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’ INTRODUCTION

Owing to the intriguing transitions between free-flowing
liquids and free-standing gels and the associated changes in
rheological properties, stimuli-induced reversible formation of
aqueous micellar gels of block copolymers has received con-
siderable interest.1�3 Compared with chemically cross-linked
hydrogels, these responsive micellar gels, especially those trig-
gered by temperature changes, can be more advantageous for
certain applications because of the in situ sol�gel transition.1�3

For example, Jeong et al. reported injectable drug delivery
systems based on aqueous solutions of block copolymers of
poly(ethylene glycol) (PEO) and polylactide that can undergo
cooling-induced sol�gel transitions.3 The polymer solutions
were loaded with a model drug in the sol state at an elevated
temperature. Upon subcutaneous injection and cooling to the

body temperature, the polymer solutions formed gels instanta-
neously that subsequently acted as matrices for sustained release
of drug molecules.

Generally, there are two types of stimuli-responsive aqueous
block copolymermicellar gels: 3-dimensional network gels, in which
one block, e.g., the central block of an ABA triblock copolymer,
forms bridges among micellar cores of other blocks,1a,4 and
physically jammedmicellar gels, in which discrete spherical micelles
of block copolymers are packed into an ordered structure.1�3,5,6

Representative examples of the latter include aqueous gels of PEO-
b-poly(propylene oxide)-b-PEO (PEO-b-PPO-b-PEO) triblock
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ABSTRACT: This article reports on the synthesis of a hydrophilic diblock
copolymer composed of two distinct thermosensitive polymers with one block
containing a small amount of carboxylic acid groups, poly(methoxytri(ethylene
glycol) acrylate-co-acrylic acid)-b-poly(ethoxydi(ethylene glycol) acrylate)
(P(TEGMA-co-AA)-b-PDEGEA), and the study of thermo-induced sol�gel�
sol transitions of its moderately concentrated aqueous solutions at various pH
values. The diblock copolymer was obtained by the removal of tert-butyl groups
of P(TEGMA-co-tert-butyl acrylate)-b-PDEGEA, which was synthesized by
reversible addition�fragmentation chain transfer polymerization. PTEGMA
and PDEGEA are thermosensitive polymers with lower critical solution tem-
peratures (LCSTs) of 58 and 9 �C, respectively, in water. The incorporation of a small amount of carboxylic acid groups into PTEGMA
allowed the LCST of the P(TEGMA-co-AA) block to be tuned by changing the solution pH.We found that a 20wt% aqueous solution
of P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11 (measured at 0 �C) underwent multiple phase transitions upon heating, from a
clear, free-flowing liquid (<19 �C) to a clear, free-standing gel (19 to 39 �C), to a clear, free-flowing hot liquid (40 to 55 �C), and to a
cloudy mixture (g56 �C). With the increase of pH, the gel-to-sol transition (Tgel�sol) and the clouding temperature (Tclouding) of the
sample shifted to higher values, while the sol-to-gel transition temperature (Tsol�gel) remained the same. These transitions and the
tunability ofTgel�sol stemmed from the thermosensitive properties of the two blocks of the diblock copolymer and the pH dependence
of the LCST of P(TEGMA-co-AA), which was confirmed by differential scanning calorimetry and dynamic light scattering studies.
Using the vial inversion test method, we further mapped out the C-shaped sol�gel phase diagrams of (PTEGMA-co-AA)-b-PDEGEA
in water in the moderate concentration range at three different pH values (3.11, 4.49, and 5.25, all measured at 0 �C). While the lower
temperature boundaries overlapped, the upper temperature boundary shifted upward and the critical gelation concentration decreased
with the increase of pH. In contrast, the sol�gel phase diagram of PTEGMA-b-PDEGEA, which contained no pH-responsive groups,
showed no changes in Tsol�gel, Tgel�sol, and Tclouding with pH.
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copolymers.1,5 PPO is a thermosensitive water-soluble polymer
exhibiting a lower critical solution temperature (LCST) in water at
∼15 �C.1,7 Above the LCST, PEO-b-PPO-b-PEO self-assembles
into micelles with the dehydrated PPO blocks associated into the
core and PEO blocks forming the corona. At a sufficiently high
concentration, i.e., above the critical gelation concentration (CGC),
the aqueous solution of PEO-b-PPO-b-PEO undergoes sol�gel�
sol transitions upon heating. The sol�gel phase diagram at low/
moderate concentrations is usually a C-shaped curve.1 It has been
established that the sol-to-gel transition, corresponding to the lower
temperature boundary in the phase diagram, is driven by the
enhancement of micellization and the ordering of micelles with
the increase of temperature, while the gel-to-sol transition, corre-
sponding to the upper boundary, results from the shrinking of PEO
at elevated temperatures. The ordered structures of micelles in the
gel state have been confirmed by small-angle X-ray and neutron
scattering studies.1

Besides PEO-b-PPO-b-PEO triblock copolymers, other block
copolymers that can form thermosensitive micellar gels in water
have also been reported.2�4,6,8,9 For example, Aoshima et al.
synthesized a series of well-defined vinyl ether block copolymers
composed of two or more thermosensitive blocks with different
LCSTs by living cationic polymerization.9 They observed that
20 wt % aqueous solutions of these block copolymers underwent
multistage transitions from clear liquids to transparent gels, to
hot clear liquids, and phase separated opaque mixtures upon
heating. The sol-to-gel and gel-to-sol transitions are closely
related to the LCSTs of the thermosensitive blocks.

We are especially interested in the active control of unimer-
micelle and sol�gel transitions of thermosensitive hydrophilic
block copolymers in water. Our strategy is to incorporate a small
amount of stimuli-responsive groups into thermosensitive blocks
of block copolymers such that the LCSTs of the thermosensitive
blocks can be modified by applying an external stimulus.10 These
doubly responsive block copolymers can undergo multiple
micellization and dissociation transitions in dilute aqueous
solutions and multiple sol�gel�sol transitions in moderately
concentrated solutions in response to environmental variations.
For example, we synthesized thermo- and light-responsive PEO-
b-poly(ethoxytri(ethylene glycol) acrylate-co-o-nitrobenzyl ac-
rylate) (PEO-b-P(TEGEA-co-NBA)) by atom transfer radical
polymerization.10a PTEGEA is a thermosensitive polymer with
an LCST of 36 �C in water and o-nitrobenzyl group is known to

undergo a photocleavage reaction when exposed to 365 nm UV
light.11 The block copolymer dissolved molecularly in a 0.2 wt %
aqueous solution when the temperature was below 25 �C and
self-assembled into micelles at elevated temperatures. Upon UV
irradiation, the o-nitrobenzyl groups were cleaved and the LCST
of the thermosensitive block was increased, causing the micelles
to dissociate. Further raising the temperature induced the
formation of micelles again.10a At a polymer concentration of
20 wt%, multiple sol�gel�sol transitions were achieved.10c Such
doubly responsive block copolymers are expected to offer more
advantages for some potential applications compared with those
that respond to only one external stimulus.

