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ABSTRACT: We determined the reactivity ratios of hydroxyethyl methacrylate (HEMA) and dimethylaminoethyl
methacrylate (DMAEMA) during atom transfer radical copolymerization (ATRP) in isopropyl alcohol,
tetrahydrofuran, acetonitrile, and dimethyl sulfoxide (DMSO). The reactivity ratios in DMSO are near unity
(rHEMA ) 1.08 andrDMAEMA ) 1.12). While there was considerable deviation between the initial monomer
composition and the average polymer composition during copolymerization in most solvents, copolymerization
in DMSO resulted in random copolymers of poly(HEMA-co-DMAEMA) with average polymer compositions
that were identical to the monomer feed compositions. Poly(HEMA-co-DMAEMA) copolymers with molar feed
compositions off°HEMA ) 0.25 andf°HEMA ) 0.50 were synthesized in DMSO by ATRP with uniform compositions
along the polymer chain. These polymers achieve their target molecular weights and are near monodisperse (Mw/
Mn < 1.11). The glass transition temperatures of these copolymers increase with increasing HEMA content.

Introduction

Poly(hydroxyethyl methacrylate), poly(HEMA), and poly-
(dimethylaminoethyl methacrylate), poly(DMAEMA), are two
functional polymers with widespread applications in areas
requiring biocompatibility, such as hydrogels,1 contact lenses,2

and drug delivery systems.3 Poly(HEMA) contains pendant
hydroxyl functionalities that render it hydrophilic. Poly(D-
MAEMA) contains pendant tertiary amines that are easily
protonated below its pKa of 7.5,4 thus affording the polymer
pH-tunability for controlled-release applications.

Several researchers have sought to combine the hydrophilicity
of poly(HEMA) with the pH-responsiveness of poly(DMAE-
MA).1,5 Bulk free-radical copolymerization of HEMA and
DMAEMA in the presence of a cross-linking agent results in
cationic hydrogel networks with the extent of swelling controlled
by changes in pH.1,6 These smart materials have thus been used
in applications of tissue growth1 and controlled drug delivery.5

While the utility of combining the attributes of HEMA and
DMAEMA has been demonstrated, these materials are inher-
ently heterogeneous in cross-link density and comonomer
distribution7 due to large differences in monomer reactivity.8

The distribution of monomers in a polymer chain is related
to the reactivity ratios of the comonomers. These reactivity ratios
describe the probability with which each monomer is added to
the growing polymer chains with respect to that of the other
monomer. Ideally, the reactivity ratios of both monomers are
unity, in which case the polymer composition at any point during
the copolymerization is equivalent to the monomer feed
composition. The terminal-model reactivity ratios of HEMA and
DMAEMA have been reported for bulk copolymerization (rHEMA

) 1.63; rDMAEMA ) 0.45),8 as well as for copolymerization in
water (rHEMA ) 1.32; rDMAEMA ) 0.78)9 and inN,N-dimethyl-
formamide (DMF;rHEMA ) 0.75; rDMAEMA ) 0.36).9 In bulk
copolymerization and copolymerization in water,rHEMA > 1
while rDMAEMA < 1. Correspondingly, the addition of HEMA
monomer to the growing chain is more probable than the
addition of DMAEMA. This scenario results in considerable

deviation between the monomer feed composition (f°HEMA) and
the instantaneous composition in the copolymer (FHEMA). Even
when the copolymerizations are carried out to low and moderate
conversions, drifts in the average polymer composition (FhHEMA)
are expected due to the different extents of depletion of the two
monomers. It is therefore difficult to maintain compositional
homogeneity throughout the copolymerization of HEMA and
DMAEMA in the bulk and in water without continuously
monitoring and maintaining the instantaneous monomer com-
position (fHEMA) during the reaction. As a consequence, the
resulting copolymers are initially enhanced in HEMA and
enriched in DMAEMA in the tail. On the other hand,rHEMA

and rDMAEMA in DMF are both less than one; this scenario
highlights a special case in free-radical copolymerization where
an azeotrope exists. Copolymerization at the compositional
azeotrope results in polymers that have the same composition
at any point during the reaction. For HEMA and DMAEMA
copolymerization in DMF, the azeotrope occurs atfHEMA )
FHEMA ) 0.72.10

