7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Acrylate—methacrylate radical copolymerization
o kinetics of sparingly water-soluble monomers in

Cite this: Polym. Chem., 2024, 15,

4542 polar and nonpolar solvents+

{ M) Check for updates ‘

Noushin Rajabalinia, 2/ Fatemeh Salarhosseini and Robin A. Hutchinson @2 *

The properties of waterborne polymer dispersions synthesized by emulsion radical polymerization are
influenced by reactions in both the agueous medium and the growing particles. Mathematical models
representing the process often do not consider the difference in the propagation rate coefficient (kp) of
monomers in the two phases, despite the body of evidence demonstrating that solvent polarity influences
monomer—monomer and monomer-solvent hydrogen-bonding that affects both k, homopropagation
values and copolymerization reactivity ratios. Therefore, it is vital to develop experimental approaches to
systematically measure the influence of solvent on the copolymerization kinetics of hydrophobic mono-
mers under conditions that are similar to emulsion systems. In this work, we study the copolymerization
of methyl acrylate (MA) with di(ethylene glycol) methyl ether methacrylate (DEGMEMA) as models for the
common emulsion monomers butyl acrylate and methyl methacrylate. As well as varying solvent choice
and monomer concentration, MA/DEGMEMA copolymerization kinetics are compared to those of MA
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with methacrylic acid (MAA) to determine the influence of monomer functionality on its relative reactivity.
The findings suggest that the copolymer composition of all methacrylate—acrylate systems — whether
involving functional or non-functional monomers — converge to a single curve in protic polar aqueous
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Introduction

Waterborne polymer dispersions, used in a broad range of
industries’ including (meth)acrylate dispersions for coatings
and adhesives,” are mostly synthesized by emulsion radical
polymerization via a complex polymerization mechanism.
Although most polymer formation occurs within the dispersed
particles, reactions in the aqueous medium play an important
role in controlling particle nucleation and radical entry into
the particles.” Despite the commercial importance of produ-
cing dispersions with desired performance characteristics,
unsolved issues remain that prevent detailed kinetic models
from capturing all of the important features of the process.” In
particular, the current understanding and mathematical
models fail to accurately represent particle nucleation and the
resulting particle size distribution of the synthesized polymer
dispersions.” Some of these difficulties arise from an
inadequate treatment of the kinetics of chain growth in the
aqueous phase.
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Using a water-soluble initiator, the initial chain growth of
newly formed radicals occurs in the aqueous medium® under
conditions for which the propagation coefficient rate (k)
describing the addition of the sparingly-soluble monomer to
the growing oligomers is chain-length dependent (CLD).”
Oligomer growth in the water continues until the growing
chain either enters a micelle or polymer particle,>® or reaches
a critical chain length and becomes insoluble in water by the
process known as homogeneous nucleation.” Despite signifi-
cant efforts to develop first-principle representations of radical
entry'®'" to and radical exit® from the particles, their reliability
is still debatable'* because of the lack of accounting for the
CLD and/or solvent dependency of &, in water compared to in
the particles.

A significant body of work has emerged using specialized
pulsed-laser polymerization techniques to demonstrate that
solvent polarity can significantly affect chain growth,"*'* with
the k, of water-soluble monomers more than a magnitude
higher in water compared to in organic media;" i.e., within
the growing polymer particles. However, less is known about
the influence of water on the propagation kinetics of mono-
mers with limited solubility in aqueous solution, such as
those typically used in emulsion polymerization. Agboluaje
et al. compared the relative influence of polar solvents - both
alcohols and water - on k;, values of sparingly soluble non-
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functional 2-methoxyethyl acrylate (MEA) and methyl acrylate
(MA) to that of fully water-soluble acrylic acid (AA).'® While
transitioning from bulk to solution polymerization with
5-10 wt% of monomer in alcohol resulted in a 2-fold &,
increase for MA and MEA, the value for AA decreased by a
factor of 2. The difference in behavior was explained by com-
petitive hydrogen bonding effects: alcohol enhances the reac-
tivity of the non-functional acrylates through H-bonding with
monomer but reduces the reactivity of AA by disruption of the
monomer dimerization that occurs in bulk. On the other
hand, it was found that k, for 5 wt% MA, MEA and AA in water
was 16, 8, and 4.6 times higher than bulk, respectively, with
the values for the three monomers converging to 160-200 X
10° L mol™* s™* at 25 °C."® This difference in the relative influ-
ence of water on the propagation of non-functional and func-
tional monomers is expected to be important for emulsion
systems, which often involves the copolymerization of mono-
mers with limited water solubility (e.g., styrene, butyl acrylate,
methyl methacrylate) with water-soluble functional monomers
(e.g., 2-hydroxyethyl (meth)acrylate, (meth)acrylic acid)."”

