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ABSTRACT: Thermosensitive poly(V,N-dimethylacrylamide-co-N-phenylacrylamide) (DMA-co-PhAm)
copolymers were prepared by atom transfer radical polymerization (ATRP) in methanol/water mixtures
at room temperature with methyl 2-chloropropionate as the initiator and CuCl/MesTREN as the catalyst.
The resultant DMA-co-PhAm copolymers had tailored compositions and controlled molecular weights,
and their aqueous solutions underwent liquid—liquid phase separation upon heating. These phase
transition temperatures, measured by the cloud point method, were dependent on polymer concentrations,
compositions, and molecular weights. The efficiency of the thermally induced liquid—liquid phase
transition, i.e., the yield of phase-separated polymer, increased with increasing solution temperature,
suggesting this thermally induced liquid—liquid phase transition to be a continuous equilibrium process.
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The efficiency of phase separation could be enhanced by adding NaCl to the solution.

Introduction

The liquid—liquid phase transitions of aqueous poly-
mer solutions have been widely used in biochemistry
and biotechnology for purifications of amino acids,
proteins, nucleic acids, and cells.! =3 Because of the fairly
high water content even in the polymer-rich phase, such
liquid—liquid phase transitions permit the separation
of biomaterials without denaturation. Classical ex-
amples include the dextran/poly(ethylene glycol) and
poly(ethylene glycol)/salts systems.* % Recently, the
thermally induced liquid—liquid phase transition of
aqueous polymer solutions has gained increasing at-
tention for similar reasons.”® These aqueous polymer
solutions are characterized by a lower critical solution
temperature (LCST), above which the polymer becomes
insoluble.

Thermally induced liquid—liquid phase transitions
are commonly seen in biomacromolecules such as elas-
tin-like polypeptides and have been used to purify
recombinant proteins from the cell lysate.® ! The most
studied thermoresponsive polymer is poly(N-isopropy-
lacrylamide) (pNIPAM), which undergoes a liquid—solid
phase transition near its LCST of around 32 °C.12 In
contrast, aqueous solutions of the more polar poly(lNV,N-
dimethylacrylamide) (pDMA) do not show LCST behav-
ior. However, aqueous solutions of DMA copolymers
containing hydrophobic comonomers that enhance poly-
mer—polymer interactions are again thermally respon-
sive. Unlike pNIPAM, however, these DMA copolymers
tend to undergo liquid—liquid phase transitions, with
the phase transition temperature depending on the
amount of hydrophobic comonomer.13-15

We have studied the thermally induced liquid—liquid
phase transitions of aqueous solutions of pPDMA copoly-
mers and used their liquid—liquid phase transition to
prepare cross-linked hydrogel microspheres.!¢17 We
found that the yield of phase-separated polymers was
typically less than 10% at the onset of phase separation
and increased with increasing temperatures. Despite
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extensive studies on thermally responsive polymers,
there appears to be little information available on the
efficiency of such liquid—liquid phase separations. This
efficiency should depend on the average composition and
the compositional distribution as well as on the molec-
ular weight and the molecular weight distribution of the
copolymers. Most thermally responsive polymers stud-
ied to date were prepared by conventional radical
polymerization, with correspondingly little control over
molecular weight and molecular weight distribution.

Controlled/living radical polymerization, in particular
atom transfer radical polymerization (ATRP), has been
extensively used to prepare well-defined polymers with
comb, star, and dendritic morphologies as well as
random, gradient, and blocky comonomer sequences.!8
In the present work, we report the synthesis of well-
defined random copolymers of N,N-dimethylacrylamide
(DMA) with N-phenylacrylamide (PhAm) and their
aqueous solution properties. The PhAm is added to
increase the hydrophobicity of the copolymer and permit
thermally induced phase separations. The primary
objective of this research is to probe the mechanism of
the thermally induced liquid—liquid phase transition
using copolymers with well-defined structures.

