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ABSTRACT: The structure and dynamics of poly(N-isopropylacrylamide-co-acrylic acid) (NIPAm/AAc) gels
prepared either by cross-linker-free UV-induced polymerization or by redox polymerization were compared using
swelling measurement and dynamic/static light scattering. Either AAc monomer or AAc polymer units are included
in the polymer network. As a result, four types of NIPAm/AAc gels were obtained, namely (A) redox-mono, (B)
UV-mono, (C) redox-poly, and (D) UV-poly. A is the reference polymer mostly investigated in the literature.
The following facts emerged: Compared toA, B contains a large portion of defects, e.g., dangling chains, loops
and branched chains, which leads to characteristic behavior, i.e., (i) larger swelling ratio and (ii) stronger temperature
dependence of the spatial inhomogeneities. Charged groups in bothC andD are topologically localized on AAc
polymer chains, which result in different temperature dependencies of the structure and dynamics.

1. Introduction

Ionization is one of the most important factors, which affects
phase separation and the microstructure of polymer gels. In the
case of thermosensitive gels, such as poly(N-isopropylacryla-
mide)(NIPAm) gels,1,2 a continuous volume-phase transition
(VPT) takes place at around 33.8°C. Charges, such as carboxy
groups, can easily be introduced by copolymerizing NIPAm with
acrylic acid (AAc). It results in dramatic changes in the phase
behavior of gels. For example, VPT becomes discontinuous and
the transition temperature shifts upward.3 The discrete transition
observed in NIPAm/AAc gels is explained by conventional
thermodynamic theories on gel swelling, in which the Donnan
potential is balanced against the free energy originating from
entropy elasticity of polymer chains and mixing free energy.4,5

The microscopic events of VPT, on the other hand, have been
extensively studied using various methods, including dynamic
light scattering (DLS),6 nuclear magnetic resonance (NMR),7

and small-angle neutron scattering (SANS).8,9 Shibayama et al.
reported that a microphase separation took place during heating
prior to a macroscopic discrete VPT.2 Theoretical predictions
of microphase separation for weakly charged polymer solutions
in a poor solvent were proposed by Borue and Erukhimovich10

and by others.11 Then, they were altered to account for weakly
charged polymer gels by Rabin and Panyukov.12 SANS studies
were also performed to investigate pH and salt concentration
dependence of the microscopic structures of NIPAm/AAc gels.5

The characteristic repeat distance of microphase separated
structure is estimated to be of the order of hundreds angstroms.
The microphase separation has been interpreted as a sign that
a swollen phase (ionized hydrophilic parts, AAc rich domains)
and a shrunken phase (hydrophobic parts, NIPAm rich domains)
coexist microscopically in NIPAm/AAc gels. Many theoretical
works predict that the repeat distance of microphase separation

depends on the degree of ionization in a gel.12-15 Tanaka
suggested that a VPT was caused by competition of molecular
interactions, i.e., hydrogen bonding, electrostatic repulsion, and
hydrophobic interactions and that it was strongly related to life
activities in biological body.16,17 Indeed, Annaka and Tanaka
discovered multiple VPT, in which a gel could have several
stable phases depending on environmental conditions.16 They
concluded that this behavior resulted from nonrandom config-
uration of co-monomer units with competing interactions,
indicating that local segment order could play a prominent role
in determining the gel microstructure. It has been assumed that
ionized groups, e.g., carboxy groups, were randomly distributed
on the polymer network as monomer units. Otherwise, the
degree of ionization cannot be taken as an average of overall
gel (mean-field approximation). If charge-carrying monomers
are nonrandomly distributed on network chains, what happens
to microscopic gel structures? In this study, we investigated how
spatial configurations of weakly charged groups in a gel network
affected its microstructure and dynamics.

2. Theoretical Background

As is known, the intensity-time correlation function (ICF)
for a gel at a sample positionp, gp

(2)(q,τ) - 1, is approximated
to be a single-exponential function as far as it is far from its
critical point,18

whereâ is the instrumental coherence factor (≈ 0.95 in this
study) andq is the magnitude of the scattering vector. Note
that gels are nonergodic media, and hence ICF is dependent on
the sample position.19-21 σI,p

2 is the initial amplitude of the
correlation function andDA,p is the apparent diffusion coefficient
at p. On the other hand, when the gel is near the critical point
or has large structural inhomogeneities, the ICF becomes a
complex function. However, even in this case, because the gel
still has a single-exponential component at the smallτ region,
DA,p can be estimated by the initial slope ofgp

