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1. Introduction

Shrinking rates of polymer gels composed of
star-shaped polymers of N-isopropylacrylamide
and dimethylacrylamide copolymers: the effect of
dimethylacrylamide on the crosslinking network

Yuka Hiei,? Ikuya Ohshima,® Mitsuo Hara, {22 Takahiro Seki,® Taiki Hoshino ©2° and
Yukikazu Takeoka*®

Thermoresponsive polymer gels can be applied as culture beds for cell sheets, drug release agents for
drug delivery, and sensing materials. In general, the shrinkage behavior of thermoresponsive polymer
gels is complex, and they may require much longer times than swelling to reach thermodynamically
stable shrinkage states. This slow volume change during shrinkage is often a drawback in using
reversible changes in polymer gel volumes with changing temperature for applications such as those
described above, and attempts have been made to improve the shrinkage rates of polymer gels.
However, using the conventional method results in a low density of the three-dimensional crosslinked
network comprising the polymer gel, which weakens the mechanical properties of the polymer gel. In
this study, we investigated the effects of monomer arrangement and composition for star-shaped
polymers composed of N-isopropylacrylamide and N,N-dimethylacrylamide on the shrinkage behavior
of gels comprising star-shaped polymers with the aim of increasing their shrinkage rates without
reducing the network densities of the temperature-responsive polymer gels. Based on selective network
decomposition by methanolysis and SAXS measurements, the network structures of the obtained
spherical gels were found to be more homogeneous than those of polymer gels obtained by
conventional free radical polymerization. These gels exhibited reversible volume changes in water, with
low-temperature swelling and high-temperature shrinkage. The rates of volume changes from a high
temperature shrunken state to a low temperature swollen one were almost the same for all gels.
However, the rates of volume changes from low-temperature swollen states to high-temperature
shrunken states varied greatly depending on the compositions and sequences of monomers that made
up the polymer networks. We confirmed that the introduction of more than 20% DMA as a block
copolymer in the network suppressed phase separation and formation of a skin layer and the water
inside the polymer gel drained smoothly to the outside, which resulted in an increase in the
shrinkage speed.

responsiveness of these polymer gels as culture beds for cell
sheets,* drug release agents for drug delivery,” and sensing

Thermoresponsive polymer gels reversibly and significantly
change their volume at a certain temperature in aqueous
solution and exhibit significant changes in physicochemical
properties such as solvent retention capacity and surface hydro-
philicity/hydrophobicity."™ Application of the temperature
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materials®® has been investigated. The swelling behavior
of a temperature-responsive polymer gel, which increases its
volume in solution, can be explained to some extent by the
collective diffusion equation described by the Tanaka-Filmore
theory,” which shows a relatively smooth change. On the other
hand, shrinkage of a temperature-responsive polymer gel is
complex: spinodal decomposition and phase separation with
nucleation inside the polymer gel, skin phase formation on the
surface of the polymer gel, and bubble pattern formation can
occur during shrinkage.'®"" Therefore, a much longer time may
be required for the polymer gel to reach a thermodynamically
stable collapsed state compared to that required for reaching
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the swollen state. This slow volume change occurring during
shrinkage is often a disadvantage when using temperature-
induced reversible changes of polymer gel volumes for applications
such as those described above, and attempts have been made to
improve the shrinkage rates of polymer gels. Attempts have been
made to prepare polymer gels in a phase-separated state," to apply
pores to polymer gels'>'* and to introduce dangling chains with
one end unbound to the polymer gel,">™” all of which reduce the
three-dimensional crosslinked network density that constitutes the
polymer gel. As a result, the mechanical properties of the polymer
gel are weakened. If the polymer gel that exhibits reversible changes
in volume is mechanically weak, repeated use can lead to destruc-
tion of the polymer gel. Therefore, it is necessary to increase the
response speed of the temperature-responsive polymer gel while
avoiding degradation of its mechanical performance.

In addition, based on the mechanism for forming cross-
linked networks of polymer gels by conventional free radical
polymerization, the network structures can include dangling
chains in which one end is not connected to the crosslinking
point, looped chains in which both ends are connected to one
crosslinking point and hang down, and network chains that are
not resolved by the constraint of the crosslinking point
entanglements.'®'® Furthermore, there is also spatial sparsity
in the network structure, and the actual network structure is
extremely heterogeneous compared to the ideal homogeneous
network structure used in classical theory. Therefore, it is not
easy to discuss the behavior of crosslinked networks in polymer
gels with respect to mechanical properties and temperature
changes due to structural changes of the networks occurring at
the molecular level. If we can construct a crosslinked network
with the smallest polymer unit for which the structure is
controlled at the molecular level, we may be able to explain
macroscopic changes in polymer gels with respect to the
behavior of polymer chains.'”?°°

In previous studies, we reported that star-shaped polymers
obtained from living radical polymerization, which enables
precise syntheses of polymers, can be combined under conditions
appropriate for obtaining polymer gels with more homogeneous
network structures than polymer networks obtained by conven-
tional free radical polymerization.”*® Using living radical poly-
merization, star-shaped polymers consisting of block copolymers
as well as random copolymers consisting of multiple monomers
can be synthesized. In particular, polymer gels composed of block
copolymers containing a temperature-responsive polymer (PNIPA)
of N-isopropylacrylamide (NIPA) and a water-soluble polymer
(PDMA) of N,N-dimethylacrylamide (DMA), as well as polymer
gels comprising star-shaped random copolymers of these mono-
mers as building blocks, can be prepared.?®