Experimental Section

Materials. N,N-Dimethylacrylamide (DMA, 99%), aniline
(99%), acryloyl chloride (96%), triethylamine (99%), tris(2-
aminoethyl)amine (96%), methyl 2-chloropropionate (MCP)
(97%), copper(I) chloride (>99%), and silica gel (100—200 mesh,
column chromatography grade) were purchased from Aldrich.
Methanol (HPLC grade), distilled water (HPLC grade), tet-
rahydrofuran (THF), dimethylformamide (DMF), methylene
chloride, and anhydrous diethyl ether were obtained from
Caledon Laboratories. DMA was purified by vacuum distilla-
tion, while other materials were used as received. Tris(2-
(dimethylamino)ethyl)amine (MesTREN) was synthesized ac-
cording to a literature procedure.'®

Synthesis of N-Phenylacrylamide (PhAm). Aniline (36.9
mL, 0.4 mol) and triethylamine (84.5 mL, 0.6 mol) were
dissolved in 200 mL of methylene chloride. Acryloyl chloride
(25.4 mL, 0.3 mol) dissolved in 15 mL of methylene chloride
was added dropwise to this well-stirred solution at 0 °C. The
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mixture was then warmed to room temperature and stirred
for another 4 h. The reaction solution was filtered, washed
three times with water, and dried over anhydrous magnesium
sulfate. The solvent was removed on a rotary evaporator to
yield a deep yellow solid that was recrystallized from acetone
and dried under vacuum to afford 22.0 g of PhAm (yield, 50%).
H NMR (methylene chloride-dz) at 300 MHz: 7.0—7.7 ppm
(m, 5H, arom), 6.3—6.4 ppm (m, 2H, CH; vinyl), 5.7—5.8 ppm
(dd, 1H, CH vinyl).

ATRP of DMA and PhAm. DMA, methanol, and water
were purged with nitrogen for 30 min before use. In a typical
procedure, a 50 mL flask was first flushed with nitrogen for
about 1 h. A solution comprised of DMA (7.83 g, 0.079 mol),
PhAm (3.38 g, 0.023 mol), methanol (8.97 g), water (2.24 g),
and copper(I) chloride (25.3 mg, 2.55 x 10~* mol) was trans-
ferred to the flask under nitrogen. MesTREN (68 uL., 2.55 x
1074 mol) was added with a syringe, and the flask was placed
into a water bath. After stirring the mixture for 10 min, MCP
(30.7 uL,, 2.55 x 1074 mol) was added. The polymerization was
carried out at room temperature. During the polymerization,
1.0 mL aliquots were withdrawn at different times with a
degassed syringe for molecular weight and conversion mea-
surements. The molecular weight of the polymers was mea-
sured after diluting 0.2 mL of the sample with THF and
passing this mixture through a short silica column to remove
the catalyst. Conversion was determined gravimetrically by
precipitating 0.8 mL of the aliquot into 20 mL of diethyl ether.
The polymer was isolated by centrifugation and dried under
vacuum at 65 °C. Only residual monomer was left after the
precipitation as confirmed by M NMR. Precipitation was
quantitative as verified by repeat precipitations. Samples for
the phase transition study similarly diluted with THF and
passed through a silica column to remove the catalyst. The
polymer was precipitated into diethyl ether, redissolved in
acetone, reprecipitated into diethyl ether, and then dried under
vacuum at 65 °C.

Characterization of Copolymers. Molecular weights of
copolymers were determined using a gel permeation chro-
matograph 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. '"H NMR spectra of the
copolymers were recorded on Bruker AC 200 and Bruker AC
300 NMR spectrometers, using methylene-ds chloride as the
solvent.

Measurement of Phase Transition Temperatures. Phase
transition temperatures of aqueous solutions of DMA-co-PhAm
copolymers were measured using the cloud point method. A
Cary 100 Bio UV-vis spectrophotometer, coupled with a
temperature controller, was used to trace the phase transition
by monitoring the transmittance at 500 nm. The phase
transition temperature was defined as the inflection point of
the transmittance vs temperature curve, as determined by the
maximum in the first derivative. The polymer concentration
and the heating rate were 1 wt % and 1.0 °C min™!, respec-
tively.