In this article, we report the synthesis of a well-defined
hydrophilic diblock copolymer composed of two distinct thermo-
sensitive polymers with the higher LCST block containing
a small amount of carboxylic acid groups, poly(methoxytri-
(ethylene glycol) acrylate-co-acrylic acid)-b-poly(ethoxydi-
(ethylene glycol) acrylate) (P(TEGMA-co-AA)-b-PDEGEA),
and the study of thermo-induced sol�gel�sol transitions of its
moderately concentrated aqueous solutions at various pH values.
PTEGMA and PDEGEA are thermosensitive water-soluble
polymers with LCSTs of 58 and 9 �C, respectively, which belong
to a new class of thermosensitive polymers with a short oligo-
(ethylene glycol) pendant from each repeat unit.9,12 The block
copolymer was prepared by reversible addition�fragmentation
chain transfer polymerization (RAFT)13 and postpolymerization
modification (Scheme 1). The incorporation of a small amount of
carboxylic acid groups into PTEGMA allowed the LCST of the
P(TEGMA-co-AA) block to be tuned by changing the solution pH.
We show that the moderately concentrated aqueous solutions of
this multiresponsive diblock copolymer undergo sol�gel�sol
transitions upon heating and the gel-to-sol transition can be
continuously tuned by adjusting the solution pH. It should be
noted here that thermo- and pH-sensitive block copolymer aqueous
gels have been reported in the literature.14�17The block copolymers
used in those studies were usually prepared by either growing pH-
sensitive blocks from or introducing pH-responsive groups onto the
chain ends of an ABA triblock copolymer that can form thermo-
reversible gels in water (e.g., PEO-b-PPO-b-PEO).14�16 Other
types of multiblock copolymers were also employed.17 We empha-
size here that our thermo- and pH-sensitive polymer is a diblock
copolymer and our block copolymer design, via the incorporation
of a small amount of pH-responsive functional groups randomly

Scheme 1. Synthesis of P(TEGMA-co-AA)-b-PDEGEA and PTEGMA-b-PDEGEA
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distributed in one block, is different, which allows the LCST to be
readily tuned.

’EXPERIMENTAL SECTION

Materials. Anisole (99%, anhydrous) and trifluoroacetic acid (99%)
were purchased from Acros and used as received. Hexanes, diethyl ether,
1.0 M KOH solution (volumetric standard solution), and 1.0 M HCl
solution (volumetric standard solution) were obtained from Fisher
Scientific. Di(ethylene glycol) ethyl ether acrylate (or ethoxydi(ethylene
glycol) acrylate, DEGEA, g90%, Aldrich) and tert-butyl acrylate (tBA,
99%, Fisher Scientific) were dried over calcium hydride overnight,
distilled under reduced pressure, and stored in a refrigerator prior to
use. Methoxytri(ethylene glycol) acrylate (TEGMA) was synthesized
according to the procedure described in a previous publication.12f 2,20-
Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was recrystallized
in ethanol twice and dried under high vacuum at room temperature. The
purified AIBN was then dissolved in N,N-dimethylformamide (DMF,
extra dry, Acros) to make a solution with a concentration of 3.95 wt %.
Benzyl dithiobenzoate, a chain transfer agent (CTA) used in RAFT, was
synthesized according to a literature procedure18 and the molecular
structure was confirmed by 1H and 13CNMR spectroscopy. TwentymM
aqueous potassium hydrogen phthalate (KHP) buffers were made by
dissolving KHP in Milli-Q water and the pH values were adjusted by
adding either a 1.0 M aqueous KOH or a 1.0 M aqueous HCl solution. All
pH values in this workweremeasured with a pHmeter (Accumet AB15 pH
meter from Fisher Scientific, calibrated with pH = 4.01, 7.00, and 10.01
standard buffer solutions) in an ice/water bath (0 �C). All other solvents
and chemicals were purchased from either Aldrich or Fisher and used
without further treatment.
Characterization. Size exclusion chromatography (SEC) was

carried out at room temperature using PL-GPC 20 (an integrated
GPC system from Polymer Laboratories, Inc.) with a refractive index
detector, one PLgel 5 μm guard column (50� 7.5 mm), and two PLgel
5 μm mixed-C columns (each 300 � 7.5 mm, linear range of molecular
weight from 200 to 2 000 000 Da according to Polymer Laboratories,
Inc.). The data were processed using Cirrus GPC/SEC software
(Polymer Laboratories). Tetrahydrofuran was used as a carrier solvent
at a flow rate of 1.0 mL/min. Polystyrene standards (Polymer Labora-
tories, Inc.) were employed for calibration. The 1H NMR (300 MHz)
spectra were recorded on a Varian Mercury 300 NMR spectrometer.
Synthesis ofMacro-CTAs by RAFT. Below is a procedure for the

synthesis of macro-CTA P(TEGMA-co-tBA) by RAFT. A similar
procedure was used to prepare macro-CTA PTEGMA.19 Benzyl dithio-
benzoate (21.4 mg, 0.088 mmol), 2,20-azobis(2-methylpropionitrile)
(AIBN, 34.6 mg of a solution of AIBN in DMF with a concentration of
3.95 wt %, 0.0083 mmol), tert-butyl acrylate (tBA, 0.297 g, 2.32 mmol),
TEGMA (9.469 g, 43.4 mmol), and anisole (10.25 g) were added into a
50 mL two-necked flask. The mixture was stirred under a nitrogen
atmosphere and degassed by three freeze�pump�thaw cycles. A sample
was taken for 1HNMR spectroscopy analysis, and the flask was placed in
a 70 �C oil bath. The reaction was monitored by 1H NMR spectroscopy
and SEC analysis. After the polymerization proceeded for 255 min, the
flask was removed from the oil bath and a sample was taken immediately
for the determination of the monomer conversion by 1H NMR
spectroscopy. The reaction mixture was diluted with THF and pre-
cipitated in hexanes. The polymer was then dissolved in THF (10 mL)
and precipitated in a mixture of hexane and diethyl ether (v:v = 60:40,
200 mL). This process was repeated an additional two times. The
polymer was then dried in vacuum. SEC analysis results (polystyrene
standards):Mn,SEC = 28100 Da; polydispersity index (PDI) = 1.17. The
DP of the copolymer was calculated from the monomer conversion and
the monomer-to-CTA ratio. The peaks located in the range of 4.0 - 4.5
ppm, which were from �CH2OOC- of monomer TEGMA and the