In this study, we investigated the effects of monomer arrangement
and composition of star-shaped polymers composed of NIPA
and DMA on the shrinkage behaviors of thermoresponsive
polymer gels, with the aim of accelerating shrinkage rates
without reducing the network densities. These polymer gels
were processed into spherical shapes to facilitate evaluations of
their kinetics."* All of the obtained spherical gels showed
behaviors that can be explained by the Tanaka-Filmore theory,
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including swelling changes brought about by abrupt conversion
from a high-temperature shrunken state to a low-temperature
swollen state. The collective diffusion coefficients of those
polymer networks were 2.0-2.5 x 10°® ecm?® s™! and were not
significantly affected by composition or arrangements of the
monomers constituting the crosslinked network. On the other
hand, shrinkage of spherical polymer gels from the low-
temperature swelling state to the high-temperature shrinkage
state was brought about by an abrupt temperature change, and
this behavior was significantly affected by composition and
arrangements of the monomers constituting the crosslinked
network. Among the block copolymers forming the spherical
gels studied in this study, a greater PDMA proportion was more
likely to generate more isotropic shrinkage and less likely to
generate a phase-separated state. As a result, polymer gels
composed of block copolymers containing 20% and 30% DMA
based on the number of monomers were always transparent to
the naked eye during shrinkage, and the volume changes during
shrinkage were rapid. We succeeded in producing polymer gels
exhibiting rapid shrinkage without reducing the density of the
3D polymer network.

2. Experiments

Chemicals

N-Isopropylacrylamide (NIPA) and N,N-dimethylacrylamide (DMA)
were provided by Kohjin, and the ligand tris(2-dimethylamino-
ethylJamine (Me,TREN) was provided by Mitsubishi Chemical.
DMA and MesTREN were purified by vacuum distillation before
use. The catalyst CuCl was purchased from Kishida Chemical.
Purification methods for NIPA and CuCl are described in the
ESLT Pentaerythritol tetra(2-chloropropionate) (PETCP), a tetra-
branched initiator, was purchased from Tokyo Chemical Industry
Co. Ammonium persulfate (APS) was commercially obtained from
ICN Biomedicals Inc. Silicone fluids (KF-96 L-2cs, KF-96-20cs, KF-
96-50cs, KF-96-100cs) were provided by Shin-Etsu Chemical, and
surfactant DOWSIL™ RSN-0749 Resinl12 was provided by Dow
Toray Industries, Inc. HCI (12 N), N,N-dimethylformamide (DMF),
and toluene were purchased from Kanto Chemical, and hexane,
methanol, diethyl ether, and tetrahydrofuran (THF) were purchased
from Kishida Chemical. Na,CO; and methanol were purchased
from Kishida Chemical. DMF was purified by vacuum distillation
before use. The water used was ultrapure water (specific resistance:
18.2 MQ cm) purified with a Millipore Direct-Q system (Merck), and
ion-exchanged water was obtained by passing tap water through a
G-5C cartridge purchased from Organo.

Measurements

Proton nuclear magnetic resonance spectra (lH NMR). A 400
MHz A-400 (JEOL) NMR system was used. Acetone-dg (Kanto
Chemical) containing 0.03% (v/v) TMS was used as an internal
standard in the deuterated solvent.

Size exclusion chromatography (SEC). A Shimadzu LC-20AD
pump, a SIL-20AHT autosampler, a RID-10A differential refractive
index detector, and a CTO-20A thermostatic chamber were used.
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The columns were lined in the following order: Shodex KW-G6B
(guard column), two KW-804 and two KW-802.5 columns. LiBr
was dissolved in DMF at a concentration of 5 mmol L™ and left
overnight before use as the eluent, and the solution was allowed
to stabilize for approximately 3 hours under the conditions used
before performing measurements. The flow rate at the time of
measurement was 1.0 mL min~ ", and the oven temperature was
40 °C. Polymethylmethacrylate standards (PMMA, M, = 2.00 X
10%, 4.00 x 10% 8.00 x 10%, 1.00 x 10% 2.00 x 10% 5.00 x 10
1.00 x 10°,1.50 x 10°, 2.48 x 10° purchased from Aldrich) were
used in the study.

Preparation of spherical gels with tetrabranched star-shaped
polymers as building blocks

The syntheses of tetrabranched star-shaped polymers utilized
the method described in our previous paper and also in the ESI}
(Fig. 12).>>*® Among the tetrabranched star-shaped polymers, we
synthesized a NIPA homopolymer (tetrabranched PNIPA), a
block copolymer of NIPA and DMA (tetrabranched PNIPA, _,-b-
PDMA,), and a random copolymer of NIPA and DMA (tetra-
branched PNIPA; ,--PDMA,). Herein, the subscript x is the
number of monomer units contained in the star-shaped
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polymer; e.g., x = 0.1, if the star-shaped polymer consists of
10% DMA. The gels consisting of these star-shaped polymers
were PNIPA gel, PNIPA; ,-b-PDMA,, gel, and PNIPA,; ,--PDMA,
gel (Fig. 1b). The method used for preparing polymer gels with
tetrabranched star-shaped polymers as building blocks was
previously described (Fig. 1a).>**®

In this study, spherical polymer gels with isotropic shapes
were prepared to measure the volume changes of polymer gels
occurring with temperature jumps quantitatively. A pregel
solution of a tetrabranched star-shaped polymer plus a cross-
linker was dripped using a Pasteur pipette into a silicone oil
(KF-96 L-2cs) solution (DOWSIL™ RSN-0749 Resin12 prepared
to 3 wt%) (hereafter referred to as the oil phase) under an argon
atmosphere, cooled to 4 °C, and stirred at approximately
1000 rpm for 1 hour (Fig. 2). The details of the synthesis of
spherical polymer gels are described in the ESI.{ The resulting gel
particles were measured using a VHX-500K digital microscope
(KEYENCE), and average particle diameters were calculated. The
gel particles were washed with hexane, methanol, and water to
obtain a spherical gel that was swollen and dispersed with water.
Washing of the gel particles was performed by repeating a series
of operations in which the spherical gel in a test tube was allowed
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Fig. 1 (a) A method of synthesizing a polymer gel with a homogeneous network structure in one pot using a star-shaped polymer obtained from living
radical polymerization as a building block. (b)-(d) Conceptual diagrams of a homogeneous network consisting of (b) star-shaped polymers of NIPA
(tetrabranched PNIPA), (c) star-shaped block copolymers of NIPA and DMA (tetrabranched PNIPA;_,-b-PDMA,), (d) star-shaped random copolymers of

