesting to compare these results to other ST/xMA
systems. Table 1 summarizes monomer reactivity ratios for
ST copolymerizedwithMMA,BMA,DMA,GMAandHE-
MA, and Figure 4 presents the corresponding Mayo-Lewis
curves for these systems. The curves for ST/HEMA and ST/
GMA are very similar, and differ significantly from the
curves for the three alkyl methacrylates. With GMA and
HEMA, methacrylate-enriched copolymer is produced in
styrene-rich monomer mixtures relative to the alkyl metha-
crylates, a difference captured by the lower rST value.
A computational study has been done to explore these
reactivity differences, as presented later.

Copolymerization Propagation Kinetics. The PLP/SEC
technique has proven to be an efficient and accurate method

to investigate kp,cop, based on careful analysis of polymer
MWDs. In PLP experiments, each laser flash initiates new
radicals from photoinitiator, with these radicals propagating
and, in some cases, terminating in the time period between
two flashes. Those radicals that survive the dark period
between pulses are likely to be terminated by the next laser
flash, forming a significant population of dead chains with
length L0

L0 ¼ kp, cop½M�t0 ð9Þ
Given the total monomer concentration [M] and flash inter-
val t0, the copolymer-averaged propagation rate coefficient
kp,cop can be deduced. There is a probability that some
radicals survive the next laser flash and terminate with a
later flash, such that signals corresponding to chains of
length 2L0 and 3L0, can also be observed. If well-structured
MWDs are formed, like those shown in Figure 5, kp,cop
values can be calculated from the first inflection point of
the MWD according to

kp, cop=L 3mol-1s-1 ¼ MW0

1000Ft0
ð10Þ

where MW0 is the polymer molecular weight at the first
inflection point and F (g 3mL-1) is the density of monomer
mixture calculated assuming volume additivity. In addition,
theMWvalue at the second inflection point should occur at a
value of twice that of MW0, providing an important check
for PLP consistency.

The parameters necessary to estimate kp,cop from SEC
data are summarized in Table 2, with monomer densities
calculated as a function of temperature, and the refractive

Figure 3. Copolymer composition data for low-conversion styrene/
2-hydroxyethyl methacrylate (HEMA) bulk copolymerization at vary-
ing temperatures, plotting mole fraction HEMA in copolymer (FHEMA)
as a function of HEMA mole fraction in the monomer phase (fHEMA).
The solid curve is the prediction of the terminal copolymerizationmodel
with literature7monomer reactivity ratios rHEMA=0.49 and rST=0.27.

Table 1.MonomerReactivity Ratios for Copolymerization of Styrene
(ST) with Various Methacrylatesa

ST/HEMA7 ST/GMA3 ST/BMA1 ST/DMA2 ST/MMA10

rST 0.27 0.31 0.61 0.57 0.49
rxMA 0.49 0.51 0.42 0.45 0.49

a 2-Hydroxyethyl methacrylate (HEMA), glycidyl methacrylate
(GMA), butyl methacrylate (BMA), dodecyl methacrylate (DMA),
and methyl methacrylate (MMA).

Figure 4. Mole fraction methacrylate in copolymer (FxMA) vs mole
fraction in monomer mixture (fxMA) for ST/HEMA, ST/GMA, ST/
BMA, ST/DMA, and ST/MMA, calculated using the monomer reac-
tivity ratios in Table 1.
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index (dn/dc) for interpretation of LS results measured as
discussed previously. However, Mark-Houwink para-
meters for HEMA homopolymer are required in order to
analyze the output from the RI detector, with the copolymer
MW calculated as a composition-weighted average of the
homopolymer values, as done previously.1,3,10 As the homo-
polymer of HEMA cannot be dissolved in THF, these values
have been estimated. The “a” exponent value was set to the
value reported for GMA,3 and the “K” was adjusted to
achieve agreement between LS and RI MW results for ST/
HEMA produced with fHEMA e 0.7, according to the
following relations:

logðMWÞHEMA ¼ 1þ aS

1þ aHEMA
logðMWÞS

þ 1

1þ aHEMA
log

KS

KHEMA

� �
ð11Þ

logðMWÞcop ¼ ð1-wHEMAÞ logðMWÞS
þ wHEMA logðMWÞHEMA ð12Þ

Here, wHEMA is the weight fraction of HEMA in the copo-
lymer. This methodology to establish calibration for the RI

detector is not ideal, as it depends upon the accuracy of the
LS results. However, as the LS results are processed using
experimentally determined dn/dc values for the copolymers,
the RI results are used only as a check on SEC operation.
Agreement between the two detectorswas good,within 10%,
over a wide range of MW0 values, between 5 � 103 and 1 �
105 Da.