Liquid—liquid Phase Transition of DMA-co-PhAm
Copolymer Solutions. Optical images of polymer solutions
at temperatures above or below the phase transition temper-
ature were recorded using an Olympus BH-2 microscope
equipped with a Kodak DC 120 Zoom digital camera.

To measure the efficiency of the phase separation, 20 g of a
2.0 wt % aqueous solution of DMA-co-PhAm22, containing 22
mol % PhAm, was prepared in a 24 mL glass vial. The solution
was incubated in a temperature-controlled water bath at 25
°C for 30 min. The resulting two-phase mixture was then
separated by centrifugation at 3500 rpm for 1 min into a
viscous coacervate bottom phase and a transparent superna-
tant, which were then isolated by decanting the supernatant
into a pan. Both phases were dried to constant weight at 65
°C.
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Figure 1. Conversion vs time for the ATRP of N,N-dimethy-
lacrylamide in methanol at room temperature under three
different monomer/initiator (M/I) ratios. Monomer/solvent =
1/2 (w/w), [CuCll/[MesTREN]/[2-chloropropionate] = 1/1/1. The
solid lines connecting the data points are only to guide the
eye.

Results and Discussion

ATRP of DMA in Methanol Solution. The con-
trolled polymerization of DMA by ATRP is difficult,
plausibly due to three reasons: (1) the deactivation of
the ATRP catalyst by binding to monomeric or polymeric
amide groups, (2) the substitution of halide from the
propagating chain ends by amide, and (3) the low values
of the ATRP equilibrium constant.2021 Such challenges
in the ATRP of DMA were addressed by using stronger
ATRP coordinating ligands and more stable alkyl chlo-
rides as initiators.2223 The best system reported to date
uses the powerful ATRP catalyst CuCl/MesTREN and
methyl 2-chloropropionate (MCP) as initiator; however,
high monomer conversions (up to 70%) were only
obtained with high catalyst-to-initiator ratios (2/1 or
3/1).23

Our initial studies concentrated on further improving
the ATRP of DMA by exploring the effects of solvents
on the polymerization. With CuCl/MesTREN as the
catalyst and MCP as the initiator in a 1:1:1 ratio, the
polymerization proceeded initially very rapidly in ethyl
acetate, THF, and DMF but stopped within 5—10 min
at room temperature at less than 20% monomer conver-
sions. The polymerization proceeded more slowly in
toluene to reach about 40% monomer conversion after
20 h. In ethyl acetate, THF, and toluene, blue precipi-
tates were formed during the polymerization. In all
cases, the molecular weight distributions were below
1.1, indicating the polymerizations were well controlled.
In addition, the polymerizations continued upon adding
fresh catalyst. It hence appears that catalyst deactiva-
tion is still a major problem in ATRP of DMA, even with
CuCl/MesTREN as the catalyst. Assuming that the
amide groups of DMA or pDMA displace chloride from
the catalyst, and then using a hydrogen-bonding solvent
such as an alcohol to bind to the amide groups, might
prevent this deactivation. Similar approaches have been
used in the ATRP of the strongly coordinating monomer,
vinylpyridine.?4

Figures 1 and 2 depict typical curves for monomer
conversion vs time and molecular weight vs conversion,
for the ATRP of DMA in methanol in a water bath at
room temperature, with CuCl/MegTREN as the catalyst



Macromolecules, Vol. 38, No. 6, 2005

Poly(IN,N-dimethylacrylamide) Copolymer Solutions 2111

Table 1. Synthesis of Poly(DMA-co-PhAm) by ATRP at Room Temperature in Different Solvents®

mol % PhAm
entry solvent monomer/solvent? in feed in polymer¢ conv (%) M, theo My M /M2
I MeOH 2/1 9.8 9.9 57 23600 6800 1.07
1I MeOH/H;0 (9/1)° 2/1 9.8 9.8 69 28600 8200 1.07
II1 MeOH/H20 (9/1) 1/1 9.8 9.6 82 34000 9700 1.07
v MeOH/H20 (9/1) 1/1 12.7 12.2 60 25200 7900 1.07
A% MeOH/H0 (4/1) 1/1 12.7 12.0 80 33600 10100 1.09
VI MeOH/H0 (4/1) 1/1 16.7 15.9 76 32500 10200 1.07
VII MeOH/H0 (4/1) 1/1 22.5 21.7 70 30700 8600 1.07

