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ABSTRACT: Aqueous solutions of poly(N,N-dimethacrylamide-co-glycidyl methacrylate) (DMA—GMA)
are shown to undergo liquid—liquid phase separation upon heating. The phase transition temperatures
as measured by the cloud point method decreased with increasing levels of the hydrophobic GMA
comonomer. The initially formed coacervate microdroplets could be cross-linked by addition of polyamines.
The morphology of the resulting hydrogel microspheres depends on both coacervation conditions and
cross-linking conditions. Specifically, colloidally stable microspheres were formed at temperatures slightly
above the phase transition temperatures, while agglomeration took place at higher temperatures. Low
molecular weight polyamines are effective internal cross-linkers for the coacervate droplets, while higher
molecular weight polyamines resulted in agglomeration. Addition of sodium dodecyl sulfate increased
the phase transition temperatures of polymer solutions dramatically, while addition of poly(vinylpyr-
rolidone) (PVP) did not affect the phase separation temperatures and could be used as a steric stabilizer.

Introduction

Polymer systems that show phase transitions in
response to environmental stimuli have potential uses
in biotechnology, chemical separation, and catalysis.!
Thermally induced phase separations of aqueous poly-
mer solutions are attractive as they require no additives
and are usually reversible. Poly(N-isopropylacrylamide)
(PNIPAM) undergoes a sharp coil—globule transition at
its lower critical solution temperature (LCST) of around
32 °C and precipitates in form of a solid driven by both
hydrophobic interactions between its isopropyl groups
and hydrogen bonding between the amide groups.2=7
Aqueous solutions of poly(N,N-dimethylacrylamide)
(PDMA), having only two methyl groups and no hydro-
gen-bonding ability, do not show LCST’s below 100 °C.
DMA copolymers with hydrophobic comonomers do
exhibit LCST behavior, though unlike pNIPAM solu-
tions, they undergo liquid—liquid phase separations.8—10
Recently, Akashi’s group described similar liquid—liquid
phase separations of linear and cross-linked copolymers
comprised of N-vinylformamide or N-vinylacetamide
and vinyl acetate as respectively the hydrophilic and
hydrophobic components.’! In both cases the phase
transition temperature depends on the comonomer ratio.
Similar phase separations are known in certain proteins
such as elastin and are being explored for uses in
protein separation and tissue engineering.1213

Such liquid—Iliquid phase separations of aqueous
polymer solutions into a polymer-rich coacervate phase
and a polymer-lean equilibrium phase are collectively
called coacervation#~16 and are generally divided into
two classes: complex coacervation and simple coacer-
vation. Complex coacervation involves polyelectrolyte
complexation, while simple coacervation is caused by
changing the solvent composition or the solution tem-
perature. Both processes have been used for protein
separation and for preparing hydrogel microparticles.1’~20
Natural polymers such as gelatin/acacia and chitosan/
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alginate still form the majority of materials used to
make microparticles via complex coacervation.?1=23 A
few studies have been carried out using synthetic
polymers.24-27

Recently, our group prepared hydrogel microspheres
by a novel two-step process of complex coacervation
followed by cross-linking, using reactive polyanions and
polyamines, and investigated the thermoresponsive
properties of these copolymers.2:28 Independently,
Tirelli's group developed a similar concept based on
Michael-addition self-cross-linking of a mixture of
thiolate and acrylate-functional pluronic polymers, both
below and above their LCST.?°

In this paper, we report the thermally induced coac-
ervation of aqueous solutions of poly(N,N-dimethylacryl-
amide-co-glycidyl methacrylate) copolymers and the
covalent cross-linking of the resulting coacervate drop-
lets in a second step with polyamines to form hydrogel
microspheres. While presently carried out using small
polyamines, and aimed at forming microspheres, these
processes may also be carried out using chitosan or
other biocompatible polyamines and hence lead to new
self-cross-linking materials useful in a variety of ap-
plications including cell encapsulations and biomaterial
design.