A systematic PLP/SEC study with experiments from 50 to
120 �C has been carried out, with complete experimental
conditions and results summarized in Table S1.Most experi-
ments were conducted at 50 Hz; a few experiments were run
with a pulse repetition rate of 33 Hz, with the kp,cop values
obtained in good agreement with 50 Hz results. Above
120 �C, no meaningful PLP structure was obtained, possibly
due to styrene thermal polymerization and/or cross-linking
involving HEMA impurities. Typical results are shown in
Figure 5, a plot of copolymer MWDs measured by the two
detectors for comonomer mixtures of varying composition
pulsed at 90 �C with a laser repetition rate of 50 Hz, and the
corresponding first-derivative plots used to identify inflec-
tion points. TheMWDs shift to the right and the correspond-
ing MW0 values increase as the mole fraction of HEMA in
the comonomer mixture increases from 0 to 0.7. This shift is
not surprising, as the propagation rate coefficient forHEMA
is seven times greater than that of ST at 90 �C, as calculated
according to the Arrhenius equations determined from pre-
vious PLP/SEC studies:9,46

kp, ST=L 3mol-1 3 s
-1 ¼ 107:630 expð-3910=ðT=KÞÞ ð13Þ

kp,HEMA=L 3mol-1 3 s
-1 ¼ 106:954expð-2634=ðT=KÞÞ ð14Þ

The kp,cop data obtained at 50 �C is plotted in Figure 6 as a
function ofmonomer composition. The value increases from

Figure 5. MWDs (top) and corresponding first derivative (bottom) plots obtained for styrene/2-hydroxyethyl methacrylate (HEMA) copoly-
mer produced by PLP at 90 �C and 50 Hz, as measured by RI (left) and LS (right) detectors. Monomer compositions are given as mole fraction
HEMA (fHEMA).

Table 2. Parameters for Calculation of kp,cop from SEC Analysis of
PLP-Generated Copolymer Samples of Styrene with 2-Hydroxyethyl

Methacrylate (HEMA)

Mark-Houwink
parameters

monomer density F (g 3mL-1)
dn/dc

(mL 3 g
-1)

K (dL 3 g
-1)

� 10-4 a

styrene 0.9193- 0.000 665T/�C46 0.1801 1.141 0.7161

HEMA 1.092 - 0.000 98T/�C9 0.0556 2.39 0.537
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the ST homopolymer value of 240 to 700 L 3mol-1
3 s
-1 with

fHEMA = 0.7. As mentioned before, the agreement between
the kp,cop estimated from LS and RI detectors is excellent, as
is the agreement between experiments run at 33 and 50 Hz.
Also shown in Figure 6 is the prediction of the terminal
model, calculated using the monomer reactivity ratios that
describe the copolymer composition data, rHEMA=0.49 and
rST=0.27, and the homopolymer kp values calculated accor-
ding to eq 13 and 14. The deviation between experiment and
the terminalmodel prediction is significant, with the terminal
model overpredicting kp,cop by as much as a factor of 2. It is
clear that the terminalmodel cannot simultaneously describe
copolymer composition and reaction rate for the ST/HEMA
system, as observed previously for ST copolymerized with
alkyl methacrylates1,10,14,15 and with the functional mono-
mer GMA.3 As for these other systems, the IPUE model
provides a good fit to the experimental datawith a ST radical
reactivity ratio of less than unity. Radical reactivity ratios
were estimated using the nonlinear parameter estimation
capabilities of the computer package Predici47 by fitting of
eqs 2 and 3 to the experimental kp,cop data in the entire
50-120 �C temperature range as a function of fHEMA, with
equal weighting on all data points and monomer reactivity
ratios and kp,iii values set according to previous literature.
The package uses a Gauss-Newton technique, estimating
95% confidence intervals from the variance-covariance
matrix.48 The values sST=0.38 ( 0.01 and sHEMA=1.34 (
0.71, estimated by nonlinear regression, are able to fit the
entire set of kp,cop data between 50 and 120 �C, as determined
by LS analysis and shown in Figure 7. The much higher
uncertainty in the sHEMA estimate is due to the lack of kp,cop
data for HEMA-rich mixtures (fHEMA>0.7). While enthal-
pic contributions cannot be ruled out, a single pair of
temperature-independent s values is sufficient to represent
the data, as found previously for the ST/BMA1 and ST/
GMA3 systems.

Table 3 summarizes the kinetic coefficients for these three
STmethacrylate systems. (The reactivity ratios of ST/MMA
and ST/DMA are very similar to ST/BMA.) It is difficult to
determine whether the difference in the s values reflects real
kinetic differences, or is a reflection of the higher uncertainty
in estimating these coefficients.10 Despite the difference in

absolute kp values for the three methacrylates, the relative
addition of styrene to methacrylate radicals is similar (rxMA

between 0.4 and 0.5). However, the functional monomers
GMA and HEMA add onto a styrene radical significantly
faster than does BMA, as reflected in the lower rST values.