Recently, we described a route to synthesize linear poly-
(HEMA-co-DMAEMA) random copolymers by atom transfer
radical polymerization (ATRP).10 ATRP is a “controlled” free-
radical polymerization technique that has been previously uti-
lizedtopreparelinearpoly(HEMA)11-17andpoly(DMAEMA)16-20

homopolymers and block copolymers.17 Due to the nature of
ATRP, the resulting polymers frequently achieve their target
molecular weights and have narrow molecular weight distribu-
tions.21-23 We extended this concept to making random
copolymers of poly(HEMA-co-DMAEMA) by ATRP. The
copolymerizations were carried out at the compositional azeo-
trope, so we had control over the molecular weight, molecular
weight distribution, and the monomer distribution of the
resulting copolymers.10 Copolymerizations outside the azeotrope,
on the other hand, resulted in a significant drift in the average
polymer composition. As such, our ability to produce compo-
sitionally uniform poly(HEMA-co-DMAEMA) had been limited
to a single composition at the azeotrope.

In this work, we reportrHEMA and rDMAEMA in isopropyl
alcohol (IPA), tetrahydrofuran (THF), acetonitrile (ACN), and* Corresponding author. E-mail: lloo@che.utexas.edu.
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dimethyl sulfoxide (DMSO). While Feldermann and co-workers
reported that the reactivity ratios determined during certain
controlled free-radical copolymerizations, i.e., reverse addition-
fragmentation chain transfer polymerizations (RAFT), are
different from those determined during conventional free-radical
copolymerizations,25 numerous other reports have suggested that
the reactivity ratios determined during ATRP are actually
comparable to those determined during conventional free-radical
copolymerizations.26-28 On this basis, we have thus chosen to
determine the reactivity ratios of HEMA and DMAEMA during
ATRP in polar solvents using a nonlinear least squares statistical
method, similar to that proposed by Tidwell and Mortimer.24

In DMSO, rHEMA andrDMAEMA are both near unity, suggesting
minimal deviation between the monomer feed and the polymer
compositions. Copolymerizations of HEMA and DMAEMA
were performed at two different monomer feed compositions
(f°HEMA ) 0.25 and 0.50) by ATRP with little drift in the
polymer compositions, and the copolymers achieve their target
molecular weights and have narrow molecular weight distribu-
tions (Mw/Mn < 1.11). The glass transition temperatures of the
resulting copolymers increase with increasing HEMA content.

Experimental Section

Materials. 2-Hydroxyethyl methacrylate (Acros, 98%) was
vacuum-distilled (40 mTorr, 65°C) to remove ethylene glycol
dimethacrylate12 and stored at 0°C prior to use. 2-Dimethylami-
noethyl methacrylate (Acros, 98%) was passed through a column
of activated basic alumina and stored over molecular sieves at 0
°C prior to use. 1,2,4-Trimethoxybenzene (Acros, 97%), ethyl
R-bromoisobutyrate (EBiB, Aldrich, 98%),N,N,N′,N′′,N′′-pentam-
ethyldiethylenetriamene (PMDETA, Aldrich, 99%), Cu(I)Br (Al-
drich, 98%), Cu(I)Cl (Acros, 99%), Cu(II)Cl2 (Acros, 99%),
acetonitrile (Fisher Scientific), dimethyl sulfoxide (extra dry, Fisher
Scientific), isopropyl alcohol (Fisher Scientific), and tetrahydrofuran
(Fisher Scientific) were used as received.