TEGMA units in the copolymer, were used as internal standard. The
conversion was calculated from the integral values of the peaks from 5.7
to 5.9 ppm (CHHdCH� from both TEGMA and tBA monomers) at
t = 0 and 255 min. The calculated DP was 194.
Synthesis of Diblock Copolymers by RAFT. Below is a

procedure for the synthesis of P(TEGMA-co-tBA)-b-PDEGEA from
macro-CTA P(TEGMA-co-tBA) by RAFT. A similar procedure was
used to prepare PTEGMA-b-PDEGEA from macro-CTA PTEGMA.19

P(TEGMA-co-tBA) (2.834 g, 0.0686 mmol), AIBN (34.8 mg of a
solution of AIBN in DMF with a concentration of 3.95 wt %, 0.0084
mmol), DEGEA (9.083 g, 48.3 mmol), and anisole (21.84 g) were added
into a 50 mL two-necked flask. The mixture was stirred under a nitrogen
atmosphere and then degassed by three freeze�pump�thaw cycles.
A sample was taken for 1HNMR spectroscopy analysis, and the flask was
placed in a 70 �C oil bath. SEC and 1H NMR spectroscopy were used to
monitor the reaction progress. After the polymerization proceeded for
190 min, the polymerization was stopped by removing the flask from the
oil bath and diluting the mixture with THF. The polymer solution was
precipitated in hexanes. The polymer was then dissolved in THF
(15 mL) and precipitated in a mixture of hexane and diethyl ether
(v:v = 60:40, 200 mL). This process was repeated an additional two
times. The block copolymer was then dried in vacuum and analyzed by
1H NMR spectroscopy and SEC. SEC results (polystyrene standards):
Mn,SEC = 42300 Da; PDI = 1.20. The composition of the block
copolymer was determined from the 1H NMR spectrum. The obtained
numbers of DEGEA, TEGMA, and tBA units were 95, 183 and 11,
respectively.
Removal of tert-Butyl Groups of P(TEGMA-co-tBA)-b-PDE-

GEA. P(TEGMA-co-tBA)-b-PDEGEA (2.505 g, Mn,SEC = 42300 Da,
PDI = 1.20) was dissolved in dry dichloromethane (10 mL) in a 20 mL
vial. After the addition of trifluoroacetic acid (2.34 g), the reaction
mixture was stirred at room temperature for 48 h. The volatiles were
then removed by the use of a rotavapor. The residue was dissolved in
100 mL of dichloromethane and the volatiles were evaporated again by a
rotavapor. This process was repeated an additional two times to remove
as much trifluoroacetic acid as possible. The polymer was then dissolved
in THF (10 mL) and precipitated in a mixture of hexane and diethyl
ether (v:v = 50:50, 100 mL) three times. After drying in vacuum, the
polymer was obtained as a pink viscous liquid (2.30 g, yield: 92%). The
successful removal of tert-butyl group was evidenced by the disappear-
ance of the tert-butyl peak located at 1.4 ppm in the 1H NMR spectrum.
Preparation of 20wt%Aqueous Solution of P(TEGMA-co-

AA)-b-PDEGEA. Below is a typical procedure for the preparation of a
20 wt % aqueous solution of P(TEGMA-co-AA)-b-PDEGEA. A similar
procedure was used for the preparation of a 20 wt % aqueous solution of
PTEGMA-b-PDEGEA.19 P(TEGMA-co-AA)-b-PDEGEA was added
into a preweighed vial (inner diameter: 20 mm). The vial was then
placed in a large flask and dried under high vacuum at 55 �C for 12 h. The
mass of the dried polymer inside the vial was 0.584 g. Milli-Q water
(2.334 g) was added into the vial. The mixture was then sonicated in an
ice/water ultrasonic bath (Fisher Scientific Model B200 Ultrasonic
Cleaner) to dissolve the polymer. The vial was then stored in a refrigerator
(∼4 �C) overnight and a homogeneous solution was obtained.
Rheological Measurements. Rheological experiments were con-

ducted using a stress-controlled rheometer (TA Instruments Model TA
AR 2000ex). A cone�plate geometry with a cone diameter of 20 mm
and an angle of 2� (truncation 52 μm) was employed; the temperature
was controlled by the bottom Peltier plate. In each measurement, 90 μL
of a polymer solution was loaded onto the plate by a micropipet. The
solvent trap was filled with water and a solvent trap cover was used to
minimize water evaporation. Dynamic viscoelastic properties (dynamic
storage modulus G0 and loss modulus G0 0) of a polymer solution were
measured by oscillatory shear experiments performed at a fixed
frequency of 1 Hz in a heating ramp at a heating rate of 1 �C/min.
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The frequency dependences of G0 and G0 0 of a polymer solution at
selected temperatures were obtained by frequency sweep tests from 0.1
to 100Hz. A strain amplitude of γ = 0.2%was used in all dynamic tests to
ensure that the deformation was within the linear viscoelastic regime.
The flow properties (shear stress-shear rate curves) of a polymer
solution at selected temperatures were measured by a shear rate ramp
from 0 to 600 s�1 for duration of 6 min. The apparent viscosities of a
polymer solution at different temperatures were measured by a tem-
perature ramp experiment performed at a heating rate of 3 �C/min and a
shear rate of 10 s�1.
Polarized Light Microscopy Experiments. Polarized light

microscopy experiments were conducted on a Leica (DM LB2)
polarized light microscope coupled with a Mettler hot stage (FP-90).
The 20 wt % aqueous solution of P(TEGMA-co-AA)-b-PDEGEA was
added into a thin (0.5 mm) quartz demountable cell. The temperature of
the cell was controlled by a Mettler hot stage (FP-90).
Small-Angle X-ray Scattering Experiments. Small-angle X-ray

scattering data were collected on a Bruker NanoStar equipped with a
rotating anode X-ray generator and a Vantec 2000 area detector. Copper
KR radiation (λ = 1.5418 Å) was used. The 20 wt % aqueous solution of
P(TEGMA-co-AA)-b-PDEGEA was loaded into a quartz capillary sample
holder, which was then inserted into a cooling/heating stage. The tempera-
ture of the cooling/heating stage was controlled by a Materials Research
Instruments TCPUP temperature controller. The scattering data for the
samples were corrected by subtracting the background which was recorded
from the same sample holder using deionized water. The calibration was
performed using silver behenate as the standard sample.
Differential Scanning Calorimetry Study of Thermo-In-

duced Phase Transitions of Aqueous Solutions of P(TEGMA-
co-AA)-b-PDEGEA. Differential scanning calorimetry analysis of
polymer solutions was conducted on a TA Q-1000 DSC instrument
that was calibrated with sapphire disks. Approximately 20 mg of a 20 wt %
polymer solution was loaded into a preweighed aluminum hermetic pan
and sealed carefully. A heating rate of 1 �C/min was used to obtain the
thermograms with an empty pan as reference.
Dynamic Light Scattering Studies. Dynamic light scattering