Computational Study of ST/xMA Reactivity. A computa-
tional study was done to explore the reactivity between ST
and various methacrylates. As a preliminary study, the
Arrhenius propagation and depropagation parameters
for ST, HEMA, GMA, BMA, and MMA were calculated
at 100 �C as discussed in the Computational Details and
compared with the experimental data reported in literature,
as summarized in Table 4. There is good agreement between
experimental and computational values, in particular for the
propagation and depropagation activation energies. The
discrepancy between computational and experimental values
is ∼1 kcal 3mol-1, comparable with experimental uncer-
tainty. The prediction of the pre-exponential factor (A) is
less accurate. As discussed in the Introduction, some of the
differencesmay arise as the computation examinesmonomer
addition to a monomeric, rather than a long-chain, radical.
Moreover, another source of inaccuracy is the use of the HO
approximation, as well presented in the Computational
Details. However, these effects should not influence the
study of the relative reactivity of styrene toward the metha-
crylates, as will be shown.

For the computational determination of the monomer
reactivity ratios at a given temperature, the pre-exponential
factors for the copolymerization kinetic coefficients are
considered to be equal to the corresponding values for
the homopolymerization reactions. In particular the pre-
exponential factor for methacrylate monomer addition to
styrene radical (AST,xMA) is set equal to the pre-exponential

Figure 6. Copolymer propagation rate coefficients (kp,cop) data vs
2-hydroxyethyl methacrylate (HEMA) monomer mole fraction, as
measured by PLP/SEC at 50 �C. Terminal model predictions are
indicated by dashed line and penultimate model fit, calculated with
sST = 0.38 and sHEMA = 1.34, by the solid line.

Figure 7. Experimental kp,cop (L 3mol-1
3 s
-1) values determined by

SEC analysis of styrene/2-hydroxyethyl methacrylate (HEMA) copo-
lymers produced via PLP experiments, plotted as a function of HEMA
monomer mole fraction. Lines indicate data fits using the implicit
penultimate unit effect model, with sST = 0.38 and sHEMA = 1.34.

Table 3. Comparison of Reactivity Ratios for Copolymerization of
Styrene (ST) with 2-Hydroxyethyl (HEMA), Glycidyl (GMA), and

Butyl (BMA) Methacrylates

ST/HEMA ST/GMA3 ST/BMA1

rST 0.27 0.31 0.61
rxMA 0.49 0.51 0.42
sST 0.38 0.28 0.44
sxMA 1.34 1.05 0.62
kp,xMA

a 41089 1638 1233
a In L 3mol-1

3 s
-1 calculated at 70 �C.
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factor for styrene homopolymerization (AST,ST). According
to this hypothesis, the pre-exponential factor is a function of
the radical involved and thus is assumed to be fully indepen-
dent of the monomer reacting. This hypothesis agrees with
findings and assumptions proposed byFischer andRadom16

and removes the uncertainty related to the evaluation of the
pre-exponential factors.

Taking these considerations into account, the copolymer-
ization reactions of ST with HEMA, GMA, BMA and
MMA were simulated at 100 �C with B3LYP/6-31G(d,p)
to study the differences in the reactivity of various metha-
crylates with styrene, specifically the value of rST. The kinetic
parameters for all these reactions are summarized in Table 5.
From these data it is possible to calculate the corresponding

values of rST and compare to experimental results. Complete
information regarding optimized molecular structures of
reactants, products and transition states involved in the
reactions is available as Table S2 in the Supporting Informa-
tion.

Data reported in Table 5 show good agreement between
experimental values from PLP/SEC studies and computa-
tional values obtained adopting quantum chemistry calcula-
tions. Moreover this computational study confirms that the
ST radical is more reactive toward HEMA and GMA than
other alkyl methacrylates. The effect of temperature on the
monomer reactivity ratio values was also considered. The
computational results predict a slight increase in rST values of
0.07 or less for all systems as temperature is increased from

Table 5. Comparison between Computational and Experimental Monomer Reactivity Ratios for Addition to a Styrene Radical in Styrene/
Methacrylate Copolymerizations.a

Data ST/ST ST/HEMA ST/GMA ST/BMA ST/MMA

ln(Ap) (computational) 18.99 18.99 18.99 18.99 18.99
Ep (computational) 8.28 7.09 7.47 7.71 7.75
kp* (computational) 2.49 � 103 12.37 � 103 7.37 � 103 5.39 � 103 5.05 � 103

rST (computational) - 0.20 0.34 0.46 0.49
rST (experimental) - 0.27 0.31 0.61 0.49
aKey: styrene (ST), 2-hydroxyethyl methacrylate (HEMA), glycidyl methacrylate (GMA), butyl methacrylate (BMA), and methyl methacrylate

(MMA). Computational energies reported in kcal 3mol-1, pre-exponential factors and kinetic coefficients (calculated at 100 �C) in L 3mol-1
3 s
-1. The

notation kp* indicates that the computation examines monomer addition to a monomeric radical.