As homopropagation k;, values of functional and non-func-
tional monomers show different sensitivities towards water, it
is not surprising that solvent nature also affects the reactivity
ratios of monomers in radical copolymerization and thus
copolymer composition, as has been reported for methyl meth-
acrylate (MMA) copolymerized with methacrylic acid (MAA)'®
and AA"™ in a variety of organic solvents. More recently,
Agboluaje et al. demonstrated that the relative incorporation of
2-hydroxyethyl methacrylate (HEMA) into HEMA/MEA copoly-
mer is reduced in alcohols and methanol-water mixtures com-
pared to the copolymer synthesized in bulk,?® as also found
for HEMA copolymerized with butyl methacrylate (BMA)*! and
2-hydroxyethyl acrylate (HEA) copolymerized with both butyl
acrylate (BA)**> and BMA.>* The HEMA/MEA study also demon-
strated that solvent polarity had a much stronger influence on
the composition-averaged propagation rate coefficient in the
system (i.e., polymerization rate) than on the system reactivity
ratios (i.e., copolymer composition).?° Deglmann et al. compu-
tationally studied the effect of medium on copolymer compo-
sition, demonstrating that the experimental variations in reac-
tivity ratios with solvent choice are captured by considering
thermodynamic nonidealities, as captured by the activity
coefficients of the two monomers and transition states
involved.>*

With regards to emulsion system, the time required for an
oligomer to reach a critical chain growth will depend both on
chain growth rates and copolymer composition, as the differ-
ence in the hydrophobicity of comonomers influences oligo-
meric solubility and thus radical entry.”> While the emulsion
copolymerization of MMA and BA has been widely studied due
to its wide application as coatings and adhesives,*® to the best
of our knowledge their reactivity ratios in aqueous solution
have not been measured due to their hydrophobicity. In this
work we take the first steps to determining these values under
conditions as similar as possible to those in the aqueous
phase of emulsion polymerization. Our strategy is to substitute
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Fig. 1 Acrylate and methacrylate monomers selected to gain insight on
aqueous-phase kinetics of commercial BA-MMA emulsion copolymeri-
zation as well as the influence of adding functional comonomers to the
system.

Functional Comonomer

MMA and BA with non-functional monomers of similar struc-
ture but with increased water solubility, as shown in Fig. 1.
With a water solubility of ~5 wt%, MA is a natural substitute
for BA, and we select di(ethylene glycol) methyl ether meth-
acrylate (DEGMEMA) as a non-functional methacrylate with
increased water solubility (~6 wt%) compared to MMA. These
selections are based upon our previous findings that the influ-
ence of solvent polarity on the reactivity of non-functional
monomers is similar (e.g., MEAvs. MA'® and MEA vs. BA*?).

In addition to our interest on the influence of solvent on
MA/DEGMEMA copolymerization, we would like to quantify
the influence of monomer functionality on relative reactivity
during the transition from non-polar to polar solvents. Both
hydroxy-functional (HEA and HEMA) and acid functional (AA
and MAA) monomers are commonly added to many emulsion
systems. Thus, we compare the combined influence of solvent
selection and methacrylate functionality on the relative reactiv-
ities of MA/MAA and MA/DEGMEMA. In situ NMR is used to
track individual monomer consumption rates up to high con-
version, thus providing a measure of both reaction rate (i.e.,
overall rate of conversion) and of the system reactivity ratios
(estimated from the relative rates of comonomer consumption).

Experimental section
Materials

All chemicals in this study were used as received without
further purification. Methyl acrylate [MA] (99%, contains
<100 ppm monomethyl ether hydroquinone [MEHQ] as inhibi-
tor, Sigma-Aldrich), methacrylic acid [MAA] (99% contains
250 ppm MEHQ, Aldrich), di(ethylene glycol) methyl ether
methacrylate [DEGMEMA] (95%, Aldrich), 2,2'-azobis(2-methyl-
propionitrile) [AIBN] (98%, Aldrich), 2,2-azobis(2-methyl-
propionamidine) dihydrochloride [V-50] (97%, Aldrich), 1,3,5-
trioxane (99%, Tokyo Chemical Industry Co., Ltd), dimethyl
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sulfoxide-ds [DMSO-ds] (99.5% isotropic, Thermo Scientific),
toluene-dg (99.5% atom D, Cambridge Isotope Laboratories,
Inc.), ethanol-d; [EtOD, C,H;OD] (>99.5% atom D, Sigma-
Aldrich) and deuterium oxide [D,O] (Sigma-Aldrich) were used.

In situ "H NMR polymerizations

The effect of altering comonomer composition, monomer
functionality, solvent type and concentration on compositional
drift to high conversion has been studied in the copolymeriza-
tion of MA with MAA and with DEGMEMA, as summarized in
Tables S1 and S2 in ESL.} The initiator was switched from oil-
soluble AIBN to water-soluble V-50 when the D,O fraction in
D,O/EtOD mixtures was >50 wt%.

NMR mixtures were prepared based on the given formu-
lations in Tables S1 and S2{ by adding the corresponding
amounts of monomers, solvent(s) and initiator to a glass vial
at ambient temperature. Each solution was well mixed using a
vortex mixer to ensure sample homogeneity. No purging with
an inert gas was performed as the presence of small amount of
oxygen retards the start of the polymerization, with the inhi-
bition time allowing the tracking of conversion from the start
of reaction.>”*® 0.5-1 ml of each sample was transferred to a
Wilmard® 5 mm NMR tube and was stored in the fridge prior
to the in situ NMR experiments.