NIPA and DMA (tetrabranched PNIPA;_,-r-PDMA,).
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Fig. 2 Synthesis of spherical gels with a controlled network structure.

to settle spontaneously, the supernatant was removed, and a new
washing solution was added. The preparation methods for sphe-
rical gels with different compositions are detailed in the ESL¥

Decomposition of gel network by methanolysis

The polymer gels prepared in this study, which consisted of
star-shaped polymers, utilized an initiator with the ester
groups, so ester exchange reactions occurred when the gels
were immersed in methanol containing dissolved sodium
carbonate. As a result, the polymer gels were converted into
star-shaped polymers whose polymer chains were crosslinked
by N,N’-methylenebisacrylamide (MBAA), a crosslinking agent,
and those that were not crosslinked by MBAA (Fig. 3). By
examining these fractions, the fraction of star-shaped polymers
that were crosslinked by MBAA was determined.

After syntheses, the PNIPA gels and PNIPA; ,-b-PDMA, (x =
0.1, 0.2, 0.3) gels in the oil phase were washed with hexane and
methanol, respectively. Each gel was placed in a pressure-
resistant test tube, 4.5 mg of NaCO; and 4.5 mL of methanol
were added, and the gel was refluxed at 80 °C for 24 hours using
a Chemi-Station (Personal Synthesizer PPS-CTRL1, EYELA)
connected to a cooling water circulation system (CCA-1111,
EYELA). After the reaction, the solution was neutralized with
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Fig. 3 Chemical structures of initiators (left) and crosslinkers (right),
(b) illustration of gel decomposition by methanolysis.
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1 N HC], placed in dialysis tubes (fractional molecular weight =
3500), dialyzed with ion-exchanged water for 3 days, and
lyophilized. The resulting purified product was dissolved in
the SEC eluent to a concentration of 2 wt% and filtered through
a Millex-LCR SLCRX13NL 13 mm membrane filter (pore size
0.45 pm) before SEC measurement.

Small-angle X-ray scattering (SAXS) measurements of spherical
gels

Small-angle X-ray scattering (SAXS) measurements were used to
analyze network structures. PNIPA gel, PNIPA, o-b-PDMA, ; gel,
PNIPA, g-b-PDMA, , gel, and PNIPA gel made by free radical
polymerization in the dispersed state in water were each placed
in 2.0 mm quartz-glass capillaries (Mark-tubes, Hilgenberg
GmbH) and irradiated with X-rays with a wavelength of
0.12 mm. The SAXS measurements were performed at the
BL38B1 beamline SPring-8 (Hyogo, Japan). The scattered
X-rays were detected using a PILATUS3X 2 M detector (DECTRIS
Ltd.) with a sample-to-detector distance of ~2.6 m. The
temperature of the sample area was ca. 20 °C.

Equilibrium swelling measurements

The diameters (d) of the prepared spherical gels were measured
when they reached equilibrium at each temperature. The
spherical gels were placed in the experimental apparatus as
shown in Fig. S22 (ESIt), and their diameters were measured
using an inverted optical microscope (OLYMPUS: CKX41),
while the temperatures were controlled by a circulating thermo-
static bath RE104 (Lauda). Approximately 300 spherical gels
were measured, and their mean values and distributions were
determined. The experimental results are shown in Fig. 6.

Temperature jump tests

The spherical gels were placed in the experimental apparatus as
shown in Fig. S22 (ESIf) and connected to two circulating
constant-temperature water baths RE 104 (Lauda) set at two
different temperatures, and the circuit is shown in Fig. S23
(ESIY). The temperatures around the gel particles were switched
by circulating water from one of the two circulating thermo-
static baths set at different temperatures to bring the gel
particles to swelling equilibrium and then reconnecting them
to the other different thermostatic bath in the circuit as shown
in Fig. S23 (ESIT). The morphological and diameter changes of
the gel particles after the temperature jumps were observed
using an inverted optical microscope (OLYMPUS: CKX41), and
the temperatures were measured by a thermometer connected
to a thermocouple near the gel particle. In each measurement,
at least three gels were observed, and the average value
was taken.

3. Results and discussion

The methods for syntheses of star-shaped polymers and spherical
gels are described in the ESL{ Here, the results for preparation
and the properties of spherical gels are described.
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Fig. 4 SEC curve obtained after methanolysis decomposition of (a) PNIPA gel, (0)PNIPAg o-b-PDMAg ; gel, (c) PNIPAq g-b-PDMAg > gel and (d) PNIPAg 7-

b-PDMA, 5 gel.

Particle sizes of spherical gels

The synthesized PNIPA gels, PNIPA; ,-b-PDMA, (x = 0.1, 0.2,
0.3) gels, PNIPA, s--PDMA, , gels, and conventional gels made

10"
PR
S 10 E
8
2
B
€ 107
£
1’ O PNIPA (free radical)
10' | O PNIPA
E| O PNIPA;g-b-PDMA,,
[| O PNIPA,;-b-PDMA,
10° LL_O_ PNIPAy 5-r-PDMA, ,
E 1 . -

sT8
10° .
q(nm)

Fig. 5 SAXS profiles of spherical gels.
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by free radical polymerization all had sizes of several hundred
micrometers and the coefficient of variation (CV values) of
20-50% (Fig. $11-S16, ESIY).