(DLS) studies of aqueous solutions of P(TEGMA-co-AA)-b-PDEGEA
were conducted with a Brookhaven Instruments BI-200SM goniometer
equipped with a PCI BI-9000AT digital correlator, a temperature
controller, and a solid-state laser (model 25-LHP-928�249, λ =
633 nm) at a scattering angle of 90�. Three 0.02 wt % solutions of
P(TEGMA-co-AA)-b-PDEGEA in 20 mM KHP aqueous buffers with
pH values of 3.11, 4.49, and 5.25, respectively, were made. The solutions
were filtered into borosilicate glass tubes with an inner diameter of 7.5
mm using Millipore hydrophilic PTFE filters (0.2 μm pore size) and the

tubes were sealed with PE stoppers. The glass tube was placed in the cell
holder of the light scattering instrument and gradually heated. At each
temperature, the solution was equilibrated for 20 min prior to data
recording. The time intensity�intensity correlation functions were
analyzed with a Laplace inversion program (CONTIN).
Determination of Sol�Gel�Sol�Cloudy Phase Diagrams

of Diblock Copolymers in Water by the Vial Inversion Test
and Visual Examination. A glass vial that contained an aqueous
solution of a diblock copolymer with a known concentration was placed
in the water bath of a Fisher Scientific Isotemp refrigerated circulator.
The inner diameter of the vial was 20 mm. The temperature was
gradually increased. At each temperature, the solution was equilibrated
for 20 min before the vial was held in a tilted or inverted position for 5 s
to visually examine if the solution was a mobile liquid or an immobile gel
under its own weight. The temperature at which the solution changed
from a mobile to an immobile state (or vice versus) was taken as the sol-
to-gel (or gel-to-sol) transition temperature. The clouding temperature
was determined by visual examination. Polymer solutions with different
concentrations were obtained by adding a predetermined amount of
water into the vial or evaporating water from the solution; their sol-to-
gel/gel-to-sol transition temperatures and clouding temperatures were
determined by the vial inversion method and visual examination.

’RESULTS AND DISCUSSION

Synthesis of P(TEGMA-co-AA)-b-PDEGEA and PTEGMA-b-
PDEGEA. P(TEGMA-co-AA)-b-PDEGEA, a diblock copolymer
composed of two distinct thermosensitive polymers with the
higher LCST PTEGMA block containing a small amount of
carboxylic acid groups, was prepared by RAFT and subsequent
removal of tert-butyl groups using trifluoroacetic acid
(Scheme 1). The macro-CTA P(TEGMA-co-tBA) was synthe-
sized by the copolymerization of TEGMA and tBA with a molar
ratio of 100: 5.3 at 70 �C in anisole using benzyl dithiobenzoate
as chain transfer agent and AIBN as initiator. P(TEGMA-co-tBA)
was then used for the synthesis of the diblock copolymer.
Figure 1a shows the SEC traces of P(TEGMA-co-tBA) and
P(TEGMA-co-tBA)-b-PDEGEA. The peak completely shifted
to the high molecular weight side and remained narrow. The
polydispersity index (PDI) of the diblock copolymer using
polystyrene calibration was 1.20. Figure 1b shows the 1H NMR
spectrum of P(TEGMA-co-tBA)-b-PDEGEA. The numbers of
TEGMA, tBA, and DEGEA units in the block copolymer were
calculated using the integral values of the peak from 4.4 to

Figure 1. (a) Size exclusion chromatography traces of macro-CTA P(TEGMA-co-tBA) and diblock copolymer P(TEGMA-co-tBA)-b-PDEGEA, and
1H NMR spectra of P(TEGMA-co-tBA)-b-PDEGEA (b) and P(TEGMA-co-AA)-b-PDEGEA (c). P(TEGMA-co-AA)-b-PDEGEA was prepared from
P(TEGMA-co-tBA)-b-PDEGEA using trifluoroacetic acid to remove the tert-butyl groups. CDCl3 was used as solvent in

1HNMR spectroscopy analysis.
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4.0 ppm (�CH2OOC� of TEGMA and DEGEA units), the peak
from 2.5 to 2.1 ppm (�CH2CH� of TEGMA, DEGEA and tBA
units), and the peaks from 1.3 to 1.1 ppm (�CH2CH3 of DEGEA
units) alongwith theDPofmacro-CTAP(TEGMA-co-tBA) (DP=
194). The obtained numbers of TEGMA, tBA, and DEGEA units
were 183, 11, and 95, respectively. The molar ratio of TEGMA and
tBA units in the copolymer was 100: 6.0, close to the feed ratio of
100: 5.3 in the synthesis of macro-CTA P(TEGMA-co-tBA).
The tert-butyl groups of P(TEGMA-co-tBA)-b-PDEGEAwere

then removed by using trifluoroacetic acid, yielding the targeted
thermo- and pH-sensitive diblock copolymer, P(TEGMA-co-
AA)-b-PDEGEA. This was confirmed by 1H NMR spectroscopy
analysis; the tert-butyl peak located at 1.4 ppm disappeared after
the reaction (Figure 1c). The block copolymer was then used for
micellar gel study. For comparison, PTEGMA-b-PDEGEA,
which did not contain pH-responsive groups, was also synthe-
sized by RAFT (Scheme 1).19 The characterization data for the
polymers used in this work are summarized in Table 1.
Thermo-Induced Sol�Gel�Sol�Cloudy Transitions of 20

wt % Aqueous Solution of P(TEGMA-co-AA)-b-PDEGEA with
pH of 3.11.A 20 wt % aqueous solution of P(TEGMA-co-AA)-b-
PDEGEA was made by dissolving the polymer in Milli-Q water
and the pH of the solution at 0 �Cwas 3.11.20 To test the thermo-
induced sol�gel�sol transitions, we gradually heated the solu-
tion from 8 �C. At each temperature, the sample was equilibrated
for 20 min before the vial was tilted or inverted to visually
examine if the sample was a free-flowing liquid or an immobile
micellar gel under its own weight. As shown in Figure 2, the
sample was a free-flowing liquid at 15 �C. With the increase of
temperature, the sample turned into a clear gel at 19 �C, which
was 10 �C higher than the cloud point of PDEGEA (Figure 1b
shows the sample at 30 �C). Further increasing the temperature
to 40 �C, the solution began to flow under its own weight when
tilted but remained clear, indicating a transition from the gel to a
sol (Figure 1c shows the sample at 45 �C). The block copolymer
solution remained clear until the temperature reached 56 �C, at
which point it turned cloudy (Figure 1d). This clouding tem-
perature was very close to the cloud point of PTEGMA in water
at a concentration of 0.5 wt % (58 �C).12f The sample stayed

cloudy after that (Figure 1e shows the picture of the sample at
74 �C). Evidently, the sol-to-gel and the clear-to-cloudy transi-
tion temperatures were close to the LCSTs of the two compo-
nent blocks of P(TEGMA-co-AA)-b-PDEGEA.
Rheological Properties of 20 wt % Aqueous Solution of