Experimental Section

Materials. N,N-Dimethylacrylamide (DMA), glycidyl meth-
acrylate (GMA), N-isopropylacrylamide (NIPAM), sodium
dodecyl sulfate (SDS), poly(vinylpyrrolidone) (PVP) (M, 40 000),
ethylenediamine (EDA), tetraethylenepentamine (TEPA), and
polyethylenimine (PEI) of different molecular weights were
purchased from Aldrich and used as received. 2,2'-Azobis-
(isobutyronitrile) (AIBN) was obtained from American Polymer
Standards Laboratories and recrystallized from methanol.
Tetrahydrofuran (THF) and anhydrous diethyl ether were
obtained from Caledon Laboratories. THF was refluxed over
sodium and distilled prior to use.

Preparation of Poly(N,N-dimethylacrylamide-co-gly-
cidyl methacrylate) (DMA—GMA) Copolymers. For a
typical procedure, 6.57 g of N,N-dimethylacrylamide (0.066
mol) and 2.82 g of 95 wt % glycidyl methacrylate (0.019 mol)
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were dissolved in 100 mL of THF in a 125 mL HDPE plastic
screw cap bottle. Oxygen was removed by bubbling nitrogen
through the mixture before adding 0.070 g of AIBN (4.26 x
1074 mol, 0.5 mol % relative to monomers). Polymerization was
carried out at 70 °C for 1 h by rolling the bottles in a
thermostated reactor fitted with a set of horizontal rollers. The
product was precipitated into 500 mL of diethyl ether and dried
under vacuum at 40 °C to provide 3.0 g of polymer (yield 32%).

Molecular weights of copolymers were determined using a
gel permeation chromatograph consisting of a Waters 515
HPLC pump, three Ultrastyragel columns (500—20K, 500—
30K, 5K—600K Da), and a Waters 2414 refractive index
detector, using THF as solvent at a flow rate of 1 mL min~?!
and narrow disperse polystyrene as calibration standards.

IH NMR spectra of the copolymers were recorded on a
Bruker AC 200 using chloroform-d as the solvent. Composi-
tions of DMA—GMA copolymers were determined by integra-
tion of characteristic peaks.

Measurement of Phase Transition Temperatures. Phase
transition temperatures of aqueous solutions of DMA—GMA
copolymers were measured using the cloud point method. An
automatic PC-Titrator (Mandel) equipped with a temperature
probe and with a photometer incorporating a 1 cm path length
fiber-optics probe (GT-6LD, Mitsubishi) was used to trace the
phase transition by monitoring the transmittance of a beam
of white light. The turbidity of the solution was recorded as
photoinduced voltage (millivolts). The phase transition tem-
perature was defined as the inflection point of the mV vs
temperature curve, as determined by the maximum in the first
derivative. The heating rate was 1.0 °C min—%, and concentra-
tions of polymer solutions were 0.2, 0.5, 1.0, and 2.0 wt %.

Preparation of Hydrogel Microspheres. The DMA—
GMA copolymers were dissolved in deionized water at a
temperature below the phase transition temperature. The
solutions were stirred and heated above the phase separation
temperature to induce coacervation. After phase equilibration,
polyamine was added to cross-link the formed coacervate
droplets.

In a typical reaction, 30 g of a 0.5 wt % DMA—GMAA43
solution was stirred at 1000 rpm and heated to 40 °C in a 50
mL jacketed beaker. After the coacervate was equilibrated at
40 °C for 5 min, 1.5 mL of 2.0 wt % ethylenediamine was
added. The cross-linking reaction was allowed to proceed for
2 h, and the resulting microspheres were separated by
centrifugation at 3000 rpm for 10 min. The microspheres were
washed with deionized water to remove unreacted materials
and dried in a vacuum at 65 °C to provide 0.03 g of micro-
spheres (yield 16.7%).

Characterization of Hydrogel Microspheres. Optical
images of the microspheres were recorded at room temperature
using an Olympus BH-2 microscope equipped with a Kodak
DC 120 Zoom digital camera.