@ [Monomer]/[2-chloropropionate]/[CuCll/[MesTREN] = 400/1/1/1; reaction time, 4 h. ® The ratios are by weight. ¢ Measured by 'H NMR.

d Measured by GPC.
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Figure 2. Plots of molecular weight, M,, (GPC), and molecular
weight distribution, M/M,, vs monomer conversion for the
polymerization of N,N-dimethylacrylamide in methanol at
room temperature under three different monomer/initiator (M/
I) ratios. Monomer/solvent = 1/2 (w/w), [CuCl]/[MesTREN]/[2-
chloropropionate] = 1/1/1. The solid lines are first-order
trendlines.

and MCP as the initiator (1:1:1). The polymerization is
rapid at the beginning, leading to 50% monomer conver-
sion within 30 min and 80% after 4 h, while maintaining
good control over the molecular weight distributions
(Mw/M, < 1.1). In addition, no catalyst precipitates
during the polymerization. These results support the
hypothesis that H-bonding solvents are suitable reaction
media for the controlled ATRP of DMA.

The molecular weights of polymers determined by
GPC and shown in Figure 2 deviate from the theoretical
molecular weights, presumably due to the calibration
method involving narrow disperse polystyrene stan-
dards. The molecular weights of pPDMA from GPC are
hence underestimated, though the trends are considered
reliable.

While this work was being carried out, Matyjaszews-
ki’s group disclosed results on the ATRP of DMA in
methanol solution with the addition of Lewis acids to
control the stereochemistry of the polymers.2> Under
their conditions, the monomer conversion was less than
50% in the presence of Lewis acid.

ATRP Copolymerization of DMA and PhAm in
Methanol/Water Mixtures. We next turned to the
copolymerization of DMA with PhAm in analogous
methanol solutions. Addition of 9.8 mol % PhAm led to
narrow-disperse copolymer, but in only 57% yield (Table
1, entry I, and Figure 3, curve I). It appears that the
added PhAm lowers the catalyst activity or catalyst
lifetime, by changing the solvency of the reaction
medium and/or by coordinating to the catalyst. We
hence added water as a very polar cosolvent in order to
increase the catalyst activity, in accordance with previ-
ous reports.26:27
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Figure 3. Conversion vs time curves for the ATRP of N,N-
dimethylacrylamide and phenylacrylamide in methanol/water
mixture at room temperature. Reaction conditions are those
in Table 1. The solid lines connecting the data points are only
to guide the eye.

The polymer yield increases to 69% in 90/10 (w/w)
methanol/water mixtures (Table 1-II and Figure 3-1I)
and further to 82% in by increasing the monomer/
solvent ratio to 1:1 (w/w) (Table 1-IIT and Figure 3-III).
Under the same conditions, the yield drops to 60% when
increasing PhAm to 12.7 mol % (Table 1-IV and Figure
3-IV) but recovers back to 80% upon changing the
polymerization medium to 80/20 (w/w) methanol/water
(Table 1-V and Figure 3-V). Several other DMA-co-
PhAm copolymers with different compositions and dif-
ferent molecular weights were prepared by ATRP in 80/
20 (w/w) methanol/water mixtures (Tables 1 and 2). All
polymers have narrow molecular weight distributions,
indicating that water improves the activity of catalysts
without noticeably influencing the control of polymer-
izations. It is currently not clear that such enhancement
of catalyst activity is due to water changing the catalyst
structure?® or due to water preventing the binding of
amide to the catalyst.