P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11. Rheological
measurements were conducted to characterize the thermo-
induced sol�gel/gel�sol transitions of the 20 wt % aqueous
solution of P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11 and
the gel property. Figure 3a shows the dynamic storage modulus
G0 and loss modulus G00 of the sample as a function of
temperature collected from an oscillatory shear experiment,
which was performed at a fixed frequency of 1 Hz in a heating
ramp at a heating rate of 1 �C/min. A strain amplitude of γ =
0.2% was used to ensure that the measurements were taken in the
linear viscoelastic regime. Below ∼15 �C, both G0 and G00 were
very small. When the temperature was raised above 15 �C,G0 and
G00 increased quickly and G0 became larger than G00 at ∼21 �C,
suggesting that the sample turned into a gel. In the temperature
range of 23 to 37 �C, the G0 was greater than G00 by at least 1
order of magnitude. Moreover, the G0 was nearly independent of
frequency. These are characteristics of gels. Above 37 �C,G0 andG00
began to decrease and a sharp drop was observed for bothmoduli at
∼39 �C. The crossover points of the two curves are commonly used
as indicators of sol-to-gel (Tsol�gel) and gel-to-sol transitions
(Tgel�sol).

1,21 Thus, with this method, the Tsol�gel and the Tgel�sol

were 21.1 and 40.8 �C, respectively, which were close to those
determined by the vial inversion method (19 and 40 �C).
The difference in the rheological property of the sample below

and above Tsol�gel can also be seen from the results of frequency
sweep experiments (Figure 4). At 16 �C, which was below the
Tsol�gel,G0 scaled with the second power of oscillation frequency
f, whileG00 increased linearly with f (Figure 4a). This is the typical
rheological behavior of a viscoelastic fluid.9d,21 At 25 �C, G0 was
essentially independent of f and G00 varied slightly with a
minimum appearing at an intermediate frequency (Figure 4b).
In addition, G0 was about 1 order of magnitude larger than G00 in
the frequency range of 0.1 to ∼50 s�1. These are the character-
istics of elastic solids with a cubic structure,1,22 which is also
supported by the polarized light microscopy result. In the gel
zone, the sample was completely dark under a polarized light

Table 1. Characterization Data for P(TEGMA-co-tBA),
P(TEGMA-co-tBA)-b-PDEGEA, P(TEGMA-co-AA)-b-PDE-
GEA, PTEGMA, and PTEGMA-b-PDEGEA

polymera
Mn,SEC

(Da), PDIb
nTEGMA:

ntBA (or AA):nDEGEA
c

P(TEGMA-co-tBA) 28100, 1.17 183:11:0

P(TEGMA-co-tBA)-b-PDEGEA 42300, 1.20 183:11:95

P(TEGMA-co-AA)-b-PDEGEA NA 183:11:95

PTEGMA 24500, 1.15 166:0:0

PTEGMA-b-PDEGEA 41100, 1.23 166:0:106
a P(TEGMA-co-tBA), PTEGMA, P(TEGMA-co-tBA)-b-PDEGEA, and
PTEGMA-b-PDEGEA were synthesized by RAFT; P(TEGMA-co-AA)-
b-PDEGEA was obtained from P(TEGMA-co-tBA)-b-PDEGEA by the
removal of tert-butyl groups using trifluoroacetic acid. bThe values ofMn,

SEC and PDI of polymers were determined by size exclusion chroma-
tography using polystyrene calibration. cThe degrees of polymerization
of macro-CTAs P(TEGMA-co-tBA) and PTEGMA were calculated
from the monomer conversion and monomer-to-CTA ratio. The
numbers of TEGMA, tBA, and DEGMA units in the copolymers were
determined from 1H NMR spectra along with the use of the DPs of
macro-CTAs.

Figure 2. Digital optical pictures of 20 wt % aqueous solutions of
P(TEGMA-co-AA)-b-PDEGEA at pH = 3.11 (the first row), 4.49 (the
second row), and 5.25 (the third row), and T = 15 �C (the first column, a,
f, k), 30 �C (the second column, b, g, l), 45 �C (the third column, c, h, m),
56 �C (the fourth column, d, i, n), and 74 �C (the fifth column, e, j, o).
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microscope with crossed polarizers, demonstrating that the gel
was optically isotropic.
Figure 5a shows the flow curves (plots of shear stress versus

shear rate) of the sample with pH of 3.11 at various temperatures.
At 10, 12, and 15 �C, the shear stress σ was proportional to the
shear rate dγ/dt, indicating that the sample behaved as a New-
tonian liquid. From 25�39 �C, the sample exhibited plastic flow
behavior;9d after the initial resistance was overcome, the shear

stress increased linearly with the shear rate. At 50 �C, the sample
again behaved as a Newtonian liquid. These observations were
consistent with the results from visual examination and dynamic
viscoelastic measurements. The temperature dependence of
apparent viscosity of the sample collected at a shear rate of 10
s�1 is displayed in Figure 5b. When the temperature was below
13 �C, the viscosity wase0.05 Pa 3 s and there was essentially no
change from 5 to 13 �C. A sharp increase was observed at

Figure 3. Plot of dynamic storagemodulusG0 (9) and loss modulusG0 0 (0) of 20 wt % aqueous solution of P(TEGMA-co-AA)-b-PDEGEAwith pH of
(a) 3.11, (b) 4.49, and (c) 5.25 versus temperature. The data were collected from oscillatory shear experiments performed in a heating ramp using a
heating rate of 1 �C/min, a strain amplitude of 0.2%, and a frequency of 1 Hz.

Figure 4. Frequency dependences of dynamic storage modulus G0 (9) and dynamic loss modulus G0 0 (0) of the 20 wt % aqueous solution of
P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11 at (a) 16 and (b) 25 �C. A strain amplitude of 0.2% was used in the frequency sweep experiments.
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∼20 �C, which was around the Tsol�gel (19 �C by visual
examination and 21.1 �C from rheological measurement). After
reaching the highest value, 6.45 Pa 3 s, at 27 �C, the apparent
viscosity began to decrease with the further increase of tempera-
ture. At 55 �C, the apparent viscosity was only 0.051 Pa 3 s. The
transition temperatures determined from Figure 5b, T1 = 17 �C
and T2 = 42 �C, matched reasonably well with those from the vial
inversion test and the rheological measurement.
pH Effect on Sol�Gel�Sol-Cloudy Transitions of 20 wt %