(2)(q,τ) - 1, i.e.,
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According to Joosten et al.,22 the collective diffusion coef-
ficient of a nonergodic medium,D, can be evaluated by plotting
DA,p as a function of the time average scattered intensity atp,
〈I〉T,p, using the following relationship

where 〈IF〉T is the fluctuating part of〈I〉T,p. Note that〈IF〉T is
independent ofp. Equation 3 can be rewritten as follows:

This means that we can evaluate〈IF〉T and D by a linear
regression of a〈I〉T,p/DA,p vs 〈I〉T,p plot.23 Once〈IF〉T is evaluated,
the static inhomogeneities can be easily extracted from

where〈IC〉E denotes the time-independent term of the ensemble
average scattered intensities,〈I〉E, i.e., a measure of the degree
of spatial inhomogeneities. Thus, we can split up the observed
scattering intensity,〈I〉E, into the frozen inhomogeneities,〈IC〉E,
and the fluctuating component,〈IF〉T. In order to discuss the
dynamics of gels, it is more convenient to use the ensemble-
averaged ICF rather than the time averaged ICF defined in eq
1

where I(q) is the scattering intensity at the magnitude of
scattering vectorq andN is the number of sampling points.19,24,25

3. Experimental Section

3.1. Samples.We prepared four types of NIPAm/AAc copolymer
gels using two polymerization methods. Figure 1 shows a diagram
of those copolymer gels. The lattice-shaped boxes represent gel
networks, where each of fine and thick lines on grids corresponds
to NIPAm and AAc monomer units, respectively. The small closed
circles denote cross-linkages. Parts A and B of Figure 1 show
NIPAm/AAc copolymer gels in which NIPAm and AAc are
randomly copolymerized as monomer units by conventional redox
polymerization (code: redox-mono) and by UV-induced polym-
erization (code: UV-mono), respectively.26,27 On the other hand,
parts C and D of Figure 1 show NIPAm/AAc gels in which AAc
polymer chains are either physically entrapped (code: redox-poly)
or chemically linked to NIPAm network (code: UV-poly). It should
be noted that these four types of gels have the same degree of
ionization stoichiometrically, i.e., the same ratio of AAc monomer
units to NIPAm units, but different spatial configurations of weakly
charged groups.

3.2. Gel Preparation (A, Redox-Mono).A 6.68 mmol sample
of NIPAm monomer (Kohjin Chemical Co. Ltd.) and 0.32 mmol
of acrylic acid (AAc) (Wako Chemical Co.) were dissolved in 10
mL of deionized water. Then, 0.07 mmol ofN,N′-methylenebis-
(acrylamide) (BIS) and 0.0154 mmol of ammonium persulfate
(APS) were added to the solution as cross-linker and redox-initiator,
respectively. After further addition of 24µL of N,N,N′,N′-

tetramethylethylenediamine (TEMED) as accelerator, the solution
was kept at 20°C for 24 h for gelation.

(B, UV-Mono). An aqueous solution containing 668 mM
NIPAm, 32 mM AAc, and 20 mM APS (as UV-photoinitiator) was
exposed to UV radiation provided by a 500 W Deep-UV lamp
(USHIO Inc., Tokyo, Japan) with an illuminance spectrum including
a range of wavelengths lower than 300 nm.26 UV irradiation was
carried out by using a parallel light irradiated from the side of the
test tube. The area of irradiation was large enough to cover the
sample.28 The optical density of the pregel solution was about 0.7
at 254 nm. Gel was produced following UV-irradiation for 1 h at
20 °C.

(C, Redox-Poly).A 6.68 mmol sample of NIPAm, 0.32 mmol
(expressed as monomer units) of AAc polymer (Mw ) 118 000
and Mw/Mn ) 1.13, Mw and Mn being the weight- and number-
average molecular weights, respectively), 0.07 mmol of BIS, 0.0154
mmol of APS, and 24µL of TEMED were dissolved in 10 mL of
deionized water and then kept at 20°C for 24 h for gelation.

(D, UV-Poly). Aqueous solution containing 668 mM NIPAm,
32 mM (expressed as monomer units) AAc polymer, and 20 mM
APS (as UV-photoinitiator) was exposed to UV-irradiation for 1 h
at 20°C to produce a gel.

The polymerizations of all gel samples were carried out at pH 8
where acrylic acid was ionized. Cross-linking of AAc polymers
by UV-irradiation has been confirmed elsewhere.26 Certainly, it is
highly expected that some degradation would occur by UV
irradiation as well. For DLS measurements, the thereby prepared
samples were used as such without further treatment. For swelling
measurements, each of gel samples was prepared in a narrow quartz
capillary (ca. 800µm diameter) and washed with an excess amount
of water. In addition, NIPAm homopolymer gels were also prepared
using either redox- or UV-polymerization method for studying the
effect of UV-polymerization compared to redox one on the swelling
properties, microstructures, and dynamics.