In situ "H NMR experiments were performed using Bruker
500, 600 and 700 MHz NMR spectrometers equipped with
TopSpin 4 NMR processing software. As the focus of the study
was the influence of solvent and monomer selection on copoly-
mer composition, and it has been reported that temperature has
a negligible effect on acrylate-methacrylate reactivity ratios,> all
experiments were performed at 60 °C. The NMR sample
chamber was equilibrated to the reaction temperature before the
samples were inserted. After sample equilibration to the reaction
temperature in the chamber, the software was locked to the
deuterated defined solvent and the sample was shimmed and
tuned within 3 to 5 min of inserting the tube to ensure the
quality of the acquired spectra, as sharp peaks and a flat base-
line are critical for quantitative analysis of the spectrum.
Acquisition parameters were set to a relaxation delay (d1) of 20 s
to prevent error arising from peak saturation,* with 8 scans per
acquisition to provide a spectrum with a good signal to noise
ratio every 3-4 min. Each reaction was followed up to the highest
attainable monomer conversion (always >65%) without losing
spectra quality due to loss of shimming. The reproducibility of
the experimental procedure and data analysis was verified by
repeating some solvent/comonomer formulations three times.
Fig. S17 provides an example set of data collected for MA/MAA
(Wmon = 0.2) in a mixture containing equal mass fractions of
D,0 and EtOD (ogop = 0.5) for two different initial comonomer
compositions (fyao = 0.20 and 0.50), plotting both overall
monomer conversion (X) vs. time and the evolution of fya vs. X.

Following the procedures described by Preusser and
Hutchinson,* the change in comonomer composition with
overall monomer conversion as well as the change in overall
monomer conversion with time was calculated from the
decrease in intensity of distinct peaks corresponding to the
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two monomers in the system. Details for the specific
monomet/solvent systems in the current work are provided in
Section S1 to S5 of the ESL.T

Reactivity ratio estimation

The drifts in comonomer composition vs. overall monomer
conversions were used to estimate reactivity ratios - ie., the
relative propensity of radical-i to react with monomer-i com-
pared to monomer-j:

ki ..
r=—,1j=1,2 1
i ky .] ( )
using the direct numerical integration (DNI) method*" and the
non-linear parameter estimation features in PREDICI by
solving the following equation:
dfi _fi—F

x- 1-x HX=0)=fio (2)

where X and f; are the paired NMR measurements of overall
monomer conversion and mole fraction of monomer 1 (MA) in
the comonomer mixture, respectively, and F™* is the instan-
taneous copolymer composition of MA calculated assuming
terminal model kinetics:

FInst — rlflz +flf2
1 rfi2 +2fifs + rafa?’

Following the terminology recently introduced by an IUPAC
working group on “Experimental Methods and Data
Evaluation Procedures for the Determination of Radical
Copolymerization Reactivity Ratios”,** this procedure can be
referred to as the f,—f~X method, as the reactivity ratio esti-
mates determined from the fit of the f vs. X data are also
dependent on the values of f;, specified as the initial con-
dition when solving eqn (2). For all experiments conducted in
this study, the f; o determined in the lab via gravimetry was
used in the parameter estimations, with the excellent agree-
ment between the NMR-measured and lab values illustrated by
the examples provided in ESI Sections S1-S5.1 The r; and r,
values were estimated for each solvent/monomer/comonomer
mixture (e.g., MA/MAA with wy,o, = 0.1 in DMSO-ds) by com-
bining data from three experiments with f; , set to 0.20, 0.50,
and 0.80. We assume that each f;-X data measurement is inde-
pendent, as every NMR spectrum is analyzed separately with
no dependence on the values determined from the previous
spectrum.

The validity of the estimated reactivity ratios using this
methodology is checked for some of the data sets by using
material balances to estimate cumulative copolymer compo-
sition (F§"™) according to eqn (4):

Feum :fl,O — (1 _X)fl
! X

fi+f=1 (3)

(4)

and then fitting the resulting f,-F-X data using the Contour
software downloaded from the link provided with the ITUPAC
paper.>* This methodology accounts for measurement error,
with the absolute error in both f; and X assumed to be + 0.01

This journal is © The Royal Society of Chemistry 2024
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based on the accuracy of NMR peak integrations and the
corresponding error in F§""™ calculated according to standard
“propagation of error” methodology.*” In addition, the same
data sets were processed using an Excel macro provided in the
same publication that estimates the reactivity ratios by fitting
the data to the analytical solution to Skeist’s equation (eqn
(S8) in ESIT) derived by Meyer and Lowry (ML).** The differ-
ences in the mean r values and the 95% joint confidence
regions (JCR) from the three procedures are minor, as pre-
sented for the copolymerization of MA/DEGMEMA in DMSO-
de and toluene-dg and MA/MAA in DMSO-d¢. These differ-
ences, likely arising from the numerical solution algorithms,
are small compared to the differences found when changing
reaction conditions or monomer systems.

As a further check on both the experimental and estimation
procedures, separate JCRs were calculated for the Fig. S1f
repeat experiments conducted for MA/MAA in D,O:EtOD
(0tgtop = 0.5) with Wy = 0.2, as shown as Fig. S1(c).T The three
JCRs overlap, with the small differences seen related to the
range of data covered for the same initial conditions run for
varying reaction times: the shorter 40 minute experiments
cover a reduced f; range compared to those run for longer reac-
tion times to higher conversion. Our approach for subsequent
experiments was to follow the reaction to the highest possible
overall conversion while still achieving good quality NMR
spectra, thus covering a sufficient composition range to ensure
the validity of the estimated reactivity ratios.>*

With these verifications of our methodology, the remaining
reactivity ratios reported in this work are determined using the
DNI procedure and parameter estimation tools in PREDICI.