Aqueous Solution of P(TEGMA-co-AA)-b-PDEGEA. The
LCST of a thermosensitive water-soluble polymer that contains
a small amount of weak acid groups is known to depend on the
solution pH.23 With the increase of pH, the weak acid groups
ionize, making the polymer more hydrophilic and thus increasing
the LCST. For the diblock copolymer studied here, the higher
LCST block contained 5.7 mol % of AA. To study the pH effects
on sol�gel�sol transitions, clouding temperature, and gel
property, we raised the pH of the 20 wt % aqueous solution of
P(TEGMA-co-AA)-b-PDEGEA in a stepwise fashion by injecting
a 1.0MKOH solution. Each time, the sample was sonicated in an
ice/water bath for 2 min to ensure that the solution was
homogeneous and the pH was measured at 0 �C.
Figure 6 shows the Tsol�gel, Tgel�sol, and Tclouding of the sample,

determined by visual examination, as a function of pH.20 The
Tsol�gel remained at 19 �C throughout the studied pH range
(3.11�6.04), consistent with the expected as the Tsol�gel of the
sample was governed by the thermosensitive property of the lower
LCST block � the PDEGEA block that did not contain any pH-
sensitive groups. In contrast, the Tgel�sol and the Tclouding increased
with the increase of pH. Initially, the Tgel�sol changed slowly with
pH, from 40 �Cat pH= 3.11 to 47 �C at pH 4.49. Above pH= 4.49,
the increase became faster; in 1.6 pH units, the Tgel�sol jumped up
by 30 �C (Tgel�sol = 77 �C at pH = 6.04). Interestingly, theTclouding
went up with pH more sharply than the Tgel�sol. The difference
betweenTgel�sol andTclouding became larger with the increase of pH,
from 16 �C at pH = 3.11, to 25 �C at pH 4.23, and to 40 �C at pH =
4.81. At pH of 5.08, the clouding temperature was not observed in
the studied temperature range (up to 97 �C). To confirm that the
tunability of Tgel�sol and Tclouding arose from the pH dependence of
the LCST of P(TEGMA-co-AA), we measured the cloud points of
P(TEGMA-co-AA), which was obtained from macro-CTA P-
(TEGMA-co-tBA) by the removal of tert-butyl groups, in 10 mM
aqueous KHP buffers with various pH values at a concentration of
0.5 wt %. The cloud point of P(TEGMA-co-AA) in the dilute

aqueous solution increased smoothly from 62 �C at pH = 3.11 to
83 �C at pH = 6.79 (Figure 6). However, the increase was slower
comparedwith theTgel�sol and theTclouding. Figure 6 also shows that
the Tgel�sol is closely related to but not solely determined by the
LCSTof P(TEGMA-co-AA). The PEO type thermosensitive water-
soluble polymers are known to undergo shrinking, though small,
with the increase of temperature.1,24 The gel-to-sol transition
occurred when the effective volume of micelles dropped below
the critical value for the gelation.
The pH effect on gel-to-sol and clouding transitions of the 20

wt % aqueous solution of P(TEGMA-co-AA)-b-PDEGEA can be
easily seen from the pictures of the sample in Figure 2. At 45 �C,
the sample was a free-flowing clear sol when the pH was 3.11
(Figure 2c) but became a free-standing, clear gel at pH = 4.49
(Figure 2h). Interestingly, three distinct states, cloudy sol
(Figure 2d), clear sol (Figure 2i), and clear gel (Figure 2n), were
observed at 56 �C under the three different pH values.
The dynamic rheological properties of the samples at pH

values of 4.49 and 5.25 were investigated and the data are shown
in Figure 3. Consistent with the results from the visual examina-
tion, the values ofTsol�gel at pH of 4.49 and 5.25 were the same as

Figure 5. (a) Flow curves of the 20 wt % aqueous solution of P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11 at various temperatures, and (b) apparent
viscosity of the sample as a function of temperature at pHof 3.11 (9), 4.49 (b), and 5.25 (2), collected at a shear rate of 10 s�1 and a heating rate of 3 �C/min.

Figure 6. Sol-to-gel transition temperature (Tsol�gel, 9), gel-to-sol
transition temperature (Tgel�sol, b), and clouding temperature
(Tclouding, 2) of the 20 wt % aqueous solution of P(TEGMA-co-AA)-
b-PDEGEA as a function of pH as well as the pH dependences of the
cloud point of random copolymer P(TEGMA-co-AA) at a concentration
of 0.5 wt % in the 10 mM KHP aqueous buffer ([) and the clouding
temperature of P(TEGMA-co-AA)-b-PDEGEA at a concentration of
0.02 wt % in the 20 mM KHP aqueous buffer (1).
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that at pH = 3.11. With the increase of pH from 3.11 to 4.49, the
gel zone clearly became wider and the Tgel�sol shifted to a higher
temperature (48.0 �C). For the pH of 5.25, although the G0 and
G00 curves did not cross over each other at elevated temperatures,25

the plateau zone of G0 was significantly broader than those at pH
values of 3.11 and 4.49, indicating that theTgel�sol shifted to a higher
temperature (Tgel�sol = 57 �C by visual examination). Interestingly,
we also found that the maximum value of G0 increased with the
increase of pH, from 2119 Pa at pH = 3.11, to 2231 Pa at pH = 4.49,
and 2469 Pa at pH of 5.25. This is likely because the ionization of
carboxylic acid groups at higher pH values causes the volume
fraction of micelles to increase and thus the micelles are more
jammed in the gel state, resulting in higher G0 values.
The pH effect can also be seen from the flow curves of the

sample at three different pH values. At 50 �C, the solution with
the original pH of 3.11 was a Newtonian liquid (Figure 5a), while
at pH = 5.25, it exhibited a plastic flow behavior at the same
temperature.19 Similarly, at 55 �C, the sample was a free-flowing
liquid at pH = 4.49 but became a gel with a finite yield stress at
pH = 5.25.19 Besides the viscosity data for pH = 3.11, Figure 5b
also shows the plots of apparent viscosity versus temperature for
pH = 4.49 and 5.25. The three curves overlapped on the left side
and the T1 defined in the figure was essentially identical for three
pH values, indicating that the pH change had no effect on the
Tsol�gel of the sample, consistent with the results in Figures 3 and
6. Noticeable differences were observed on the right sides of the
curves;T2 shifted to higher temperatures with the increase of pH,
from 42 �C at pH = 3.11, to 48 �C for pH = 4.49, and 58 �C for
pH = 5.25. These temperatures were close to the corresponding
gel-to-sol transitions by visual examination (40, 47, and 57 �C,
respectively). Moreover, the highest value of the apparent viscosity
increased with the pH and also appeared at a higher temperature,
from 6.45 Pa 3 s at 27 �C for pH = 3.11, to 7.64 Pa 3 s observed at
28.5 �C for pH = 4.49, and to 9.41 Pa 3 s that appeared at 31 �C for
pH = 5.25. These observations suggested that the gel was slightly
harder at a higher pH value, in agreement with the observation from
dynamic viscoelastic measurements that the maximum value of G0
increased slightly with the increase of the solution pH.
Differential Scanning Calorimetry and Dynamic Light