A typical 'H NMR spectrum of DMA-co-PhAm copoly-
mer is presented in Figure 4. The copolymer composition
was determined by comparing the peak area of the
phenyl protons (5 H) from PhAm, with the total peak
area between 2.3 and 3.3 ppm, which includes seven
protons (a, ¢) from DMA and one proton (e) from PhAm.
The results are illustrated in Tables 1 and 2. On the
basis of the free radical reactivity ratios of DMA and
PhAm reported in the literature,!* it is expected that
the monomer units are randomly distributed in the
polymer chains. As shown in Tables 1 and 2, the
compositions of the copolymers are close to the monomer
feed ratio at all monomer conversions.

Thermally Induced Liquid—liquid Phase Tran-
sitions of DMA-co-PhAm Copolymer Solutions. The
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Table 2. Synthesis of Poly(DMA-co-PhAm) with Different Molecular Weights via ATRP in 80/20 (w/w) Methanol/Water
Mixtures at Room Temperature?®

mol % PhAm
[monomer]/[MCP] in feed in polymer?® conv (%) M theo M M /M¢ cloud point? (°C)
60/1 16.7 15.9 89 5700 2000 1.08 39.3
100/1 16.7 16.2 84 9000 3500 1.06 40.2
200/1 16.7 16.3 77 16500 4700 1.05 39.1
400/1 16.7 15.9 76 32500 10200 1.07 43.5
100/1 22.5 21.8 80 8800 3200 1.07 16.3
200/1 22.5 21.7 73 16000 4600 1.07 17.2
400/1 22.5 21.7 70 30700 8600 1.07 20.1
600/1 22.5 22.0 61 40200 10600 1.07 20.1

@ [CuCll/[Me¢TREN]/[ 2-chloropropionate] = 1/1/1; monomer/solvent = 1/1 (w/w); reaction time, 4 h. ® Measured by 'H NMR. ¢ Measured

by GPC. ¢ 1.0 wt % polymer solution.
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Figure 4. 'H NMR spectrum of poly(DMA-co-PhAm22) in
methylene-d; chloride.
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Figure 5. Cloud point curves for 1.0 wt % aqueous solutions
of DMA-co-PhAm copolymers with different compositions.

temperature-dependent phase separation of aqueous
solutions of DMA-co-PhAm copolymers was investigated
by the cloud point method. Figure 5 shows the trans-
mittance vs temperature curves for three DMA-co-
PhAm copolymers with different compositions. The
copolymer characteristics and their corresponding cloud
point temperatures are given in Table 3.

The cloud point temperature of thermally responsive
polymers is strongly influenced by changes in the
hydrophilic/hydrophobic nature of the polymer. Aqueous
solutions of DMA-co-PhAm copolymers with less than
10 mol % PhAm do not show a cloud point. With
increasing PhAm content, the cloud point temperature

Table 3. Compositions and Phase Transition
Temperatures of DMA-co-PhAm Copolymers

PhAm in cloud
polymer point¢
polymer (mol %)* Mythee M0 MMyt (°C)

DMA-co-PhAm10 9.6
DMA-co-PhAm12 12.0

34000 9700 1.07

33600 10100 1.09 70.1
DMA-co-PhAm16 15.9 32500 10200 1.07 43.5
DMA-co-PhAm22 21.7 30700 8600 1.07 20.1

@ Estimated by NMR. ® Measured by GPC. ¢ Measured by the
cloud point method with 1.0 wt % polymer solution.

Figure 6. Optical microscope image of liquid droplets formed
from the phase transition of 1 wt % DMA-co-PhAm22 solution
at 25 °C. Scale bar is 250 ym.

decreases drastically (Table 3). It is thought that the
phase separation of such polymers is caused by the
presence of hydrophobic groups in the polymer
chains.28730 At low temperature, strong hydration of the
hydrophilic groups dissolves the polymer and hence
forces entropically unfavorable structuring of water
around the hydrophobic groups. Above the phase transi-
tion temperature, the now dominant entropy gain drives
the dissociation of this water from the polymer and leads
to a negative free energy of desolvation. An increase in
hydrobicity of the polymer increases the entropic pen-
alty from this structured water, lowers the enthalpy
gained from solvating the hydrophilic units, and hence
decreases the cloud point.