Decomposition of gel networks by methanolysis

The network structures of the synthesized gels were selectively
degraded by methanol containing base (methanolysis) because
of the presence of ester groups in the initiator moiety.
Therefore, if the network structure was homogeneous with
the same molecular weights between crosslinking points and
the same number of branches at crosslinking points, the
network structure was degraded by methanolysis to one type
of star-shaped polymer derived from the crosslinking agent.
However, if crosslinking was insufficient, in addition to the
star-shaped polymer derived from the crosslinking agent, there
may be arm polymers obtained by degradation of tetrabranched
polymers at the initiator site (Fig. 3). Therefore, it is possible to
analyze the homogeneity of the network structure in the
original gel with a SEC measurement of the polymer solution
obtained from the degradation of the gel and estimate the
peaks and molecular weight distributions of arm polymers and
star-shaped polymers.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Diameter of the spherical gels (a) PNIPA gel, (b) PNIPAgo-b-PDMAg; gel, (c) PNIPAgg-b-PDMAg, gel, (d) PNIPAg,-b-PDMAg 3 gel and
(e) PNIPAg g-r-PDMA , gel at equilibrium at certain temperature for each of them. The diameters are measured through an inverted optical microscope.

SEC measurements on degradation products of the polymer
network obtained by methanolysis are shown in Fig. 4(a)-(d)
SEC results for the degradation products obtained from PNIPA gel,
PNIPA, o-b-PDMA,; gel, PNIPA, g-b-PDMA,, gel, and PNIPA, ,-b-
PDMA, ; gel, respectively. Two peaks at two different positions were
observed in all SEC curves. The peak on the low molecular weight
side was for the arm polymer of the uncrosslinked tetrabranched
polymer, and the peak on the high molecular weight side was
for the star-shaped polymer derived from the crosslinking agent.

This journal is © The Royal Society of Chemistry 2022

These results show that the gels had high crosslinking ratios
(>80%) for the network structures. As the percentage of DMA
was increased, the peak for the arm polymers increased, and the
crosslinking rate decreased. Rademacher et al. reported that in
atom transfer radical polymerization (ATRP) of DMA, the bromine-
terminated PDMA chain passed through a cyclic intermediate,
which was hydrolyzed and became hydroxyl-terminated (Fig. S21,
ESIF).*® This is because the cyclic intermediate was more
easily hydrolyzed than the bromine-terminated PDMA chain.

Soft Matter, 2022, 18, 5204-5217 | 5209
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The initiator used in this study had a chlorine terminus, and in this
polymerization system in which a large amount of water was
present, the chlorine terminus may be replaced by a hydroxyl
group, as in the case of the bromine terminus, and polymerization
may be stopped. As a result, we believed that increasing the
percentage of DMA resulted in a larger percentage of arm polymers
that were not crosslinked. However, the crosslinking rate was
sufficiently high compared to those of conventional polymer net-
works with low network densities that exhibited rapid shrinkage.
Based on the average molecular weights of the star-shaped poly-
mers derived from the crosslinker and the uncrosslinked arm
polymers, we estimated the number of branches at the crosslinking
points to be 13-14 branches for the PNIPA gel, 13 branches for the
PNIPA, o-b-PDMA ; gel, 15-16 branches for the PNIPA g-b-PDMA, ,
gel, and 21-22 branches for the PNIPA, ;-b-PDMA, ; gel.

Small-angle X-ray scattering measurement of spherical gels

SAXS profiles of spherical gels exhibiting equilibrium swelling
in pure water at 20 °C are shown in Fig. 5. From the top of the
figure, the results are for gels made by free radical polymerization
of NIPA, PNIPA gels, PNIPA, -b-PDMA, ; gel, PNIPA, ,-b-PDMA,
gel and PNIPA, g--PDMA, , gel, respectively. In all five gels, the
monomer loading concentration during star polymer synthesis
was 0.5 M. This concentration was sufficiently higher than the
overlapping concentrations of the star-shaped polymers obtained
in this study (0.3 M in the case of the PNIPA system). In addition,
the solvent and temperature used in the reaction constituted
conditions under which these star-shaped polymers do not tangle
even at concentrations higher than the overlapping concentration.
In other words, it is highly likely that the star-shaped polymers
were crosslinked under conditions similar to bond percolation
conditions.

The SAXS profile of the PNIPA gel synthesized by free radical
polymerization was almost linear. On the other hand, the SAXS
profiles of PNIPA gel, PNIPA,o-b-PDMA,; gel, PNIPA, ,-b-
PDMA, ; gel, and PNIPA, g-7-PDMA, , gel with controlled network
structures showed shoulders at ¢ = 0.1-0.5 nm™ ', which were not
observed for the gels made by free radical polymerization. This
may indicate that the four gels had narrower distributions of
correlation lengths and more homogeneous network structures
than the PNIPA gels synthesized by free radical polymerization.
To quantitatively discuss the network structures of these gels, the
scattering profiles were fitted and analyzed with the following
equations:

1(q) = IoPs(q)Sus(q) + Ioz(q) + qud 1)

where the first term is based on the Percus-Yevic hard sphere
model with a scaling factor I,, the form factor for a spherical particle
Ps(q), and structure factor of hard spheres Sys(q);***° the second
term is the Ornstein-Zernike (OZ) function for liquid-like homo-
geneous structures, given by the following tabular expressions:
1oz(0)

I =92 2

OZ((]) 1+ 5022[12 ( )
where oy is the correlation length; the third term qud corresponds
to a rise in low-q, where C is a constant and d is the power
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Table1l r., ¢oz Rus and d obtained from the SAXS profile of spherical gels