Table 4. Comparison between Arrhenius Propagation and Depropagation Parameters for ST, HEMA, GMA, BMA, and MMA, both
Theoretically and Experimentally Determineda

(computational) (experimental) (computational) (experimental)

monomer ln(Ap) Ep kp* (100 �C) ln(Ap) Ep kp (100 �C) ln(Adep) Edep ln(Adep) Edep

ST46 18.99 8.28 2.49 � 103 17.57 7.77 1.20 � 103 30.12 22.36
HEMA9 16.34 6.39 2.47 � 103 16.00 5.23 7.66 � 103 30.25 18.90
GMA3 17.15 6.58 3.93 � 103 15.44 5.47 3.16 � 103 30.04 18.32 30.18 18.33
BMA49,50 17.42 6.34 7.08 � 103 15.15 5.47 2.37 � 103 29.85 19.09 29.53 17.87
MMA51 16.35 6.21 2.90 � 103 14.80 5.34 1.99 � 103 30.71 18.90

aKey: styrene (ST), 2-hydroxyethylmethacrylate (HEMA), glycidyl methacrylate (GMA), butylmethacrylate (BMA),methylmethacrylate (MMA).
References are for experimental results. Activation energies (Ep, Edep) in kcal 3mol-1, Ap in L 3mol-1

3 s
-1, and Adep in s-1, kp in L 3mol-1

3 s
-1. The

notation kp* indicates that the computation examines monomer addition to a monomeric radical.

Figure 8. Simulated IR spectra: (a) 2-hydroxyethyl methacrylate, (b) glycidyl methacrylate, (c) butyl methacrylate, and (d) methyl methacrylate.
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50 to 120 �C; e.g., rST increases from 0.29 to 0.36 for the ST/
GMAsystem. This increase is larger than the standard devia-
tion reported for the ST/BMA1 ((0.03) and ST/GMA3

(((0.01-0.06, depending on temperature) experimental
studies. However, a detailed analysis of the ST/GMA
data found that rST increased slightly from 0.29 to 0.34
between 50 and 150 �C.3 Computational studies may prove
to be a more sensitive probe of this behavior than ex-
periment.

As discussed in the Computational Details, single point
calculations were performed with the larger basis set 6-
311þG(d,p)37 in order to support the results obtained with
the B3LYP/6-31G(d,p) level of theory. It was found that the
monomer reactivity ratios calculated are only slightly influ-
enced by the basis set size. In particular rST is calculated to be
0.25 for ST/HEMA, 0.42 for ST/GMA, 0.54 for ST/BMA
and 0.52 for ST/MMA. The increases in rST values are 0.04
or less for all systems as temperature is increased from 50 to
120 �C. These results indicate that the smaller basis set
provides sufficient accuracy when examining relative rates
of addition to the ST radical.

Previously, it was noted that the difference in reactivity
with methacrylate type is correlated to a shift in the metha-
crylate carbonyl IR peak.3,52 Thus, IR spectra of the mono-
mers were plotted from the quantummechanics simulations,
as shown in Figure 8, with the frequencies of the carbonyl
group for each monomer indicated. The carbonyl IR peaks
for HEMA and GMA are shifted to a lower wavelength
relative to BMA or MMA. In particular the carbonyl IR
peak for HEMA is shifted by 3 and 2 cm-1 respectively,
whereas the peak for GMA is shifted to a lower value by 6
and 5 cm-1. The reason behind this correlation between
relative reactivity and the shift in carbonyl peak position is
not known, and it should be further explored.

Conclusions

The PLP technique has been employed to systematically
investigate free radical bulk copolymerization of ST and HEMA
in the temperature range 50-120 �C. SEC analysis of the poly-
mer MWDs produced by PLP was possible in THF solvent
only for copolymers produced from monomer mixtures with
HEMA mole fraction of 0.7 or lower. Nonetheless, a refrac-
tive index (dn/dc) of pHEMA could be extrapolated by
measuring values for the THF-soluble copolymers. The composi-
tion-averaged copolymer propagation rate coefficients (kp,cop)
are well-described by the implicit penultimate unit effect (IPUE)
model.

Copolymer composition data, determined via proton NMR,
are well-represented by the terminal model using monomer
reactivity ratios taken from literature, with no significant tem-
perature dependence observed. HEMA, as found previously for
GMA, exhibits higher reactivity to ST radicals than do alkyl
methacrylates such as MMA, BMA, and DMA. The same
behavior, also found in a computational study,may be correlated
to shifts in the IR carbonyl peak. Further studies to explore this
relationship are underway.
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