Results and discussion

The original plan was to use in situ NMR to track MA/
DEGMEMA and MA/MAA copolymerization in a series of
deuterated solvents progressing from non-polar toluene-dg to
D,0, as shown in Fig. 2. However, NMR shimming was not
sufficiently stable for some reaction mixtures in toluene-dg
(e.g., MA/MAA with wy, = 0.1 and 0.5 and MA/DEGMEMA
with wpon = 0.5). In addition, it is necessary that the
monomer/polymer/solvent  system  stays = homogeneous
throughout the complete experiment to have confidence in the
data analysis. Thus, some conditions were not fully analyzed
due to polymer precipitation that occurred in pure D,O and
D,O-rich EtOD:D,0O mixtures. Nonetheless, much can be
learned by comparing the behavior of the two comonomer
systems in non-aqueous and EtOD:D,0O mixtures with
increased polarity. Analysis and discussion of the polymeriz-
ation rates (i.e., monomer conversion profiles) is deferred until

Non-polar organ

Toluene-dg DMSO-dg
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later, as we first focus on comonomer composition drifts and
estimation of reactivity ratios.

Copolymerization in non-aqueous solutions

We first compare the MA/MAA and MA/DEGMEMA systems in
DMSO-dg (Wmon = 0.5 and 0.1, Capy = 0.2 Wt%), also reporting
results for MA/DEGMEMA in toluene-dg (Wmon = 0.1, Capn =
2.0 wt%). Fig. 3 compares the evolution of fy;s vs. X from the
copolymerization of MA/DEGMEMA, as measured in toluene-
ds Wmon = 0.1) and in DMSO-dg (Won = 0.5 and 0.1). In all
cases, as expected for a methacrylate-acrylate copolymeriza-
tion, DEGMEMA is preferentially consumed such that fya
increases with increasing conversion. Moreover, the data sets
overlap, following the same trajectories in monomer compo-
sition for both solvents and for the two monomer levels in
DMSO-de. Table 1 summarizes the reactivity ratios estimated
from fitting of the three data sets using the three estimation
methods. Despite the overlap in the fys vs. X curves, there are
minor differences between the best fit mean values of r, and
rpeemema that exceed the reported 95% confidence intervals.
The 95% joint confidence region (JCR) ellipsoids calculated by
the Excel ML macro and the Contour program are compared in
Fig. 4(a) to the 95% confidence intervals (indicated by error

0 : : : :
0 0.2 0.4 0.6 0.8 1
XO

verall

Fig. 3 Drift in MA comonomer composition (fma) with overall
monomer conversion for MA/DEGMEMA in toluene-dg with w0, = 0.1
(green) and in DMSO-dg with w0 = 0.5 (blue) and 0.1 (red). Symbols
are experimental data and lines with same colour are simulated using
the overall best-fit reactivity ratios estimated from the combined data
set (ry = 0.36, r, = 2.16).

¢ solvent Polar aprotic solvents _____ Polar protic solvents m—— AQUEOUS pOlar solvent

EtOD EtOD:D,0 D,0

Fig. 2 Target solvents, systematically increasing polarity as solvent is changed from organic to aqueous.
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Table 1 Reactivity ratios (with 95% confidence intervals) for the copolymerization of MA/DEGMEMA in toluene-dg and DMSO-d¢ estimated using

three different methodologies

DNI ML ML (reduced points)* Contour
Solvent Wmon,0 "ma 'DEGMEMA LAYV 'DEGMEMA ma 'DEGMEMA "™ma 'DEGMEMA
Toluene-dg 0.1 0.42 +0.01 2.17 £ 0.02 0.43 + 0.01 2.13 £ 0.02 0.43 = 0.02 2.08 + 0.06 0.42 + 0.01 2.12 +0.02
DMSO-dg¢ 0.5 0.25 £ 0.01 2.03 £ 0.02 0.29 £ 0.01 2.08 £ 0.02 0.29 £ 0.01 2.10 £ 0.05 0.26 + 0.06 2.02 = 0.02
DMSO-dg 0.1 0.36 £ 0.01 2.25 +0.02 0.38 + 0.01 2.22 +0.02 0.38 £ 0.01 2.21 +0.03 0.37 £ 0.01 2.21 +0.01
All three sets 0.36 £ 0.01 2.16 + 0.02 0.40 £ 0.01 2.18 £ 0.01 0.38 £ 0.01 2.15+0.04 0.38 £ 0.01 2.14 £ 0.02