3.3. Swelling Degree Measurements.The sample was immersed
in a thermostated chamber filled with distilled water. The degree
of swelling,d/d0, was measured by monitoring the diameter of the
cylindrical gel,d, via an inverted microscope (TMD300, Nikon,
Co., Ltd, Tokyo, Japan) coupled with an image processor (Algas
2000, Hamamatsu Photonics, Co., Ltd, Hamamatsu, Japan).d0 is
the gel diameter at preparation time. Whenever the temperature
was changed, the maximum width of the gel was measured with
an interval of 20 min to a few hours until two successive widths
became identical. The measurement was repeated at least three times
and the average was used as thed value.

Figure 1. Schematic representation of the four types of NIPAm/AAc
gels: (A) redox-mono, (B) UV-mono, (C) redox-poly, and (D) UV-
poly. Thin and thick lines denote NIPAm and AAc segments,
respectively. BIS cross-linkers are represented by small closed circles.
Note that AAc polymer chains in (C) redox-poly are physically
entrapped in NIPAm network, while those in (D) UV-poly are
chemically bonded to NIPAm network.
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3.4. DLS Measurements.DLS studies were carried out using a
DLS/SLS-5000 compact goniometer, ALV, Langen, coupled with
an ALV photon correlator. A 22 mW helium-neon laser (wave-
length,λ ) 6328 Å) was used to deliver the incident beam. The
decay rate distribution functionsG(Γ) were calculated from ICF
using the CONTIN data analysis package. All the DLS measure-
ments were conducted for as-prepared gels. Hence the polymer
concentration was 700 mM (i.e.,d/d0 ) 1.00). The scattering angle
was 90° (q ≈ 0.00187 Å-1 in aqueous media) except forq-
dependent measurements.

4. Results and Discussion

4.1. Swelling Degree Measurements.Figure 2 shows the
temperature dependence of the swelling degree of all gel samples
on heating. As is well-known, NIPAm hydrogels undergo a
shrinking transition at a VPT temperature,TVPT ≈ 34 °C.1 This
temperature is slightly higher than the so-calledΘ-temperature
of NIPAm polymer aqueous solutions (TΘ ≈ 32 °C).29 The
difference betweenTVPT andTΘ is ascribed to the presence of
elastic free energy in gels in addition to the enthalpy and entropy
of mixing whereas the phase behavior of polymer solutions are
determined by the last two terms.30,31Introducing charged AAc
groups into NIPAm polymer gels results in a significant shift
of TVPT and swelling ratio at equilibrium.3 As a matter of fact,
in the case of (A) redox-mono, the transition is discontinuous
andTVPT (≈ 40 °C) is much higher thanTΘ. For (B) UV-mono,
TVPT is almost the same asA. Note that the swelling degree of
B at the swollen state is much higher than that ofA. This
indicates that effective cross-linking density (CD) ofB is much
lower thanA. (C) Redox-poly, on the other hand, shrunk at ca.
34 °C, showing a similar behavior as NIPAm homopolymer
gel. This suggests that AAc polymers inC do not play any role
at all because of physical entrapment into NIPAm network. (D)
UV-poly exhibited an intermediate behavior. It shrunk at a
temperature between 34°C and 40°C and the degree of swelling
at lower temperatures (<TVPT) was also between the two
extremes. This was a clear evidence of chemical cross-linking
of AAc polymer chains to NIPAm network. It also indicated
that the cross-linking affected both theTVPT and swelling
behavior.

4.2. Visual Observation of Turbidity. A series of photo-
graphs of the gels taken at different temperatures are shown in
Figure 3. In the case of (A) redox-mono, the gel was transparent
even at 35.0°C. This is normal since the gel has not reached
its TVPT (≈ 40 °C) yet. On the other hand, (B) UV-mono started
to become opaque atTΘ and completely became opaque at 35.0
°C. Note that the opaque area emerged from the bottom. This

is mainly due to lack of UV irradiation at the bottom of the
tube because of its round shape of the test tube. (C) Redox-
poly turned opaque at 33.8°C as did NIPAm homopolymer
gels. (D) UV-poly, on the other hand, showed opacity from the
beginning. This suggests that UV-induced NIPAm polymeri-
zation in the presence of AAc polymer chains leads to phase
separation between NIPAm rich and AAc rich domains. It may
be the reason whyD shows intermediate properties betweenB
andC.