Morphologies of the microspheres were examined using a
Phillips ElectroScan 2020 environmental scanning electron
microscope (ESEM). ESEM samples were prepared by deposit-
ing a drop of aqueous microsphere suspension onto a glass-
covered ESEM stub, drying under vacuum, and sputter-coating
with about 5 nm of gold.

Results and Discussion

Synthesis and Properties of DMA—GMA Copoly-
mers. Copolymerization with glycidyl methacrylate
(GMA) permits both thermal coacervation and sub-
sequent cross-linking of the resulting coacervate drop-
lets to form hydrogel microspheres. The copolymeriza-
tion conversions were kept below 30% in order to limit
copolymer composition drifts.

IH NMR spectra of DMA and GMA homopolymers
and of a copolymer are shown in Figure 1, with peak
assignments from the literature.3%3! Copolymer compo-
sitions (Table 1) were estimated by comparing the peak
area (A) of a GMA methyleneoxy protons (f) at 4.27 ppm,
with the total peak area (B) between 2.3 and 3.3 ppm,
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Figure 1. 'H NMR spectra of pDMA and pGMA homopoly-
mers and copolymer DMA—GMADS5S in chloroform-d.

Table 1. Compositions and Phase Transition
Temperatures of
Poly(N,N-dimethylacrylamide-co-glycidyl methacrylate)
(DMA—-GMA) Copolymers

GMA amount
(mol %)

DMA-GMA in in
copolymer feed polymer?

DMA-GMA12 10.0 12.2
DMA-GMA19 16.6 19.4
DMA-GMA32 22.2 32.2
DMA—-GMA36 26.3 35.6
DMA—-GMA43 28.6 42.9
DMA—-GMA47 33.3 46.5
DMA—-GMAS58 40.0 57.7

M, P Mw/Mn? T, ¢ (°C)

7.3 x 103 1.6 noned

7.0 x 103 1.6 noned

6.4 x 103 1.8 58.7

7.0 x 103 1.8 35.4

7.8 x 103 1.9 27.6

8.6 x 103 1.9 7.6

1.4 x 104 1.7 not water-
soluble®

aEstimated by 'H NMR. P Determined by GPC. ¢ Inflection
points of the cloud point curves measured at 0.5 wt % polymer
concentration. 9 Below 100 °C. ¢ Even at 0 °C.

which includes seven protons (a, b) from DMA and three
protons (e, d, d’) from GMA. The mole ratio of DMA to
GMA in each copolymer is then found as (B-3A)/7A.

The temperature-dependent phase separation of aque-
ous solutions of different DMA—GMA copolymers was
investigated by turbidimetry. Figure 2 shows photovolt-
age vs temperature curves for four DMA—GMA compo-
sitions and for poly(NIPAM), with zero volt correspond-
ing to an opaque solution. The compositions and their
corresponding phase transition temperatures (T,) are
shown in Table 1.

The pNIPAM solution shows the characteristically
sharp liquid—solid phase transition at about 32 °C, with
the complete opacity above the LCST due to scattering
from the desolvated pNIPAM particles.

Aqueous solutions of DMA—GMA copolymers with
less than 20 mol % GMA do not show thermal phase
transitions (Table 1). GMA contents between 30 and
45% result in liquid—liquid phase transition, indicating
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Figure 2. Photovoltaic cloud point curves for 0.5 wt %
aqueous solutions of DMA—GMA and pNIPAM, with —250 mV
corresponding to a transparent solution.

Figure 3. Optical microscope image of coacervate droplets
in 1 wt % agqueous DMA—GMAA47 solution at room tempera-
ture (25 °C).

both the finite transmittance above their cloud points
(Figure 2) and the separation into a viscous polymer-
rich bottom layer and a transparent polymer-poor top
layer upon standing. DMA—GMA copolymers with more
than 50% GMA are not soluble in water, even at 0 °C.

Figure 3 presents an optical microscope image of a
1.0 wt % DMA—GMAA47 solution at room temperature,
showing the expected liquid coacervate droplets.