The thermally induced phase separation observed in
aqueous DMA-co-PhAm copolymer solution is a liquid—
liquid transition. Figure 6 presents an optical micro-
scope image of the liquid coacervate droplets formed
from a 1.0 wt % aqueous DMA-co-PhAm22 solution. In
the absence of stirring, these droplets will coalesce into
a bulk layer after several minutes.
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Figure 7. Effects of polymer molecular weights on the phase
transition temperature of 1.0 wt % DMA-co-PhAm copolymer
solutions. The PhAm content in the copolymer is about (A) 16
mol % and (B) 22 mol %. The molecular weights indicated are
measured by GPC (see Table 2).

Because of the difficulty in obtaining thermally
responsive polymers with narrow molecular weight
distributions, the dependence of LCST on the molecular
weight of polymers has not been systematically studied.
For example, Fujishige et al. reported the LCST of
pNIPAM to be independent of chain length for molecular
weights larger than 50 000,3! while Schild and Tirrell
indicated a small effect of molecular weight on the LCST
of pNIPAM.32 The pNIPAM used in both studies was
prepared by conventional radical polymerization and
had broad molecular weight distributions. Using frac-
tionated pNIPAMs with narrow molecular weight dis-
tributions, Tong et al. reported that the LCST of
pNIPAM increases with molecular weight.3?

Figure 7 illustrates the effect of molecular weight on
the cloud point of two series of DMA-co-PhAm copoly-
mers, containing 16% and 22% PhAm. The phase
transition temperatures first increase slightly with
increasing molecular weight and then become constant
(Figure 7B). The polymers with lower molecular weights
show phase transitions over relatively broad tempera-
ture ranges. This may be due small compositional
variations or due to the influence of the initiating
methoxypropionate group. Both of these effects would
be more pronounced at lower molecular weights.

Effects of Polymer Concentration and Added
NaCl on the Phase Transition Temperatures. Fig-
ures 8 and 9 show the effects of polymer concentration
on the cloud point curves for DMA-co-PhAm22 and on
the cloud point temperatures for two copolymer com-

Poly(IN,N-dimethylacrylamide) Copolymer Solutions 2113

100 (g 7o 0.05 wt %
F —-02wt%
—A— 05wt %
& 801 ¢ 1.0wt%
8 —X—2.0wt%
=}
g 60 —0—3.0wt%
=
173
g
& 40 4
20
L]
LA r
0 B (e

0 20 40 60
Temperature (°C)

Figure 8. Cloud point curves for aqueous solutions of DMA-
co-PhAm22 with different concentrations.
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Figure 9. Effect of polymer concentration on the phase

separation temperature of DMA-co-PhAm solutions as mea-
sured by the cloud point method.

positions, respectively. The cloud point temperatures
initially decrease with increasing polymer concentra-
tions, leveling off at concentrations above 1.0 wt %
(Figure 9). At low polymer concentration (0.05 wt %),
the phase transition occurs over a broad temperature
range (Figure 8). These observations are in agreement
with the following considerations: the thermally in-
duced phase separation of aqueous polymer solutions
has been proposed to take place in two stages, with
individual polymer chains first forming primary ag-
gregates, which then macroscopically aggregate to cause
phase separation.?* The primary aggregates require
higher temperatures before aggregating macroscopi-
cally. Higher polymer concentrations would also shift
this equilibrium, causing the cloud point to occur at a
lower temperature. Compared to the liquid—solid phase
transition of pNIPAM solution,?3:3% the effect of polymer
concentration on the phase transition temperature of
DMA-co-PhAm solution is hence more pronounced.
Similar observations were reported for the liquid—liquid
phase transition of elastin-like polypeptide solutions.3637

It is well-known that the effect of salts on the cloud
point is mainly due to the resulting changes in the
structure of water.?238 As shown in Figure 10, the cloud
point temperature of DMA-co-PhAm solutions decreases
with the addition of NaCl. NaCl is considered as a water
structure maker and hence shows a “salting-out” effect,
which can effectively enhance the hydrophobic interac-
tion and promote the collapse of polymer chains.
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Figure 10. Effect of NaCl concentration on the phase separa-
tion temperature of 1.0 wt % DMA-co-PhAm solutions as
measured by the cloud point method.
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Figure 11. Effect of temperature on the yield of phase-
separated polymer from 2.0 wt % DMA-co-PhAm copolymer
aqueous solutions and in 1.0 mol L~! NaCl solutions. The
symbols indicate the equilibrium temperature, and the error
bars show the decrease of temperature during centrifugation.