Sample re (nm) Rys (nm) ¢oz (nm) d

PNIPA 1.58 8.04 8.16 3.01
PNIPA, o-b-PDMA, , 1.65 7.37 9.49 4.20
PNIPA, ,-b-PDMA, 3 1.67 8.74 5.56 2.86
PNIPA, s-7-PDMA, , 2.03 7.96 3.95 4.31

law coefficient. The results for fitting with eqn (1) are shown as
solid lines in Fig. 5, and they show very good agreement. This
indicates that these gels have a structure corresponding to the hard
sphere model with a mean radius of R. of spheres with the Schulz-
Zimm distribution function and a distance Ryg between spheres.
Table 1 shows the parameters obtained from the fitting. The values
of R. suggest that the dense phase of the cross-linking point has a
size of 1.5-2 nm and the Rys values suggest that the cross-linking
point distance has a size of around 7.3-8.7 nm.

The value of {n; corresponds to the correlation length of the
liquid-like structural parts in the gel, which is smaller in
PNIPA, g--PDMA, , than in the other gels. This may be related
to the random polymerization of NIPA and DMA. The value of d
is 2.8-4.2, which implies the existence of a two-phase structure
that has a sharp boundary characterized by the so-called Porod
law (I(q) ~ g~ *).>! For PNIPA, ¢--PDMA, ,, the contribution of
Cq~9 was small and not significant.

Swelling curve (spherical gel)

The diameters of the spherical gels exhibiting equilibrium
swelling state in water at 20 °C to 60 °C are shown in Fig. 6.
All spherical gels showed volume changes indicating the swollen
state at lower temperatures and collapsed state at higher
temperatures. From the derivative curves of the experimental
values obtained, we estimated the temperatures at which the
volume changes were greatest: for PNIPA gel, PNIPA,q-b-
PDMA,; gel, PNIPA, g-b-PDMA,, gel, PNIPA, ,-b-PDMA, ; gel,
and PNIPA, g--PDMA,, gel, these temperatures were 33 °C,
33.5 °C, 34.5 °C, 37 °C, and 37 °C, respectively. The temperature
at which the volume changed increased with increases in the
amount of DMA added. The volume changes also tended to
become more gradual as more DMA was introduced. However,
we also found that for the introduction of the same amount of
DMA, the volume changes were more gradual for systems with
random sequences. The volume at thermodynamic equilibrium
of a polymer gel consisting of nonionic polymer chains is
determined by the osmotic pressure due to mixing of the
polymer chains and solvent, which also takes into account the
conformational changes of the polymer chains and the osmotic
pressure due to rubber elasticity caused by crosslinking." It is
known that PNIPA chains exhibit sharp coiled globule transi-
tions of the chains due to the collective effects of hydration.** >
Introduction of DMA is thought to affect the coil-globule transi-
tions of the polymer chains that occur with temperature
changes. In addition, as is clear from the results shown in
Fig. 4, for the system into which DMA was introduced as a block
copolymer, higher amounts of DMA led to lower crosslink
densities, suggesting that osmotic pressure due to rubber
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elasticity also affects the equilibrium degree of swelling. As a
result of these influences, the volume changes of the polymer
gels were more gradual due to the introduction of DMA.*®
However, it was found that the monomers and their arrange-
ments had significant effects on the volume changes of

polymer gels.

Evaluation of the swelling behavior seen for spherical gels as a
result of temperature drop jumps

The swelling behavior of each spherical gel was observed when
the temperature was decreased from 60 °C to 20 °C. Changes in
diameter and temperature over time for spherical gels are
shown in Fig. 7a, which uses the PNIPA gel as an example. It
can be seen that the temperature change was sufficiently fast
relative to the gel diameter change. Therefore, based on this
experiment, the kinetics of volume changes were investigated
for spherical gel particles. Fig. 7b shows the observed times for
the swelling of the PNIPA gels when the temperature was
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decreased from 60 °C to 20 °C. At 34 seconds after the
temperature jump, the gel separated into two layers: a swollen
phase on the surface and a shrunken layer in the interior.
A clear boundary surface was formed between these two layers,
and this boundary moved to the interior with the passage of
time, ie., swelling occurred and disappeared after 66 seconds.
This behavior was also observed for the swelling of conventional
PNIPA gels.""*” When the temperature jumped from high to low,
only the surface of the shrunken gel was in contact with a lot of
water. Therefore, the gel expands from the surface and the
interior remains contracted, and the gel was considered to be
separated into two layers, as shown in the photograph.

In the PNIPA, o-b-PDMA, ; gel, the gel also separated into
two layers, a swollen phase on the surface and an internal
shrinkage layer, obtained within 16 s after the temperature
jump (Fig. 7c). The boundary between these two layers moved
inward with time, with swelling, as in the PNIPA gel, and this
boundary disappeared after 66 seconds.
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Fig. 7 (a) Variation in the diameter and temperature of the spherical PNIPA gel with time during a temperature jump from 60 °C to 20 °C, (b)-(f) Optical
microscopy images in a temperature jump from 60 °C to 20 °C for (b) PNIPA gel, (c) PNIPAg g-b-PDMAg ; gel, (d) PNIPAg g-b-PDMA » gel, (e) PNIPAg 7-b-

PDMAG 3 gel, and (f) PNIPAg g-r-PDMAg > gel.
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On the other hand, in the cases of PNIPA, g-b-PDMA, , gel
(Fig. 7d), PNIPA,,-b-PDMA,; gel (Fig. 7e), and PNIPA, s
PDMA, , gel (Fig. 7f), in which the amounts of DMA introduced
were further increased, the swelling changes with temperature
jumps were not observed on the surfaces, and the boundaries
separating the interior were not observed with the naked eye.
Because these spherical gels had higher water contents than
spherical gels composed mainly of NIPA due to the presence of
hydrophilic DMA, even in the shrunken state at 60 °C, the refractive
indexes of the gels during shrinkage were not significantly different
from those of the swollen gels at lower temperatures. As a result,
the presence of a clear boundary surface between the shrinking and
swelling layers could not be observed by the naked eye.