Scattering Studies of pH Effects on Solution Behavior of
P(TEGMA-co-AA)-b-PDEGEA. The observed solution behavior
of the 20 wt % aqueous solution of P(TEGMA-co-AA)-b-
PDEGEA stemmed from the thermosensitive properties of the
two blocks and the pH dependence of the LCST of P(TEGMA-
co-AA). Below the LCST of PDEGEA (LCSTPDEGEA), the block
copolymer dissolvedmolecularly in water. Above the LCSTPDEGEA,
the polymer molecules self-assembled into micelles with the
dehydrated PDEGEA blocks associated into the core and the
P(TEGMA-co-AA) blocks forming the corona. With the increase
of temperature, more block copolymer molecules entered
the micelles. When the effective volume of micelles exceeded a
critical value, the solution turned into a gel. Like other PEO-type
thermosensitive polymers,1,24 the copolymer underwent shrinking
at elevated temperatures. At a certain point, the volume fraction of
micelles dropped below the critical value, triggering the transition
from a clear gel to a clear sol. At an even higher temperature, the
P(TEGMA-co-AA) blocks underwent a LCST transition and
macroscopically, the clear sol turned into a cloudy mixture. When
the solution pH was raised, the carboxylic acid groups ionized,
causing the P(TEGMA-co-AA) block to be more hydrophilic. As a
result, the LCST transition occurred at a higher temperature and
so did the gel-to-sol transition and the clouding transition.

To look into the origin of the observed pH effects on
sol�gel�sol�cloudy transitions, we conducted differential scat-
tering calorimetry (DSC) analysis of the 20 wt % aqueous solution
of P(TEGMA-co-AA)-b-PDEGEA and dynamic light scattering
(DLS) studies of 0.02 wt % aqueous solutions of the block
copolymer with three different pH values (3.11, 4.49, and 5.25).
Figure 7a shows the DSC thermogram of the sample with pH of
3.11.Two endothermic peakswere observedwith the peak positions
located at 12.7 and 61.7 �C, indicating that the transitions were
entropically driven, consistent with the commonly accepted mech-
anism for the LCST behavior of thermosensitive water-soluble
polymers.9d,26 The two peaks, which were reasonably close to the
Tsol�gel (19 �C) and the Tclouding (56 �C) of the sample by visual
examination, respectively, were attributed to the LCST transitions of
the two thermosensitive blocks, PDEGEA and P(TEGMA-co-AA),
of the block copolymer. While the peak at the lower temperature
was relatively sharp, suggesting a strong phase transition, the one at
the higher temperature was broad, a sign of a weaker phase
transition. As discussed by Feil et al., the amount of structured
water around a thermosensitive water-soluble polymer is a function
of temperature and the LCST transition at a higher temperature
tends to be broader and weaker.23b

With the increase of pH from 3.11 to 4.49 and 5.25, the peak of
the PDEGEA block remained essentially at the same position as
expected. For the sample with pH of 4.49, the endothermic peak
position of the P(TEGMA-co-AA) block shifted to 72.9 �C and
the transition became even broader (Figure 7b). This observa-
tion is in line with that reported by Urry.27 The ionization of
carboxylic acid groups introduced charges onto the thermosen-
sitive block and disrupted the ordered structure of water mol-
ecules around the hydrophobic moieties. In addition, the random
distribution of a small amount of carboxylic acid groups further
enhanced the heterogeneity, resulting in a broader transition.
The maximum peak position, 72.9 �C, was close to the clouding
temperature, 74 �C, from visual examination. At pH of 5.25, the
endothermic peak at the higher temperature was not observed in
the studied temperature range. These results were consistent
with the observations from the visual examination and rheologi-
cal measurements that the Tsol�gel remained the same while the
Tgel�sol and Tclouding shifted to higher temperatures with the
increase of pH, evidencing that the sol�gel�sol�cloudy transi-
tions originated from the thermosensitive properties of the two

Figure 7. Differential scanning calorimetry thermograms of 20 wt %
aqueous solutions of P(TEGMA-co-AA)-b-PDEGEA with pH of 3.11
(a), 4.49 (b), and 5.25 (c). The heating rate was 1 �C/min. For the sake
of clarity, the thermograms were shifted vertically.
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blocks and the pH dependence of the LCST transition of the
P(TEGMA-co-AA) block.
Figure 8 shows the DLS results. For the 0.02 wt % solution of

P(TEGMA-co-AA)-b-PDEGEA in a 20mMKHP aqueous buffer
with pH of 3.11, below 14 �C, the scattering intensity was low
and the apparent size was <10 nm, indicating that the block
copolymer dissolved molecularly in water. With the increase of
temperature, the scattering intensity increased and micelles with
an apparent hydrodynamic size of∼55 nm were observed in the
temperature range of 15 to 55 �C. The critical micellization
temperature (CMT) was 14 �C. When the temperature reached
57 �C, the scattering intensity jumped up dramatically and
aggregates of >1000 nm were found from the DLS analysis; this
temperature corresponded to the LCST transition of P-
(TEGMA-co-AA) and matched the Tclouding (56 �C) very well.
With the increase of pH from 3.11 to 4.49 and 5.25, the CMT

did not change (Figure 8a). The second transition temperature at
which large aggregates were observed shifted from 57 �C at pH =
3.11, to 62 �C at pH = 4.49, and 69 �C at pH = 5.25. Note that the
increase of the clouding temperature of 0.02 wt % aqueous
solutions of P(TEGMA-co-AA)-b-PDEGEA with pH was similar
to that of 0.5 wt % aqueous solutions of P(TEGMA-co-AA), but
quite different from the trend of 20 wt % aqueous solutions of
P(TEGMA-co-AA)-b-PDEGEA (Figure 6). This observation
suggests that the rather rapid increase in the clouding tempera-
ture with the increase of pH for the 20 wt % aqueous solution of
P(TEGMA-co-AA)-b-PDEGEA was likely a result of the high

micelle concentration. From the DSC and DLS results presented
above, it is clear that the sol�gel�sol�cloudy transitions
originated from the responsive properties of the two blocks.
Sol�Gel�Sol Phase Diagrams of P(TEGMA-co-AA)-b-PDE-

GEA in Water at Moderate Concentrations. We further
mapped out the sol�gel�sol phase diagrams for the moderately
concentrated aqueous solutions of P(TEGMA-co-AA)-b-PDE-
GEA at three different pH values (pH = 3.11, 4.49, and 5.25).20

The results are shown in Figure 9a and all three diagrams are
C-shaped curves. It should be noted here that in the process of
changing the polymer concentration by evaporating or adding
water for the samples with pH of 3.11, we measured the pH value
for each concentration and found that the pH was in the range of
3.07�3.11 when the polymer concentration was changed be-
tween 18 to 25 wt %. Thus, the effect of pH variations from the
change of the polymer concentration on the sol�gel/gel�sol
transitions should be quite small. One noticeable feature in
Figure 9a is that the lower temperature boundaries for the three
pH values overlapped while the upper temperature boundary
shifted upward with the increase of pH. The gap between any two
curves appeared to be either essentially independent of concen-
tration or increase slightly with the increase of polymer concen-
tration. Different from Tsol�gel and Tgel�sol, the clouding
temperature at a specific pH value did not change with the
polymer concentration in the studied concentration range
(Tclouding remained at 56 �C for pH of 3.11 and 74 �C for pH
of 4.49). The fact that there was a difference between clouding

Figure 8. Scattering intensity at scattering angle of 90� (a) and apparent hydrodynamic size Dh (b), obtained from CONTIN analysis, as a function of
temperature in a dynamic light scattering study of a 0.02 wt % solution of P(TEGMA-co-AA)-b-PDEGEA in a 20 mM aqueous KHP buffer with pH =
3.11 (9), 4.49 (b), and 5.25 (2).