The phase separation temperatures of these copoly-
mer solutions drop by several degrees as the polymer
concentration is increased from 0.2 to 2% (Figure 4). It
is currently not clear whether this behavior is due to a
true shift of the liquid—liquid phase separation tem-
perature with concentration or an artifact of the cloud
point measurement method, where droplet size and
refractive index difference may affect the turbidity.
Similar concentration dependencies have been reported
for the liquid—solid phase transition of poly(N,N-di-
ethylacrylamide) and were attributed to the cloud point
method.32 The phase transition behavior of aqueous
solutions of DMA copolymers will be studied by micro-
calorimetry and light scattering in future studies.
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Figure 4. Effects of polymer concentration on the phase
separation temperatures of DMA—GMA solutions as measured
by the cloud point method.
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Figure 5. Effects of additives on phase separation tempera-
tures of 0.5 wt % DMA—GMA43 solutions.

Phase transition temperatures of thermally respon-
sive polymer solutions commonly increase with the
addition of surfactants up to the critical aggregation
concentration, through formation of hydrophilic polymer—
surfactant complexes.®334 Figure 5 shows that adding
0.1 wt % SDS (ca. 3.5 mM) sodium dodecyl sulfate (SDS)
increases the phase transition temperature of a 0.5 wt
% DMA—GMAA43 solution by about 37 °C by introducing
charges to the copolymer.

In contrast, adding poly(vinylpyrrolidone) (PVP) does
not significantly affect the phase transition tempera-
tures (Figure 5), indicating that PVP does not bind to
DMA—GMA copolymers in aqueous solutions, a result
similar to that known for pNIPAM.35

Cross-Linking of DMA—GMA Coacervate Drop-
lets. Coacervate microdroplets are inherently unstable
and will coalesce into a bulk coacervate phase in the
absence of a dispersing force. However, they may be
cross-linked to form colloidally stable hydrogel micro-
spheres. The thermally induced DMA—GMA coacervate
droplets described here were designed to be cross-linked
by addition of diamines and polyamines to the aqueous
phase after phase separation.

Figure 6 shows the environmental scanning electron
microscopy (ESEM) images of cross-linked hydrogel
microspheres prepared by addition of ethylenediamine
to DMA—GMA coacervate droplets. Coacervation and
cross-linking were carried out at temperatures slightly
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Figure 6. ESEM images of hydrogel microspheres prepared
by cross-linking thermally induced coacervates (30 mL, 0.5 wt
%) with ethylenediamine (1.5 mL, 2.0 wt %). (a) DMA—GMA32
at 60 °C, (b) DMA—GMAZ36 at 40 °C, (c) DMA—GMA43 at 30
°C, (d) DMA—GMAA47 at 20 °C. Scale bars are 250 um.
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Figure 7. Yields of microspheres obtained by cross-linking
at different temperatures.

above the corresponding phase transition temperatures.
Under these conditions, ethylenediamine diffuses into
the coacervates and reacts with epoxy groups in the
polymer chain. Cross-linking is promoted over simple
functionalization by the enrichment of the polymer in
the coacervate phase, and no cross-linking or gelation
is observed when ethylenediamine is added at temper-
atures below the phase transition temperature.

The cross-linked microspheres are stable during
workup. The conversion of epoxy groups to hydroxyl
groups and the incorporation of amines renders the
microspheres more hydrophilic and even ionic and
removes their temperature-responsive properties.

Coacervate and Microsphere Yield. Figure 7
shows the yield of cross-linked microspheres as a
function of cross-linking temperatures. The microsphere
yields, which reflects both the coacervate yield and the
cross-linking efficiency, increase with increasing cross-
linking temperatures.

Macromolecules, Vol. 36, No. 26, 2003

Figure 8. ESEM images of hydrogel microspheres prepared
by cross-linking DMA—GMAA43 coacervates with ethylenedi-
amine at (a) 40 and (b) 70 °C. Scale bars are 250 um.

The phase transition of DMA—GMAA47 aqueous solu-
tion occurs below room temperature, which allows us
to easily measure the coacervate yield itself. The co-
acervate yield of a 0.5 wt % DMA—-GMA47 aqueous
solution at 25 °C is 26%, which roughly corresponds to
the microsphere yield in that temperature range (Figure
7). This indicates that the microsphere yield mainly
depends on the coacervation process and that cross-
linking of the formed coacervate is quite efficient. Hence,
the coacervation yield can be estimated through the
microsphere yield.