Evaluation of the shrinkage behavior of spherical gels with
temperature jumps

Shrinkage of each spherical gel was observed when the tem-
perature was increased from 20 °C to 60 °C. Changes in
diameter and temperature over time for a spherical gel are
shown in Fig. 8a, in which the PNIPA gel was used as an
example. The temperature change was sufficiently fast relative
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to the change in gel diameter, even in the experiment with a
temperature increase. Therefore, based on this experiment, the
kinetics for volume changes of the spherical gel particles were
investigated.

Fig. 8b shows the shrinkage of the PNIPA gel over time during a
temperature jump from 20 °C to 60 °C. The PNIPA gel was observed
to form bubbles and it became cloudy during shrinkage.'%'"*%%°
The sudden temperature change resulted in dehydration from the
gel surface, resulting in contraction from the gel surface and
formation of a skin phase.*” This skin phase prevented the gel
from releasing the internal water; pressure was exerted from the
inside of the gel, and this internal pressure led to the formation of
bubbles. In addition, as the gel had unstable regions during the
process of contraction, the phases separated, dense and sparse
portions of the network were formed, and the gel became cloudy. At
a much longer time (approximately 1800 seconds) after the sphe-
rical gel particles exhibited almost constant sizes (several hundred
seconds), the white turbidity finally disappeared, and a thermo-
dynamically stable state of contraction was achieved.

The PNIPA, o-b-PDMA,; gel also shrank with bubble for-
mation and cloudiness, as did the PNIPA gel (Fig. 8c). However,
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Fig. 8 (a) Variation in the diameter and temperature of the spherical PNIPA gel with time during a temperature jump from 20 °C to 60 °C, (b)-(f) Optical
microscopy images in a temperature jump from 60 °C to 20 °C for (b) PNIPA gel, (c) PNIPAg g-b-PDMAg ; gel, (d) PNIPAg g-b-PDMA » gel, (e) PNIPAg 7-b-

PDMAG 3 gel, and (f) PNIPAg g-r-PDMAg > gel.
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the degree of cloudiness was lower than that of the PNIPA gel,
suggesting that the regular presence of hydrophilic,
temperature-resistant PDMA reduced the effects of phase
separation due to the aggregation of crosslinked networks.

On the other hand, PNIPA, g-b-PDMA, , and PNIPA,, ;-b-PDMA, ;
gels did not show bubble formation or cloudiness and remained
transparent and isotropically contracted (Fig. 8d, 8e). It is thought
that the hydrophilic, temperature-resistant PDMA, which was
regularly distributed within the network structure, acted as a water
pathway and suppressed the formation of an aggregated network
skin phase on the gel surface, thus preventing the generation of
pressure inside the gel and precluding bubble formation. In
addition, the regular distribution of PDMA prevented the aggrega-
tion of PNIPA blocks, which may have suppressed phase separation
and resulted in shrinkage and transparency without cloudiness.
These gels reached a thermodynamically stable contracted state
within 300 s after the temperature jump.

However, the PNIPA,g--PDMA,, gel, despite containing
20% DMA, shrank while exhibiting bubble formation and
cloudiness (Fig. 8f). The sizes and volumes of the bubbles were
smaller than those of the PNIPA and PNIPA, o-b-PDMA, ; gels,
but the degree of cloudiness was greater than those of the latter
gels. When the temperature was changed rapidly, the PDMA,
which was randomly distributed within the network structure,
may have prevented the confinement of water in the gels to
some extent, which may have resulted in less bubble formation.
However, the phase separation associated with sudden shrinkage
was found to be more pronounced when the gel consisted of
polymer chains exhibiting a random sequence of NIPA and DMA.
The behavior was significantly different from that of the PNIPA s-
b-PDMA, , gel, a copolymer gel incorporating the same amount of
PDMA, which indicated that the monomer sequence in the
polymer chain had a significant effect on the shrinkage behavior
of the polymer gel.

Calculation of the collective diffusion coefficient (swelling)

Based on the results of Fig. 7 and Fig. 8, to discuss the kinetics of gel
swelling and contraction, the collective diffusion coefficient of the
polymer network comprising each gel was calculated in the follow-
ing way. With the diameter d(¢) at a certain time ¢, the diameter d; in
the initial state, and the diameter d(t,.) in the equilibrium swollen
state after a temperature jump, the change in the diameter of the gel
can be approximated with the following equation:'%*®

d(t)—d(tx) 6 t
d—dliw) =90 (=) 3)

Experimentally, the following equation, which was obtained
by taking the logarithms of both sides, is used:

d(t) —d(tx) t 6

2

By plotting the values of the left-hand side of this equation
against time ¢ and obtaining the relaxation time t from the
slope at a time when the intercept was fixed at In(6/r”), a linear
approximation can be applied. As a result, the collective

This journal is © The Royal Society of Chemistry 2022
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diffusion coefficient D can be obtained for a spherical gel and

expressed by the following equation:*?”
d(t)?
b= (7521) (5)

We first observed swelling of the spherical gels by fixing the
temperature at 20 °C and conducting temperature jump tests
with descending temperatures by varying the initial tempera-
ture in various ways and then determined the collective
diffusion coefficient D based on the above ideas. The relation-
ship between initial temperature and the collective diffusion
coefficient for each spherical gel was investigated.