Figure 9. Sol�gel phase diagrams determined by the vial inversion test method for (a) P(TEGMA-co-AA)-b-PDEGEA in water at pH of 3.11 (9), 4.49
(b), and 5.25 ([) and for (b) PTEGMA-b-PDEGEA in water at the original pH (2) and pH of 3.11 (1).
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temperature and Tgel�sol indicates that the gel-to-sol transition
was not entirely and directly governed by the LCST transition.
The gel-to-sol transition occurred when the volume fraction of
micelles dropped below the critical value. Although the contin-
ued dehydration of PDEGEA blocks in the micellar cores at
elevated temperatures could contribute, we believe that the
change in the micelle volume fraction mainly came from the
shrinking of the corona blocks. Figure 9b shows the C-shaped
sol�gel�sol phase diagram of PTEGMA-b-PDEGEA in the
moderate concentration range at the original neutral pH value.
To compare its solution behavior with that of P(TEGMA-co-
AA)-b-PDEGEA, we injected a 1.0 M HCl aqueous solution to
adjust the pH to 3.11 and determined the sol�gel�sol phase
diagram.The twodiagramsoverlapped, indicating that the change of
pH to 3.11 had no effect on the sol�gel�sol transitions as expected.
A second noticeable feature of Figure 9a is that the curve not

only shifted upward but also extended into the lower concentra-
tion range with the increase of pH. That is, the critical gelation
concentration (CGC) decreased with the increase of pH, from
∼18 wt % at pH 3.11, to ∼17 wt % at pH = 4.49, to ∼16 wt %
at pH = 5.25. This is reasonable because at a higher pH the
carboxylic acid groups ionize, producing charges on the
P(TEGMA-co-AA) block. Two scenarios can be envisioned.28

(i) The micelle size increases slightly with the increase of pH
because of the charge�charge interaction in the corona layer while
the number of polymer molecules in each micelle stays about the
same. (ii) The number of polymer molecules in each micelle
decreases with the increase of pH while the apparent hydrody-
namic size stays about the same or decreases slightly. Thus, more
micelles would be present in the solution. Either of these two
scenarios would lead to a greater volume fraction of micelles at a
higher pH value.
Although the DLS studies of 0.02 wt % aqueous solutions of

P(TEGMA-co-AA)-b-PDEGEA showed that the apparent dia-
meter of micelles appeared to be larger at higher pH values
(Figure 8), the situation for the 20 wt % block copolymer
solution might be different. We conducted small-angle X-ray
scattering studies of the samples with pH values of 3.11, 4.49, and
5.25 at 25 �C. The results and analysis are included in the
Supporting Information. Clear diffraction spots were observed in
the 2-dimensional scattering patterns of the samples with pH of
4.49 and 5.25, demonstrating that the micelles were packed into
an ordered state and the crystalline domains were fairly large.
Considering the similarity between the one-dimensional scatter-
ing curves integrated from the 2-D patterns for pH of 3.11 and
5.25, the micelles in the pH 3.11 sample were also likely in the
ordered state but the crystalline domains were much smaller. We
found that the diffraction spots could be explained by using a
combination of face-centered cubic (FCC) and body-centered
cubic (BCC) lattices (i.e., some micelles crystallized into an FCC
structure while others into an BCC lattice). After indexing the
diffraction spots, we calculated the apparent size of micelles or
more precisely, the center-to-center distance between neighbor-
ing micelles. It was 48 nm at pH = 3.11, 45 nm at pH = 4.49, and
44 nm at pH = 5.25. Thus, the results from SAXS studies
suggested that the scenario in which both the micelle size and
the number of polymer chains decrease with the increase of pH is
more likely to be the case. That is, the micelle size decreased
slightly but more micelles formed, resulting in a greater volume
fraction of micelles in the gel. Since the CGC of a block
copolymer in water is determined by the total volume of micelles,
it is thus reasonable that theCGCdecreases with the increase of pH.

This could also explain the observations in rheological measure-
ments for the samples at three pH values; micelles were more
jammed in the gel state at higher pH values, giving rise to higher
maximum G0 values (Figure 3) and greater viscosities (Figure 5b).

’CONCLUSIONS

A well-defined multiresponsive hydrophilic diblock copoly-
mer, P(TEGMA-co-AA)-b-PDEGEA, was successfully synthe-
sized. A 20 wt % aqueous solution of P(TEGMA-co-AA)-b-
PDEGEA with pH of 3.11 underwent multiple phase transitions
upon heating, from a clear, free-flowing liquid (<19 �C), to a
clear, free-standing gel (19�39 �C), to a clear, free-flowing hot
liquid (40�55 �C), and a cloudy mixture (g56 �C). The data
from rheological measurements corroborated the visual exam-
ination results. With the increase of pH, the Tgel�sol and the
Tclouding of the sample shifted to higher temperatures, while the
Tsol�gel remained the same. The sol�gel�sol�cloudy transi-
tions and the observed pH effects stemmed from the thermo-
sensitive properties of the two blocks of the diblock copolymer
and the pH dependence of the LCST of P(TEGMA-co-AA),
which were confirmed by DSC and DLS studies. We also
determined the sol�gel�sol phase diagrams of (PTEGMA-co-
AA)-b-PDEGEA in water in the moderate concentration range at
three pH values (3.11, 4.49, and 5.25). While the lower tem-
perature boundaries overlapped, the upper boundary shifted
upward and the CGC decreased with the increase of pH. In
contrast, the sol�gel�sol phase diagram of PTEGMA-b-PDE-
GEA, which contained no pH-responsive groups, showed no
changes with pH. SAXS studies suggested that the micelles likely
became smaller with the increase of pH and thus more micelles
were present in the gel state. This work demonstrated that the
sol�gel�sol�cloudy transitions of moderately concentrated
aqueous solutions of a thermosensitive hydrophilic diblock
copolymer can be tuned by incorporating a small amount of
stimuli-responsive groups into a thermosensitive block and
applying a second external stimulus. This provides great flex-
ibility for the design of stimuli-responsive reversible gels for
potential applications.
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