“One data point per 10% overall conversion.
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Fig. 4 (a) 95% joint confidence regions from estimation of the reactivity
ratios and (b) FITst vs. fua calculated for the copolymerization of MA/
DEGMEMA in toluene-dg with wy,on = 0.1 (green), in DMSO-dg with
Wmon = 0.5 (red) and 0.1 (blue), and all data combined (black). The JCRs
were obtained by different parameter estimation techniques (see Table 1
and text): ML considering all (solid thicker lines with A indicating best-fit
values) and a reduced number of experimental data (dashed lines, O),
Contour (solid thinner lines, +), and DNI (O, with error bars). Fi3st is
derived using estimated reactivity ratios from the DNI fit.
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bars) for rya and rppemema €Stimated using the DNI method.
The plot range in Fig. 4(a) is set to facilitate visual comparison
with later results. The size of the uncertainties is similarly very
small (e.g., +0.02) for all three estimation methods, a result
related to the large number of experimental points (~100) in
each 3-experiment set collected by the in situ NMR method. To
explore the sensitivity of the JCR to the size of the data set, the
number of points was reduced by a factor of 5 (i.e., from 1
point per every 2% of overall conversion to 1 point per 10% of
overall conversion) for the ML fit. While the rya and rpeemema
estimates were unchanged, the JCR increased in area signifi-
cantly to encompass the reactivity ratio values estimated by
both Contour and DNI (Fig. 4a).

Even with the larger JCRs, the ry, estimates from the three
DEGMEMA/MA data sets (in DMSO-dg with wy,,, = 0.5 and 0.1
and in toluene-dg with wpon 0.1) do not overlap.
Nonetheless, the three data sets are well represented by a
single pair of values, rya = 0.36 + 0.01 and rpggmema = 2.16 +
0.02, estimated from a fit of the combined data, as shown by
the predicted composition drifts in Fig. 3, with plots of the fit
to the individual data sets included as Fig. S7.f In addition,
the Fyva vs. fua curve (generated according to eqn (3)) using the
best-fit reactivity ratios from the combined data set show very
little difference to those generated from the individual fits, as
shown in Fig. 4(b). Fua vs. fua plots comparing each case sep-
arately to the overall fit are shown as Fig. S8,f with experi-
mental points added to indicate the range in fyys covered by
following the reactions to high conversions. The maximum
relative difference in Fy, values is 7%, found when comparing
the overall fit to the fit for DMSO-dg with Wy, = 0.5, as might
be expected from a visual inspection of the JCRs in Fig. 4(a).
Thus, while a variation in the value of ry,, with solvent level
cannot be ruled out, its influence on comonomer composition
drift and corresponding copolymer compositions is small.

Turning our attention to the MA/MAA system, Fig. 5 shows
the compositional drift measured in DMSO-dg up to high con-
version with wyon = 0.5 and 0.1. It is evident that increasing
the monomer concentration to wy,,, = 0.5 increases the relative
consumption rate of MAA, as indicated by the sharper increase
in fya with conversion, especially evident for fya0 = 0.2. The
reactivity ratio estimates are summarized in Table 2, with the
best-fit curves added to Fig. 5. As found for MA/DEGMEMA
and shown in Fig. 6(a), the JCR and mean values from the
three parameter estimation methods agree well for each MA/

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Drift in MA comonomer composition (fya) with overall
monomer conversion for the copolymerization of MA/MAA in DMSO-de
With Wmono = 0.5 (A) and 0.1 (O). Lines are simulated using the best-fit
reactivity ratio estimated from corresponding data set.

MAA data set. However, there is a significant difference
between the best fit values, especially ryaa, for the two data
sets. Thus, unlike for MA/DEGMEMA, overall monomer con-
centration affects copolymer composition for MA/MAA copoly-
merized in DMSO-de, such that the data cannot be well-rep-
resented by a single pair of values.

While both the ryaa and rya values are higher for wy,on =
0.5 compared to 0.1, the increase in ryaa is much greater. This
observation can be explained by consideration of competitive
complexation between the MAA carboxyl functionally with
itself (i.e., dimerization), and with the electron-donor solvent
DMSO-de. As shown in Fig. 7, both interactions decrease the
electron density on the vinylic bond. However, DMSO-d¢ is an
aprotic (electron-donor) solvent which results in a net decrease
in raa as DMSO-dg content increases due to the balance
between two competing influences: the formation of a
n-complex between the acid radical and DMSO-dg reduces MAA
addition relative to MA, while formation of H-complexes
between the monomer and the solvent facilitates it.*’
Moreover, the lower enthalpy of MAA dimerization compared
to its hydrogen bonding to DMSO-d¢ increases the probability
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Fig. 6 (a) 95% joint confidence regions from estimation of the reactivity
ratios and (b) Fifi vs. fua calculated for the copolymerization of MA/
MAA in DMSO-dg with wy,on = 0.5 (orange) and 0.1 (blue). The JCRs
were obtained by different parameter estimation techniques (see Table 2
and text): ML (solid thicker lines with A indicating best-fit values),
Contour (solid thinner lines,4), and DNI (O, with error bars). FIfst is
derived using estimated reactivity ratios from the DNI fit.