Copolymerization of Poly(HEMA-co-DMAEMA) for Reac-
tivity Ratio Determination. We carried out the copolymerizations
of HEMA and DMAEMA with initial molar monomer feed
compositions ranging fromf°HEMA ) 0.25 to f°HEMA ) 0.90, and
with a total monomer:PMDETA:CuBr:EBiB molar ratio of 300:
1:1:1. For each copolymerization, 20 g of total monomer feed was
used. During a typical copolymerization with a molar monomer
feed composition off°HEMA ) 0.50, HEMA (9.06 g, 69.6 mmol),
DMAEMA (10.9 g, 69.6 mmol), CuBr (66.6 mg, 0.464 mmol),
PMDETA (97.0µL, 0.464 mmol), 4 mL of 1,2,4-trimethoxybenzene
(inert; added to reaction medium as an internal GC standard), and
50 mL of DMSO (or 60 mL of ACN, IPA, THF) were added to a
100 mL round-bottom flask equipped with a magnetic stir bar. The
flask was sealed with a septum, placed in an oil bath preheated to
45 °C, and purged with N2 for 30 min. The reaction was initiated
by the addition of EBiB (68.8µL, 0.464 mmol). Positive N2 pressure
was maintained throughout the copolymerizations. Aliquots were
drawn at successive time points for a maximum of 24 h for gas
chromatography (GC) and1H NMR analysis. The aliquots were
quenched by cooling to 0°C and then exposing to air. GC samples
were diluted with THF and injected without further purification.
The remainder of each aliquot was diluted with THF, passed through
activated basic alumina to remove copper salts, and dialyzed against
THF (10 mL solution/500 mL THF) for at least 12 h to remove
the initial solvent prior to precipitation in hexanes. The aliquots
from experiments performed in THF were precipitated directly into
hexanes without dialysis. The filtered copolymer was collected and
dried at room temperature in a vacuum oven for at least 12 h.

Characterization. We trackedfHEMA during the progression of
the copolymerization using an Agilent Technologies 6850 Series
II Network GC system containing a poly(dimethylsiloxane) capillary
column (12 m× 200µm × 0.25µm). The eluent was H2 at a flow
rate of 1.5 mL/min. The temperature ramp rate was 10°C/min.

The flame ionization detector was operated at 300°C with a H2

flow rate of 40 mL/min.FhHEMA was determined using1H NMR
spectroscopy in deuterated methanol or deuterated DMSO on a
Varian Unity+ 300 MHz NMR spectrometer. We determined the
molecular weight distributions by performing gel permeation
chromatography (GPC) on a GPC system equipped with a Waters
515 HPLC solvent pump and two PLgel mixed-C columns (5µm
bead size, MW range 200-2 000 000 gmol, Polymer Laboratories,
Inc.). The columns were connected in series with an Optilab DSP
interferometric refractometer (λ ) 690 nm; Wyatt Technology
Corp.) and a multiangle laser light scattering (MALLS) detector
(λ ) 690 nm; DAWN-EOS, Wyatt Technology Corp.). The mobile
phase was DMF with 0.05 M LiBr (Aldrich) at a flow rate of 1.0
mL/min at 60°C. LiBr was added to suppress polymer-solvent
and polymer-substrate interactions that are typically observed in
polymers with ionic functional groups.30,31The absolute molecular
weights of the poly(HEMA-co-DMAEMA) copolymers were
obtained from GPC data given a dn/dc value of 0.1009, which was
previously determined for poly(HEMA-co-DMAEMA) random
copolymers withFhHEMA ) 0.72.10 Differential scanning calorimetry
(DSC) experiments were performed on a Perkin-Elmer DSC 7
equipped with Intracooler II, at a ramp rate of 10°C/min.
Temperature and enthalpy calibrations were performed with indium
and zinc standards. The glass transition temperatures were extracted
at the midpoint of a step change in heat capacity during the second
heat following controlled cooling at a rate of 5°C/min.

Results and Discussion

Copolymerizations of HEMA and DMAEMA at varying
monomer feed compositions were carried out by ATRP in IPA,
THF, ACN, and DMSO. Monomer conversion andFhHEMA were
collected throughout each copolymerization. Representative GC
traces collected during a copolymerization in THF withf°HEMA

) 0.30 at successive time points of 0 h, 2 h, and 6 h are shown
in Figure 1. The elution times of HEMA, DMAEMA, and 1,2,4-
trimethoxybenzene (nonreactive internal standard) are 2.4, 2.9,
and 5.9 min, respectively. The traces for each aliquot are
normalized by the peak intensity of 1,2,4-trimethoxybenzene.
Since the monomer concentration is directly proportional to the
peak intensities, we observe decreases in both the HEMA and
the DMAEMA peak intensities with reaction time. To obtain
the monomer conversion, we compared the normalized inte-
grated intensities of the monomers with those in the feed,f°.