This temperature-dependent coacervation yield is
partly due to the compositional distribution of the
copolymer. N,N-Dimethylacrylamide and glycidyl meth-
acrylate monomers have different reactivity ratios, and
chains generated at the beginning of the polymerization
should contain more GMA, be more hydrophobic, and
have lower cloud point temperatures than chains gener-
ated later in the polymerization. The resulting compo-
sitional distribution will broaden the temperature range
over which coacervation occurs, even though we limited
our polymerizations to about 30% monomer conversion.
In the future we will explore living/controlled radical
copolymerizations to further narrow the compositional
distributions of the copolymers.

As well, the liquid—liquid phase separations are
continuous processes, in contrast to pNIPAM's liquid—
solid precipitation. The consequences of this progressive
chain collapse will be explored in future work.

Microsphere Morphology. Figure 8 presents ESEM
micrographs of microspheres prepared from 0.5 wt %
DMA—-GMA43 at 40 and 70 °C. Compared to the
microspheres cross-linked at 30 °C shown in Figure 6c,
cross-linking at these higher temperatures leads to more
and larger microspheres, but with less colloidal stability.
This is expected, given the same dispersing force but a
higher yield of more viscous and more hydrophobic
coacervates. In addition, the more efficient cross-linking
at higher temperature may cause more interparticle
bonds that would contribute to the observed aggrega-
tion.

Figure 9 presents the effect of polyamine size on the
morphologies of cross-linked coacervate microspheres.
Colloidally stable microspheres are obtained upon cross-
linking with the small amines such as ethylenediamine
or tetraethylenepentamine (Figure 9a). Using linear PEI
432 leads to more aggregation, and branched PEI 1800
gives microspheres that appear more fused, plausibly
due to enhanced bridging between microspheres.

Increasing the polymer concentration increases both
the amount of coacervate dispersed in the continuous
medium and the viscosity. In turn, this leads to larger



Macromolecules, Vol. 36, No. 26, 2003

Figure 9. ESEM images of hydrogel microspheres prepared
by cross-linking DMA—-GMAA43 coacervates at 40 °C with (a)
TEPA, (b) linear PEI 423, and (c) branched PEI 1800. Scale
bars are 250 um.

3

Figure 10. ESEM images of hydrogel microspheres prepared
at 40 °C from 30 mL of (a) 0.2 wt % and (b) 2.0 wt % DMA—
GMAA43 solutions and ethylenediamine. Amine-to-polymer
ratios were held constant corresponding to 1.5 mL of 2% amine
solution for (b). Scale bars are 250 um.

particle sizes and broader size distributions (Figure
10a,b).

Effect of Adding PVP. As discussed above, PVP has
no significant effect on the phase transition temperature
of DMA—GMA solutions and hence apparently does not
bind to the copolymer below its cloud point. However,
PVP may bind to the more hydrophobic coacervate and
hence may provide some steric stabilization to the
droplets and to the cross-linked microspheres. Figure
11 shows that addition of 1 wt % PVP reduces the
particle size and the degree of aggregation compared
to Figure 8a.

Conclusion

Poly(N,N-dimethacrylamide-co-glycidyl methacrylate)
(DMA—-GMA) copolymers have been prepared by free
radical copolymerizations. The thermal phase separa-
tion of DMA—GMA aqueous solutions is a coacervation
process, and the phase transition temperature decreases
with increasing GMA content.

The DMA—-GMA coacervate droplets can be cross-
linked by adding diamines and small polyamines. The
yield, size, and size distribution of the resulting hydrogel
microspheres increase with increasing reaction temper-
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Figure 11. ESEM images of hydrogel microspheres prepared
from DMA—-GMAA43 coacervates in the presence of 1 wt % PVP
at 40 °C.

ature and polymer concentration. The size and aggrega-
tion of the microspheres can be reduced by addition of
PVP.
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