Table 2 Reactivity ratios (with 95% confidence intervals) for the copolymerization of MA/MAA in DMSO-ds estimated using three different

methodologies

DNI Meyer-Lowry Contour
Wmon,o Ma 'MAA 'MA 'Maa Ma 'MaA
0.5 0.48 + 0.06 2.30 +0.14 0.45 + 0.02 2.13 £ 0.06 0.42 + 0.02 2.10 £ 0.08
0.1 0.36 + 0.02 1.38 £ 0.02 0.37 £0.01 1.40 £0.01 0.37 £ 0.01 1.39+0.01

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Proposed complexation between methacrylic acid and (a) itself,
i.e., dimerization, and (b) H-bounding between MAA and DMSO.

of dimerization as wy,,, increases, thus increasing the relative
incorporation of MAA to MA to the copolymer and the value of
'viaa. Comparing the reactivity ratio of MA/MAA (Table 2) with
MA/DEGMEMA (Table 1) reveals that the best-fit value for MA/
DEGMEMA (rpegmema = 2.16, Table 1) is between the two MA/
MAA estimates (ryaa = 1.38 for Wi, = 0.1 and 2.30 for wy,en =
0.5, Table 2). As a non-functional monomer, DEGMEMA does
not participate in dimerization or complex formation, thus
showing no dependence on monomer concentration in DMSO-de.

Copolymerization in aqueous solution

Moving towards aqueous solution, a series of in situ NMR
experiments have been performed for both comonomer
systems in a solvent mixture of D,O:EtOD (agop = 0.5). To
study the effect of solvent concentration, Wmen Was varied
between 0.05 and 0.5 for MA/MAA, with all solutions remain-
ing homogeneous over the complete range of conversion. As
shown in Fig. 8(a), the increase in fy;, with conversion is inde-
pendent of Wpon 0. Although there were slight variations in the
estimated values of r summarized in Table 3, no systematic
variation in either ryaa or rya was observed as the solution
was diluted from wmeno = 0.5 to 0.05. As demonstrated in
Fig. 8(a), the composition drifts are well represented by a
single pair of values, ryaa = 2.17 + 0.01 and rys = 0.28 + 0.01,
estimated from a fit of the combined data set. While corres-
ponding MA/DEGMEMA data were only collected for Wyen,o =
0.5 and 0.1, the same conclusion can be drawn: the measured
drifts in fya shown in Fig. 8(b) are well-fit with rpegmema =
2.37 £ 0.01 and ry4 = 0.27 £ 0.01 (Table 3).

Not only are the composition drifts independent of
monomer level for both MA/MAA and MA/DEGMEMA in the
polar D,O: EtOD mixture, the Fyu vs. fya curves for the two
systems almost overlap, as shown in Fig. 9. In addition, the
best-fit reactivity ratios are very similar to those reported for
the copolymerization of MEA with HEMA in alcohol/water mix-
tures, ryema = 2.4 £ 0.2 and ryga = 0.28 + 0.02;° the values in
that study were estimated from the fitting of eqn (3) to low
conversion f~F data, with the larger uncertainty arising from
the reduced number of datapoints. The results support the
conclusion that the copolymerization behavior of all methacry-
late-acrylate systems - whether functional (e.g., HEMA or
MAA) or non-functional (DEGMEMA; MA or MEA) - becomes
uniform in protic polar aqueous solution, even though differ-
ences are seen when copolymerization behavior is compared
to bulk,?® or in solvents such as toluene-dg and DMSO-d,
(Fig. 9). It is notable that switching from DMSO-d, or toluene-
dg to D,O : EtOD has little influence on MA/DEGMEMA copoly-
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Fig. 8 Drift in MA comonomer composition (fuya) with overall
monomer conversion for copolymerization of MA in D,O:EtOD with
agtop = 0.5 with: (a) MAA and wWyon0 Of 0.50 (x), 0.20 (A), 0.10 (O0) and
0.05 (O); (b) DEGMEMA with Wmono = 0.50 (A) and 0.10 (O). Lines are
calculated using the reactivity ratios fits estimated from the combined
data sets for each system (see Table 3). agiop refers to wt% of EtOD in
D,O : EtOD mixture.

mer composition, suggesting that the H-bonding introduced
by the solvent affects both monomers equally. In contrast,
DMSO-ds and the aqueous solution influence the relative reac-
tivities of MAA and MA to a different extent, resulting in an
observable shift in copolymer composition in the two solvents,
as also seen when comparing the bulk MEA/HEMA to its copo-
lymerization behavior in alcohol/water mixtures.”®
Extrapolation of these conclusions suggests that the Table 3
values of I'methacrylate = 2.2-2.4 and Faerylate = 0.28 + 0.02 should

This journal is © The Royal Society of Chemistry 2024
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Table 3 Reactivity ratios (with 95% confidence intervals) for the copo-
lymerizations of MA with MAA and DEGMEMA in D,O:EtOD with
agop = 0.5

MA/MAA MA/DEGMEMA
Wmon,0 'mMa 'MaA 'Ma 'DEGMEMA
0.5 0.27£0.02 2.11+0.06 0.27+0.04 2.56+0.08
0.2 0.28+£0.02 2.22+0.04 NA NA
0.1 0.30+£0.01 2.34+0.03 0.27+0.02 2.28+0.03
0.05 0.26+£0.02 1.97+0.03 NA NA
Combined data  0.28 +0.01 2.17 +0.03 0.27 £ 0.03  2.37 £ 0.05

0.8

Inst.
o Fua

0.2

Fig. 9 Finst vs. fua calculated for the copolymerization of: MA/MAA
(blue) and MA/DEGMEMA (black) in D,O : EtOD (agiop = 0.5) (solid line)
and in DMSO-dg with Wono = 0.50 (dots) and Wpono = 0.10 (dashed).
agtop refers to wt% of EtOD in D,O : EtOD mixture.