Figure 1. Gas chromatography traces from several time points of a
single copolymerization of hydroxyethyl methacrylate (HEMA, 2.4 min)
and dimethylaminoethyl methacrylate (DMAEMA, 2.9 min) in tet-
rahydrofuran at a molar monomer feed composition,f°HEMA, of 0.30.
The traces are normalized relative to the peak intensity of 1,2,4-
trimethoxybenzene (internal standard, 5.9 min). HEMA and DMAEMA
peak intensities decrease with increasing reaction time. Monomer
conversion was determined from the integrated peak intensities of
HEMA and DMAEMA at specific times along the polymerization
relative to those in feed.
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The average polymer composition of each aliquot was
determined by1H NMR. A representative1H NMR spectrum
of poly(HEMA-co-DMAEMA) in deuterated methanol is shown
in Figure 2. Peaks A (δ ) 4.04 ppm) are characteristic of the
R-hydrogens in the ester groups of both HEMA and DMAEMA
(2H each); peak B (δ ) 3.74 ppm; 2H) is characteristic of the
ethyl hydrogens in HEMA; peak C (δ ) 2.62 ppm; 2H) is
characteristic of the ethyl hydrogens in DMAEMA, peak D (δ
) 2.30 ppm; 6H) is characteristic of the hydrogens in the methyl
groups of the tertiary amine of DMAEMA, and peaks E and F
(δ ) 0.89-1.94 ppm) are backbone hydrogens. The peak areas
of methacrylate (peaksA), HEMA (peak B), and DMAEMA
(peaks C and D) were used to determineFhHEMA.

Assuming a terminal model31 for monomer reactivity, the
instantaneous polymer composition (FHEMA) during a free-radical
copolymerization can be predicted with the Skeist equation
(Equation 1), given the reactivity ratios (rHEMA, rDMAEMA) and
the instantaneous monomer composition (fHEMA).32,33 We note
that1H NMR, however, provides an average polymer composi-
tion (FhHEMA) rather than an instantaneous copolymer composi-
tion. To determine the reactivity ratios, the average polymer
composition, as determined by1H NMR, must be related to the
instantaneous polymer composition in the Skeist equation. We
therefore numerically integrated eq 1 over the relevant range
of monomer conversion to relate the average polymer composi-
tion to the monomer conversion.31

For each solvent system, the average polymer composition
and monomer conversion data were collected from copolymer-
izations carried out at several monomer feed compositions.
Starting with an initial estimate for the reactivity ratios (rHEMA

) rDMAEMA ) 1), and given the monomer feed composition
and monomer conversion data, theoretical values of the average
polymer composition can be determined as a function of
monomer conversion. We minimized the sum of the square
errors between the theoretical and the experimentally obtained
polymer compositions to obtainrHEMA and rDMAEMA. This
technique is similar to the nonlinear least-squares regression
method proposed by Mortimer and Tidwell.24 But because we
integrated the Skeist equation, we were able to use the data

obtained over a wide range of monomer conversions and
monomer feed compositions in the regression of the reactivity
ratios.31 Although it has been suggested that the reactivity ratios
obtained by least-squares regression might be dependent on the
initial estimates,24 we obtained the same values forrHEMA and
rDMAEMA independent of the numerous initial estimates spanning
0.2 < rHEMA, rDMAEMA < 10.