The results for a spherical gel composed of PNIPA are shown in
Fig. 9a. The results obtained by substituting the diameter change
with time into eqn (4) when the initial temperature was 60 °C are
shown in Fig. S46 (ESIT). The relaxation time t was obtained from
the slope of this line. Using the value of 7, the collective diffusion
coefficient was calculated from eqn (5). The initial temperature
was varied from 30 °C to 60 °C, and the collective diffusion
coefficients were calculated in the same way for each temperature
(orange solid circles in Fig. 9a and Fig. S47, ESIT). The collective
diffusion coefficients were approximately 2.0-2.5 x 10 ° cm® s™*
at all initial temperatures and were almost constant regardless of
the initial temperature. For PNIPA,o-b-PDMA,; gel, PNIPA, g-b-
PDMA, , gel, PNIPA, ;-b-PDMA, ; gel, and PNIPA, s-7-PDMA,, gel,
the collective diffusion coefficients of the polymer gels were
calculated under similar conditions with temperature jumps des-
cending from various temperatures to 20 °C. It was found that the
collective diffusion coefficients of the polymer gels were approxi-
mately 2.0-2.5 x 10~ ® ecm* s~ " for any initial temperature in all
systems and that the collective coefficients of the polymer
gels with temperature jumps descending to a temperature of
20 °C were constant regardless of the compositions and sequences
of monomers forming the polymer gel (Fig. 9a-e).

Calculation of the collective diffusion coefficient (contraction)

The collective diffusion coefficient of the shrinkage process can be
calculated in the same way as in the swelling process if there is no
phase separation (blue solid circles in Fig. 9). However, when
phase separation is involved, the behavior is completely different
from that of the swelling process, and the collective diffusion
coefficient cannot be calculated in the same way. In the case of
shrinkage with phase separation, a straight line with a different
slope was obtained at a certain point, and two stages of shrinkage
were observed. These two stages were defined as stage 1 and stage
2, respectively; the time when stages 1 and 2 switch was ¢;, and the
complete shrinkage time in stage 2 was t.,.***° The diameter
change in stage 1 was defined by the following equation, where
the initial diameter is d; and the relaxation time is 7.

d(it)—d(n) 6 t
= - <
4 —am 2%\ (t<n) (6)
Taking the logarithm of both sides yielded the following
equation:
d(t) —d(n) _
In d[—d([l) ~——2€Xp —; (7)
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Fig. 9 Comparison of collective diffusion coefficients in swelling and shrinking processes of (a) PNIPA gel, (b) PNIPAg g-b-PDMAq 1 gel, (c) PNIPAg g-b-
PDMAg > gel, (d) PNIPAg7-b-PDMAg 3 gel, and (e) PNIPAg g-r-PDMAg > gel. Orange solid circle: for the collective diffusion coefficients of the swollen
process. Blue solid circle: for the collective diffusion coefficient of the shrinkage process without phase separation, solid delta: stage 1 and open delta:
stage 2 for the collective diffusion coefficient of the shrinkage process with phase separation.

where 7, was obtained from the slope of the straight line
obtained, when the values on the left side of this equation were
plotted against time. From this, the collective diffusion coeffi-
cient D, at stage 1 was calculated by using the following formula:

d(11)2

D) =
752‘61

(®)

Similarly, the diameter change in stage 2 was defined by the
following equation, where d(t.,) is the fully shrunk diameter

5214 | Soft Matter, 2022, 18, 5204-5217

after the temperature jump and 7, is the relaxation time.

In ) = dltc) ~ —ni exp (_rg) 9

7, was obtained from the slope of the straight line obtained,
when the values on the left side of this equation were plotted
against time. From this, the collective diffusion coefficient D, at
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stage 2 was calculated by using the following formula:

d(n)?
D, = 1
2 21y (10)

In this study, shrinkage behavior was observed by fixing the
initial temperature at 20 °C and performing temperature jump
tests by varying the final temperature.

First, we will discuss the results obtained for spherical gels
composed of PNIPA. The final temperatures were set between
30 °C and 60 °C. The results for substituting the diameter
change with time into the swelling equation at the final
temperature of 30 °C are shown in Fig. S56 (ESIt). Because
30 °C is lower than the temperature at which the volume of this
gel changes significantly, the swelling change was not accom-
panied by phase separation, and the plot was a straight line.
The same results were obtained at temperatures of 32 °C and
33 °C. From this, the collective diffusion coefficients for 30 °C,
32 °C, and 33 °C were calculated by using eqn (3)—(5). At a final
temperature of 30 °C, the value of the collective diffusion
coefficient was almost identical to the value of the collective
diffusion coefficient seen for swelling. However, the collective
diffusion coefficients decreased as the final temperatures were
increased. It is known that polymer gels with ionic groups
introduced into the chains of PNIPA show discontinuous
volume changes in response to temperature changes. Near
the critical point, the collective diffusion coefficient decreases,
and swelling and contraction become infinitely slow due to
critical slowing. In nonionic PNIPA gels as well, although there
is no critical point at which swelling and contraction become
infinitely slow, the collective diffusion coefficient tends to
decrease as the transition point is approached.

The results obtained by substituting diameter changes over
time into the swelling equation when the temperature jump is
60 °C are shown in Fig. S57 (ESIT). From the plot, a straight line
with a different slope was obtained after a certain point
(t1,d(t1)), and two stages of shrinkage, stage 1 and stage 2, were
observed. Similarly, two-stage contraction was observed when
the temperature jump reached 33.5 °C or higher. From the
above equations, the collective diffusion coefficients D, and D,
were calculated for stage 1 and stage 2, respectively. Fig. 9a
shows stage 1 values with A and stage 2 values with A. The
collective diffusion coefficients increased as the attained tem-
perature was increased in stage 1. This may be because the
driving force increased as the attained temperature was
increased, which accelerated the shrinkage rate.