capture the relationship between comonomer and copolymer
composition for any acrylate/methacrylate system, including
BA/MMA, in polar solution, including aqueous systems. To
test this hypothesis, the fraction of water in the D,O : EtOD
solvent mixture was increased from agiop = 0.5 t0 agiop = 0.25
and 0.10, with Wion,0 et to 0.10. The drifts in fy;s measured
for both the MA/MAA (Fig. 10(a)) and MA/DEGMEMA
(Fig. 10(b)) systems, indicate that the MAA or DEGMEMA
comonomer is consumed more quickly moving from agwop =
0.5 to 0.1 (i.e., fyua increases towards unity at lower conver-
sion), with the change more significant for fya, = 0.2 than
Jfuma,0 = 0.8. However, the copolymer precipitated out of solu-
tion as the water fraction in the mixed solvent was increased,
with turbidity observed after removing the samples from the
NMR chamber and, in some cases, loss of shimming during
the acquisition. Thus, the possibility of monomers partition-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
(a)
1
o O g X O
AR
00e°
et O
o®f
0.6 + MQQ o)
°® $
S ¢ 0@ 3
[y
()
0.4 +
a-‘a’
0.2 Qoo 019.0.".
0 t t } t
0 0.2 0.4 0.6 0.8 1
XOveraII
(b)
1
0.8
0.6
<
o2
0.4
0.2
0 t t t f
0 0.2 O.4X 0.6 0.8 1
Overall

Fig. 10 Drift in MA comonomer composition (fua) with overall
monomer conversion for its copolymerization in D,O : EtOD for Wpon,o
= 0.10 and agiop = 0.5 (pink), 0.25 (green), and 0.1 (blue) with (a) MAA
and (b) DEGMEMA. Filled points refer to homogeneous samples at the
end of In situ NMR. agop refers to wt% of EtOD in D,O : EtOD mixture.

ing and polymerizing in the two phases cannot be ruled out,
and reactivity ratios were not estimated from the experiments
with agiop = 0.25 and 0.1. A follow-up study is planned to
directly measure copolymer composition from low-conversion
experiments to determine whether the measured compo-
sitions differ significantly with decreased agi,p from those
calculated using the reactivity ratios determined in this
in situ NMR study.
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Effect of solvent on copolymerization rates

While the focus of this study is the influence of solvent and
methacrylate functionality on monomer reactivity ratios,
insights can be also gained by analyzing how the reaction con-
ditions influence the rates of overall monomer conversion.
Assuming a constant volume batch reaction, radical stationar-
ity, and negligible side reactions, the rate of monomer conver-
sion can be written as:

0.5
=t - x (V) )

Eqn (5) can be integrated assuming that the copolymeriza-
tion kinetic rate coefficients are constant with conversion, to
yield the lumped rate coefficient kp ¥ /(k;"F)*:

kP In(1 - X) (kd )"-5
(exp(—0.5kqt) — 1) \8[I],f

(ktcop)OAS -
where X refers to overall monomer conversion, kq is the
initiator decomposition rate with the value of 1 x 107 s~ and
3 x 107> s7* for AIBN*® and V-50%7 at 60 °C, respectively, and
initiator efficiency, f, is set to 0.8.*® For a copolymerization
system, the propagation (k;¥) and termination (k;’¥) rate
coefficients will both vary with comonomer composition.

(6)

However, it can be generally assumed that the variation in
their ratio is mainly an indication of a change in k;*; as a
diffusion-controlled rate coefficient, k" is largely a function
of solution viscosity.**"*°

The calculated lumped values for MA/MAA copolymeriza-
tion in DMSO-d¢ and D,O:EtOD (agiop = 0.5) are plotted
against overall monomer conversion in Fig. 11(a) and (b) for
Wmon,0 = 0.1 and 0.5, respectively. The curves are relatively flat

for wmon,o = 0.1 but show a slight and consistent increase with
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increasing monomer conversion for Wyeno = 0.5. This differ-
ence is attributed to the Trommsdorff effect,*"** with the
increased viscosity of the polymerizing system containing
50 wt% monomer with conversion causing a decrease in k; **
and therefore an increase in the k,/k{® ratio. The monomer
conversion profiles shown as Fig. S91 demonstrate an accelera-
tion in the rate of conversion with time, consistent with this
interpretation. However, a systematic variation of &, with con-
version cannot be ruled out. Assuming terminal model kine-
tics, the composition-averaged value is a function of the two
homopropagation rate coefficients as well as the system reac-
tivity ratios:

kCOP — r]j‘lz + Zflfz + erZZ (7)
P (rlﬁ/kpll) + (erZ/kpzz)

As homopropagation k, values for acrylates are ~50 times
higher than methacrylates,** the increase in fy, with conver-
sion (Fig. 5 and 8a) will also lead to an increase in k. Note
that changes in either value with conversion violates the “con-
stant coefficient” assumption made when integrating eqn (5)
to obtain eqn (6). Thus, we restrict ourselves to qualitative dis-
cussion of the observed trends.