The conversion and polymer composition data for copoly-
merizations in IPA at several monomer feed compositions are
shown in Figure 3. Each point (1, [, b, 2, 9) represents an
aliquot collected during the copolymerizations. The copolymer-
izations were performed at monomer feed compositions of
f°HEMA ) 0.277 (1), 0.400 ([), 0.526 (b), 0.711 (2), and 0.808
(9). The dotted lines represent the monomer feed composition
for each experiment. The solid curves in Figure 3 represent the
theoretical average polymer composition, predicted by the
integrated Skeist equation for each copolymerization. If there
is no deviation between the average polymer composition and
the monomer feed composition (as in the case whenrHEMA )
rDMAEMA ) 1), the solid curves should coincide with the dashed
lines. Using least-squares regression,rHEMA andrDMAEMA were
determined to be 1.27 and 0.800 in IPA, respectively.

As a means of comparison, the reactivity ratios were also
calculated according to the methods proposed by Fineman and
Ross,34 and Kelen and Tudos.35 In these calculations, we used
only the data obtained at low conversion (i.e., the first data points
during each of the copolymerizations in Figure 3). The reactivity
ratios calculated by all three methods are shown in Table 1.
The values obtained using the methods of Fineman and Ross,
and Kelen and Tudos, are similar to those determined by least-
squares regression. We believe that the least-squares regression
technique is the most reliable, since more data (obtained at
higher conversions and at various monomer feed compositions)
were used to determinerHEMA and rDMAEMA.

We also determinedrHEMA andrDMAEMA in THF, ACN, and
DMSO in a similar fashion; the calculated reactivity ratios are
summarized in Table 1. To demonstrate the effect of solvent
selection onrHEMA and rDMAEMA , we have plotted the least-
squares regressed values in Figure 4, along with previously
reported values forrHEMA andrDMAEMA in the bulk,8 in water,9

and in DMF.9 We have drawn 95% joint confidence regions
around the reactivity ratios in IPA, THF, ACN, and DMSO, as

Figure 2. 1H NMR spectrum of poly(HEMA-co-DMAEMA) in
deuterated methanol. The integrated areas of peaks A, B, C, and D
were used to determine the average polymer composition in each
aliquot. The chemical structure of the polymer is included in the inset.
* indicates solvent peaks.

FHEMA )

rHEMAfHEMA
2 + fHEMA(1 - fHEMA)

rHEMAfHEMA
2 + rDMAEMA(1 - fHEMA)2 + 2fHEMA(1 - fHEMA)

(1)

Figure 3. Monomer conversion and average polymer composition data
for hydroxyethyl methacrylate (HEMA) and dimethylaminoethyl meth-
acrylate (DMAEMA) copolymerizations in isopropyl alcohol collected
from separate atom transfer radical copolymerizations at molar
monomer feed compositions,f°HEMA, of 0.277 (1), 0.400 ([), 0.526
(b), 0.711 (2), and 0.808 (9). The dotted lines represent the molar
monomer feed compositions for each experiment. The solid curves
represent the theoretical average polymer composition, predicted by
the integrated Skeist equation with regressed reactivity ratios ofrHEMA

) 1.27 andrDMAEMA ) 0.800.
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determined using the method of Tidwell and Mortimer.24 We
have also plotted the Skeist equation (eq 1), given the calculated
rHEMA and rDMAEMA, for the copolymerization of HEMA and
DMAEMA in IPA, THF, ACN, and DMSO in Figures 5, parts
a, b, c, and d, respectively (solid curves). The dashed line in
each plot is the 45° line that represents the case ofFHEMA )
fHEMA. The Skeist equation should predict exactly this line when
both reactivity ratios are unity. The difference between the solid
curve and the dashed line thus represents deviations between
the instantaneous monomer composition and the instantaneous
polymer composition. In IPA (rHEMA ) 1.27 andrDMAEMA )
0.800; Figure 5a) and in THF (rHEMA ) 1.46 andrDMAEMA )
0.926; Figure 5b),rHEMA is greater than unity, whereasrDMAEMA