Efficiency of Phase Separation. The efficiency of
the thermally induced liquid—liquid phase separations
was investigated by determining the yield of polymer
recovered from the coacervate phase at different tem-
peratures above the cloud points. Figure 11 shows the
percentage of the polymer found in the coacervate phase
to increase with increasing temperature. Compared to
our previously studied copolymers of DMA with glycidyl
methacrylatel® and allyl methacrylate,!” the yields of
the present DMA—PhAm copolymers are much higher
near the onset of phase transition. The polymers used
in the previous work were prepared by conventional free
radical polymerization and subsequently had broad
distributions of polymer molecular weights. Though
based on different hydrophobic comonomers, the present
results suggest that the efficiency of the phase transition
can be increased by using narrow-disperse polymers.
Furthermore, the temperature-dependent efficiency of
phase separation, even for narrow-disperse copolymers,
confirms that the thermally induced liquid—liquid phase
separation is an equilibrium process. In this process,
only part of the polymer chains are dehydrated upon
reaching the cloud point temperature, and higher tem-

Macromolecules, Vol. 38, No. 6, 2005

40

30 1

20

polymer concentration (%)

20 40 60 80
Temperature (°C)

—O—in the equilibrium phase
—@— in the coacervate phase
- - & --in the initial polymer solution

Figure 12. Concentrations of DMA-co-PhAm22 in the two
separated phases at different temperatures.

peratures are required to drive more polymer to the
coacervate phase.

Figure 12 shows the concentration of DMA-co-
PhAm22 in the two separated phases as a function of
temperature. The temperature changes do not affect the
volume of the two separated phases. Hence, the con-
centrations of polymer in the coacervate phase increase
with increasing temperatures. The water content in the
coacervate phase is however still larger than 60% at 75
°C.

The polymers recovered from both phases were char-
acterized by GPC and NMR and were found to have
similar compositions and molecular weights.

As discussed above, the cloud point temperatures
decrease upon addition of NaCl to the solutions. Also
illustrated in Figure 11 is the effect of NaCl addition
on the efficiency of the phase separation. During the
polymer recovery, it was assumed that NaCl is present
in equal concentrations in both the polymer-poor and
the polymer-rich (coacervate) phases. With the addition
of NaCl, the volume of both separated phase does not
change, while the efficiency of phase separations is
enhanced.

Conclusions

pDMA homopolymer and DMA-co-PhAm copolymers
were synthesized by ATRP using MCP/CuCl/MesTREN
as the initiator and the catalyst at room temperature,
with the hydrogen-bonding methanol and methanol/
water mixtures as the reaction media. The polymeriza-
tions were well controlled, leading to the production of
DMA-co-PhAm copolymers with well-defined structures
and compositions.

Aqueous solutions of DMA-co-PhAm copolymers
showed liquid—liquid phase separations at tempera-
tures dependent on the content of hydrophobic PhAm.
These cloud points were also found to depend on the
polymer concentrations and molecular weights. The
efficiency of the thermally induced liquid—liquid phase
separation was studied by measuring the yield of phase-
separated polymers, which increased with increasing
temperature. This temperature dependence of the phase
separation efficiency showed the thermally induced
liquid—liquid phase separation to be an equilibrium
process. The polymer chains only partially dehydrate
upon reaching the cloud point, and the solubility of
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polymers in the equilibrium phase progressively de-
creased with increasing temperature, leading to more
polymers driven from the continuous to the coacervate
phase. The addition of NaCl further enhances the
efficiency of phase separation without changing the
water content in the separated phases.
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