With the exception of fyao = 0.8 with Wyone = 0.5 in
Fig. 11b, the polymerization rates are higher in D,O:EtOD
than in DMSO-de, consistent with previous results showing
that ky* values are elevated in alcohol/water mixtures.'®
Furthermore, as expected from eqn (7), the ky/(k)*° ratio
increases as the MA fraction is increased from fyao = 0.2 to
0.8. It is interesting to note that the relative increase is quite
system dependent; the relative change in k,/(k)*® with fya o in
D,0: EtOD is much larger for Wmon,o = 0.1 (Fig. 11a) than for
Wmon,o = 0.5 (Fig. 11b) for the MA/MAA system.

(b)

© o = = =
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Fig. 11 (a) Calculated lumped rate coefficient (k;°°/(k{°")°) vs. conversion for the copolymerization of MA—MAA at 60 °C with (a) Winono = 0.1 and
(b) Winon,0 = 0.5 with monomer ratio of 20:80 (O), 50: 50 (¢) and 80:20 (A) (mol: mol) in DMSO-dg (red) vs. D,O : EtOD (agiop = 0.5) (blue). agtop

refers to wt% of EtOD in D,O : EtOD mixture.
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Fig. 12 Calculated average lumped rate coefficient (k5°P/(k{°?)%) from
data presented in Fig. 11 and S10t from conversion 0.15-0.5 for MA-
MAA (purple) and MA-DEGMEMA (green) with wpy,o, = 0.5 in DMSO-dg
(©), Wmon = 0.1 in DMSO-dg (O), Wmon = 0.5 in D,O : EtOD (A) and Wpmon
= 0.5 in D,O: EtOD (O) with agiop = 0.5. agtop refers to wt% of EtOD in
D,O : EtOD mixture.

The same analysis was completed for the MA/DEGMEMA
conversion profiles measured in DMSO-dg and D,O : EtOD, as
summarized in Fig. S10.T Results for the two systems are com-
pared in Fig. 12, with the average k,/(k)*" values calculated
from data in the 0.15 to 0.50 conversion range to minimize the
influence of changing &y, (due to changing fu) and/or k. (due
to the Trommsdorff effect). For all systems with fya,0 = 0.2 and
0.5, polymerization is faster in MA/DEGMEMA (i.e., higher k,/
(k)*°) than the corresponding MA/MAA system. This result
may be explained by a lowered k; value for DEGMEMA com-
pared to MAA because of the bulkier monomer.'> However, the
opposing behavior - a higher k,/(k;)®” value for MA/MAA than
MA/DEGMEMA - is seen for some solvent conditions with
Jfumao = 0.8. A more complete interpretation of these trends,
including evaluating the suitability of terminal model kinetics to
represent ky *,>>** will be possible once k;” is directly measured
by PLP/SEC (pulsed-laser polymerization combined with size
exclusion chromatography analysis), a study that is currently
underway. Nonetheless, it is clear from this analysis that copoly-
merization rates are strongly influenced by both solvent compo-
sition and overall comonomer concentration, in contrast to the
weak dependencies observed in comonomer reactivity ratios.

Conclusions

In situ NMR is used to study the solution radical copolymeriza-
tion of MA with MAA and DEGMEMA in deuterated DMSO and
ethanol-water mixtures at 60 °C up to high conversions. The

This journal is © The Royal Society of Chemistry 2024
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drift in fi;, with overall monomer conversion was employed to
estimate reactivity ratios, with good agreement in the best-fit
values found using three different methodologies. While small
variations with monomer concentration cannot be ruled out,
the experimental data are well-fit using a single pair of reactiv-
ity ratios for MA/DEGMEMA in DMSO-ds and toluene-dg, for
MA/DEGMEMA in D,0:EtOD (agop = 0.5), and for MA/MAA
in D,O:EtOD (agop = 0.5). Switching from DMSO-dg or
toluene-dg to D,O : EtOD has little influence on MA/DEGMEMA
copolymer composition, suggesting that the H-bonding intro-
duced by the solvent affects both monomers equally. However,
there was a significant influence of monomer concentration on
the r values for MA/MAA in DMSO-ds, explained by competitive
solvent-monomer and monomer-monomer complexation invol-
ving the carboxyl functionality of MAA.

The copolymer composition plots for MA/MAA and MA/
DEGMEMA in the polar D,0 : EtOD mixture are not only inde-
pendent of monomer concentration, the curves for the two
systems almost overlap. Supported by other literature, the
results support the conclusion that the copolymerization be-
havior of all methacrylate-acrylate systems — whether involving
functional or non-functional monomers - becomes uniform in
protic polar aqueous solution, even though differences are
seen when copolymerization behavior is compared to bulk or
in solvents such as toluene and DMSO. Thus, values of 7y etha-
erylate = 2.2-2.4 and Iyerylaee = 0.28 + 0.02 should capture the
relationship between comonomer and copolymer composition
for any acrylate/methacrylate system in polar solution, includ-
ing BA/MMA in emulsion systems. In contrast to the weak
dependencies observed in comonomer reactivity ratios,
however, the overall rates of conversion are strongly influenced
by comonomer choice (MAA vs. DEGMEMA), solvent compo-
sition, and overall comonomer concentration. The validity of
these conclusions as the system is moved toward pure water
will be examined by measuring copolymer composition and

k5P values at low conversion using the PLP/SEC technique.

Data availability

The best-fit reactivity ratios measured in this study are sum-
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