is less than unity. This suggests that the addition of HEMA is
favored over the addition of DMAEMA to a growing polymer
chain. A gradient copolymer that is initially enhanced in HEMA,
rather than a random copolymer, thus results during polymeriza-
tions in IPA and THF. Given the calculated reactivity ratios,
we predict a greater than 4% deviation between the instanta-
neous monomer composition and the instantaneous polymer
composition over 50% of the entire composition range when
copolymerizations take place in either IPA or THF. This
deviation is apparent in Figures 5a and 5b, where considerable
differences betweenFHEMA and fHEMA are observed in both
solvents. The calculatedrHEMA andrDMAEMA in ACN are 1.01
and 0.641, respectively. As shown in Figure 5c, HEMA is
preferentially added at lowfHEMA. At high fHEMA (∼0.95-0.99)
the solid curve coincides with the 45° line, suggesting minimal
deviation betweenfHEMA and FHEMA. Our 95% confidence
interval does not preclude the presence of an azeotrope atfHEMA

> 0.95.
The calculated reactivity ratios in DMSO arerHEMA ) 1.08

andrDMAEMA ) 1.12. The Skeist equation predicts an azeotropic
composition in DMSO atfHEMA ) 0.609. In general, however,
the reactivity ratios in DMSO are both close to unity. There is

therefore very little deviation between the instantaneous mono-
mer composition and the instantaneous polymer composition
over the entire range offHEMA, as shown in Figure 5d. We carried
out two additional copolymerizations in DMSO atf°HEMA )
0.25 and 0.50. In both cases, the average polymer composition
during the polymerization is maintained at the monomer feed
composition.

The role of solvent on the reactivity ratios of polar monomers
is qualitatively described by the bootstrap effect,36,37 which
surmises polarity-induced differences in the local monomer
concentration.38,39 This model, however, does not provide a
prescriptive guide to the selection of the appropriate solvent
for producing random copolymers of uniform compositions.
During the copolymerization of HEMA and DMAEMA, we
noted an interesting correlation between the solubility parameter
of the solvent and the extracted reactivity ratios. In particular,
we observe thatrHEMA ≈ 1 when the solubility parameter of
the solvent (δ) closely matches the solubility parameter of poly-
(HEMA), δHEMA ) 13.2 (cal/cm3)1/2.40 For discussion, we have
listed the solubility parameters of the solvents,41 along with the
square of the solubility parameter difference, (δ - δHEMA)2,
which is proportional to the contact energy of the solvent and
poly(HEMA),42 in Table 1. We observe thatrHEMA ≈ 1 when
(δ - δHEMA)2 is small (<2). With increasing (δ - δHEMA)2,
however,rHEMA increases. This trend is consistent with what
had been proposed by the bootstrap effect.36,37 When the
solvent-polymer contact energy is high, the local environment
of the growing chain is likely enhanced in HEMA monomer.
The propensity for the growing radical to add a HEMA
monomer is thus high (rHEMA > 1). On the other hand, when
the solvent-polymer contact energy is minimal, the local
environment is not enhanced in HEMA, sorHEMA is ap-
proximately 1. Our discussion here does not take DMAEMA
into account. While we acknowledge that the presence of
DMAEMA necessarily changes the local environment, we were
not able to find the solubility parameter of DMAEMA in the
literature for this comparison. But we speculate the effect to be
small given that DMAEMA is not capable of hydrogen bonding
(or any other specific interactions), except in water where the
tertiary amine group can be quarternized under acidic condi-
tions.4,8

To demonstrate the versatility of DMSO as a copolymeriza-
tion medium for poly(HEMA-co-DMAEMA), we carried out
the copolymerizations of HEMA and DMAEMA in DMSO at
f°HEMA ) 0.25 and f°HEMA ) 0.50 by ATRP. It has been
previously reported that DMSO can coordinate with both Cu-
(I) and Cu(II), and that these interactions can complicate the
polymerization kinetics and the controllability of reactions
performed in DMSO.16 To improve control over our copoly-
merizations, we used a mixed halide system consisting of a
bromine initiator and chloride catalyst10 instead of just using
copper bromide. A mixed halide system has been previously
demonstrated to promote faster initiation and slower propaga-
tion.10,43,44We also performed the copolymerizations with a low
concentration of Cu(I)Cl (1:10 molar, relative to EBIB) and a