Because the stage 1 shrinkage was accompanied by bubble
formation, it is thought that a skin phase was formed in the
early stages of shrinkage, and the rapid shrinkage in stage 1 can
be attributed to skin phase formation. On the other hand, the
collective diffusion coefficient in stage 2 is one to two orders of
magnitude smaller than that in stage 1. This slow behavior is
considered to be due to the skin phase formed in stage 1 and
relaxation of the phase-separated structure.

This journal is © The Royal Society of Chemistry 2022
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The PNIPA, o-b-PDMA, ; gel showed the same behavior as
the PNIPA gel (Fig. 9b). Stage 2 behavior was found to change
even more slowly than it did for the PNIPA gel.

In the PNIPA, s-b-PDMA,, gel containing 20% DMA, the
shrinkage change due to the temperature jump was similar to
those of the two systems described above; it showed a two-step
shrinkage change when the temperature reached was above the
temperature at which the volume changed rapidly. However,
the collective diffusion coefficient for stage 1 was almost
identical to the collective diffusion coefficient at swelling,
although the collective diffusion coefficient tended to increase
as the attained temperature was increased. In other words,
based on the fact that the PNIPA,g-b-PDMA,, gel shrank
isotropically without bubble formation, formation of a skin
layer was suppressed in the initial stages of shrinkage. In
addition, the collective diffusion coefficient in stage 2 was
larger than those of the PNIPA gel and the PNIPAgo-b-
PDMA,; gel. Suppression of skin layer formation in the
PNIPA, s-b-PDMA, , gel suggested that the shrinkage in stage
2 was due to relaxation associated with the shrinkage. For
PNIPA gels prepared by conventional free radical polymeriza-
tions, there are two mechanisms: nucleation (metastable
region) and spinodal decomposition (unstable region) caused
by a temperature jump through an unstable or metastable
region. Suzuki et al. point out that the phase separation
mechanism differs depending on the region through which
the temperature jump occurs, and the time required for the
phase transition also differs significantly.*’ These phase
separation mechanisms are thought to prevail even for PNIPA
gels and PNIPA, o-b-PDMA, ; gels, which have more homoge-
neous network structures than conventional systems. On the
other hand, in the PNIPA, g-b-PDMA, , gel, the regular distribu-
tion of PDMA into the network prevented nucleation and
spinodal decomposition, which may have resulted in a phase
separation mechanism different from those of the PNIPA and
PNIPA, o-b-PDMA, ; gels. In the PNIPA, ,-b-PDMA, ; gel, the
shrinkage behavior was found to be similar to that of the
PNIPA, s-b-PDMA, , gel (Fig. 9d).

For the PNIPA, s--PDMA, , gel, results are shown for final
temperatures of 30 °C, 40 °C, 50 °C, and 60 °C (Fig. 9e). The results
of substituting diameter changes with time into the swelling
equation for a final temperature of 30 °C are shown in Fig. S69
(ESIT). At a temperature of 30 °C, the relationship constituted a
straight line, and as with the swelling process, a single collective
diffusion coefficient was obtained (Fig. S70, ESIt). However, two
stages of shrinkage were observed at final temperatures of 40 °C,
50 °C, and 60 °C (Fig. S69, ESIT). In stage 1, although the collective
diffusion coefficient tended to increase as the attained tempera-
ture was increased, the rate of increase was smaller than those for
PNIPA and PNIPA, o-b-PDMA, ; gels. The value of the collective
diffusion coefficient in stage 1 was almost consistent with the
value for swelling. Considering that the PNIPA, g--PDMA, , gel
shrank without bubble formation, it is likely that the formation of
a skin layer was suppressed in the initial stage of shrinkage, as
seen for the PNIPA,s-b-PDMA, , and PNIPA, ;-b-PDMA, ; gels.
On the other hand, the collective diffusion coefficient for stage 2

Soft Matter, 2022, 18, 5204-5217 | 5215


https://doi.org/10.1039/d2sm00402j

Published on 13 June 2022. Downloaded on 3/15/2026 2:23:49 AM.

Soft Matter

was close to those for the PNIPA gel and the PNIPA, o-b-PDMA, ;
gel. Suppression of skin layer formation suggested that the slow
behavior in stage 2 was due to the formation of a phase-
separated structure inside the gel and subsequent relaxation.
From the above, it is thought that the gel with DMA randomly
incorporated into the network structure prevented the formation
of a skin layer but did not suppress phase separation.

4. Conclusions

In this study, living radical polymerization was used to synthesize
tetrabranched polymers with homogeneous arm lengths and
various monomer compositions and sequences, and spherical
gels were synthesized by using them as building blocks. The
resulting spherical gels were several hundred micrometers in size,
and selective reticulation by methanolysis and SAXS measure-
ments showed that the reticular structure was more homogeneous
than those of polymer gels obtained by conventional free radical
polymerization. These gels exhibited reversible volume changes
in water, ie., low-temperature swelling and high-temperature
shrinkage, but when the volume changes associated with rapid
temperature changes (temperature jumps) were examined, the
rates for changes from a shrunken state at high temperature to a
swollen state at low temperature were almost the same for all
gels. However, the rates for changes from the low-temperature
swollen state to the high-temperature shrunken state varied
greatly depending on the compositions and sequences of the
monomers that made up the polymer networks. It was con-
firmed that regular introduction of more than 20% of a DMA
block copolymer into a network structure consisting of PNIPA
inhibited phase separation and skin layer formation resulted in
smooth discharge of the water inside the polymer gel and thus
improved the shrinkage rate.
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