Table 1. Solubility Parameters (δ) of Solvents and Reactivity Ratios (rHEMA , rDMAEMA ) of Hydroxyethyl Methacrylate (HEMA) and
Dimethylaminoethyl Methacrylate (DMAEMA) Calculated by Various Methods from Atom Transfer Radical Copolymerizations

least-squares
regression

Fineman
and Ross34

Kelen
and Tudos35

solvent
solubility parameter:41

δ (cal/cm3)1/2
solubility parameter

difference: (δ - δHEMA)2 rHEMA rDMAEMA rHEMA rDMAEMA rHEMA rDMAEMA

isopropyl alcohol 11.5 2.9 1.27 0.800 1.19 0.783 1.18 0.767
tetrahydrofuran 9.1 17 1.46 0.926 1.52 0.857 1.49 0.844
acetonitrile 11.9 1.7 1.01 0.641 1.02 0.681 1.04 0.699
dimethyl sulfoxide 14.5 1.7 1.08 1.12 0.976 1.02 1.05 1.09

Figure 4. Reactivity ratios of hydroxyethyl methacrylate (rHEMA, x-axis)
and dimethylaminoethyl methacrylate (rDMAEMA, y-axis) determined from
atom transfer radical copolymerizations, along with 95% joint confi-
dence intervals (ellipses), for isopropyl alcohol (IPA), tetrahydrofuran
(THF), acetonitrile (ACN), and dimethyl sulfoxide (DMSO). Previously
reported reactivity ratios in the bulk,8 in water (H2O),9 and in N,N-
dimethylformamide (DMF)9 are also shown.

8612 Teoh et al. Macromolecules, Vol. 39, No. 25, 2006

CDV



high concentration of Cu(II)Cl2 (1.2:1 molar, relative to EBIB)
to suppress any early termination reactions during the copo-
lymerization.45

The kinetics of poly(HEMA-co-DMAEMA) copolymeriza-
tions by ATRP in DMSO do not follow the classical first order
kinetics attributed to living polymerizations. As we have
previously observed for copolymerizations of HEMA and
DMAEMA in DMF, 10 these copolymerizations follow a t1/3

model proposed by Snijder and co-workers.46 The t1/3 model is
attributed to the loss of Cu(II) above a ceiling concentration.
In general, the copolymerizations are faster with increasing
f°HEMA. To quantify, we calculated the rate coefficient of
propagation,kp, for copolymerizations in DMSO atf°HEMA )
0.25 andf°HEMA ) 0.50, assuming that the ATRP equilibrium
constant,Keq, and the ceiling Cu(II) concentration, [Cu(II)]c,
are independent of the monomer feed composition. Under these
assumptions, the rate coefficient of propagation atf°HEMA )
0.50 is 1.5 times greater than that atf°HEMA ) 0.25. It has been
previously observed that the rate of polymerization of HEMA
is considerably faster than the rate of polymerization of
DMAEMA, when polymerizations take place under similar
conditions.17 It is therefore not surprising that the overall rate
of copolymerization is related to the feed composition and is
enhanced with increasing HEMA in the monomer feed.

The copolymers collected during the copolymerizations in
DMSO with f°HEMA ) 0.25 andf°HEMA ) 0.50 were analyzed
by 1H NMR, and little deviation (<1.5 mol %) between the
initial monomer composition and the average polymer composi-
tion of each aliquot was observed. The copolymers were also
analyzed by GPC with DMF (+ 0.05 M LiBr) as the eluent.
All the GPC traces are narrow and monomodal; the peaks shift
to smaller elution volumes with increasing monomer conversion.
The extracted molecular weight distributions for the copolymers
are plotted as a function of total monomer conversion in Figure

6. The molecular weight distributions remained narrow (<1.11),
even at high monomer conversions (X ) 0.637). The molecular
weight distributions are generally narrower than those we
previously reported for copolymerizations in DMF.10 We
speculate that we now have better control over the copolym-
erization with a reduction in Cu(I) concentration and an increase
in Cu(II) concentration.

The absolute number-average molecular weights for copoly-
mers are also plotted in Figure 6. During both copolymerizations,
the molecular weights increased linearly with total monomer
conversion. For reference, we have also plotted the theoretical
molecular weight, as predicted by the monomer-to-initiator ratio
in Figure 6 (solid line). The molecular weights appear to fall
on the theoretical molecular weight line, which points to the

Figure 5. The Skeist equation for the atom transfer radical copolymerization of hydroxyethyl methacrylate (HEMA) and dimethylaminoethyl
methacrylate (DMAEMA) in (a) isopropyl alcohol, (b) tetrahydrofuran, (c) acetonitrile, and (d) dimethyl sulfoxide, as predicted from the reactivity
ratios in each solvent. The dashed line in each graph corresponds to the 45° line where the instantaneous polymer composition is equal to the
instantaneous monomer composition (FHEMA ) fHEMA), which occurs when both reactivity ratios are unity.

Figure 6. The molecular weight of poly(HEMA-co-DMAEMA) as a
function of monomer conversion during atom transfer radical copoly-
merizations in dimethyl sulfoxide at molar monomer feed compositions,
f°HEMA, of 0.25 (b,O) and 0.50 (9,0). The absolute number-average
molecular weight (Mn; 9,b) is plotted on the left axis, and the overall
molecular weight distribution (Mw/Mn; 0,O) is plotted on the right axis.
The solid line represents the theoretical molecular weight, as predicted
from the monomer-to-initiator ratio.
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“livingness” of this polymerization.21 Previously, we observed
deviations between the theoretical and experimental molecular
weights during copolymerizations of HEMA and DMAEMA
in DMF. This observation was largely independent of the type
of initiator (polystyrene macroinitiator or EBiB) and the
monomer to initiator molar ratio,10 and we attributed the
molecular weight deviation away from the theoretical quantity
to low initiation efficiency and early termination of the free
radicals. By decreasing the Cu(I) concentration and correspond-
ingly increasing the Cu(II) concentration, it appears we have
successfully suppressed the early termination reactions.

We measured the glass transition temperatures (Tg) of poly-
(HEMA-co-DMAEMA) synthesized by ATRP in DMSO by
DSC. The samples were heated twice; the first heat provided a
uniform thermal contact between the sample and the pan, and
we only extracted the glass transition temperature from the
second heat. The DSC thermograms of each copolymer show a
single-step change in enthalpy indicating a glass transition. We
also determined the glass transition temperatures of poly-
(DMAEMA) and poly(HEMA) homopolymers. All the extracted
Tgs are plotted against the weight fraction of HEMA,wHEMA,
within the random copolymer in Figure 7. We have also included
the Tg of poly(HEMA-co-DMAEMA) with average polymer
compositionFhHEMA ) 0.72, which was synthesized previously
in DMF.10 The glass transition temperature increases with
increasing HEMA content, and the trend appears to be quali-
tatively described by the Fox equation (dashed line; based on
eq 2):47

That the Fox equation satisfactorily describes the increase in
Tg we observe in our polymers is unexpected, given that HEMA
is capable of hydrogen bonding.8 Contrary to what has been
proposed for HEMA-containing systems,8 our observations
suggest that the specific interactions do not dominate the
physical properties in our copolymers.

Conclusions

We have determined the reactivity ratios of HEMA and
DMAEMA in IPA, THF, ACN, and DMSO. The reactivity
ratios of HEMA and DMAEMA are highly solvent dependent;
the average polymer composition deviates from the monomer
feed composition significantly when the copolymerization is
carried out in IPA, THF, and ACN. In DMSO, however, both
the reactivity ratios of HEMA and DMAEMA are near unity,
so the average polymer composition is that of the monomer

feed composition over the entire compositional range. Poly-
(HEMA-co-DMAEMA) copolymers were synthesized by ATRP
in DMSO with uniform compositions, predictable molecular
weights, and narrow molecular weight distributions (Mw/Mn <
1.11). The glass transition temperatures of the resulting copoly-
mers increase with increasing HEMA content.
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