4.3. Dynamic Light Scattering (DLS). 4.3.1. Homopolymer
Gels.Before tackling the characteristic features and properties
of the products from different gelation methods, let us first
discuss the structure of NIPAm homopolymer gels prepared by
redox- and UV-polymerization, coded respectively as redox-
NIPAm and UV-NIPAm. Figure 4 shows ensemble-averaged
ICFs, 〈g(2)(τ)〉E -1, of redox-NIPAm (left column) and UV-
NIPAm (right column) at various temperatures. Here, 100 ()N
in eq 6) sample positions were arbitrarily chosen and time-
averaged ICFs were obtained with a nonergodic measurement
option provided by ALV by employing eq 6. It should be noted
here that〈g(2)(τ ) 0)〉E -1 is expected to be unity.19 However,

Figure 2. Temperature variations of the equilibrium linear swelling
ratio, d/d0, for the NIPAm/AAc gels. Here,d andd0 are the diameters
of gels at observation and at preparation time, respectively. The dashed
line indicatesTΘ, the so-calledΘ-temperature for NIPAm aqueous
solutions.

Figure 3. Series of photographs showing clarity/opacity of the four
types of gels at different temperatures.

Figure 4. Time-intensity correlation functions (ICFs) for the ho-
mopolymer gels: (left) redox-NIPAm and (right) UV-NIPAm at
various temperatures.
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as shown in the figures, the values deviated from unity in most
of the cases. This is mainly due to the following two reasons.
(1) The number of sampling pointsN ) 100 was not enough.
(2) Due to very strong scattering from gels at highTs, we had
to reduce the incident beam intensity, resulting in significant
counting-losses from weak scattering points in gels and a
deviation from a Poisson distribution of scattering intensities.
At 20 °C, i.e., at a temperature much lower than the macroscopic
volume-phase transition temperature,TVPT, both series show a
single decay aroundτ ≈ 10-1 ms. The plateau value of UV-
NIPAm is much lower than that of redox-NIPAm. This means
that UV-NIPAm has a larger contribution of the dynamic
component than redox-NIPAm. This result is consistent with
the result of the swelling measurements. When temperature was
increased, redox-NIPAm kept a single decay behavior at
temperatures lower thanTVPT, and the plateau value increased
further. The same trend was observed in UV-NIPAm.

Figure 5 shows the corresponding distribution functions,G(Γ),
whereΓ is the characteristic decay rate. The difference discussed
in relation to Figure 4 is clearly seen in this figure. Although
peak broadening is observed in both gels, the gel dynamics,
represented by a single “gel-mode”32 (or collective mode),18 is
rather preserved atΓ-1 ≈ 10-1 ms for redox-NIPAm even at
the elevated temperature. On the other hand, UV-NIPAm shows
a significant peak broadening accompanying a peak shift to a
largerΓ-1. This means a critical slowing down by approaching
VPT.33

4.3.2. Copolymer Gels.Temperature dependence of scatter-
ing behavior of the four types of NIPAm/AAc copolymer gels
is shown in Figure 6, in which〈I〉E, 〈IF〉T, and〈IC〉E are plotted
vsT. As defined by eq 5,〈I〉E, 〈IF〉T, and〈IC〉E are the ensemble-
averages of the speckle intensities, the position-independent
fluctuating component, and the time-independent frozen com-
ponent of〈I〉T,p, respectively. The scattering intensities of (A)
redox-mono increase gradually withT. Here, no strong ampli-
fication was observed even going beyond itsTVPT (≈ 40 °C).
On the other hand, (B) UV-mono shows a divergence at ca. 33
°C in spite ofTVPT around 40°C. This comparison indicates
that the structure ofB is very different from that ofA. In the
case ofA, spatial inhomogeneities are suppressed over a wide

temperature range due to a high osmotic pressure originating
from the Donnan potential created by charged AAc groups
within the network.4,5 It is also interesting to note that, forB,
〈IF〉T is larger than〈IC〉E at low temperatures and they crossover
at a temperature aroundTΘ. However, the divergence observed
in B clearly suggests that charges from ionized AAc do not
play a significant role, and the gel behaves in a similar way as
NIPAm homopolymer gels. (C) Redox-poly also shows a similar
trend asB. 〈I〉E of (D) UV-poly seems to have strong frozen
inhomogeneities inherently. This is why the temperature varia-
tions of 〈I〉E, 〈IF〉T, and 〈IC〉E are weaker compared to other
systems. Note that〈I〉E and〈IC〉E for D cannot be distinguished
since〈IF〉T is much smaller than〈I〉E and 〈IC〉E.

Figure 7 shows a series of ensemble-averaged ICFs,
〈g(2)(τ)〉E - 1, at 20.0°C (left; sample-prepared temperature)
and at temperature nearTVPT or TΘ (right). Here, TΘ was
exclusively chosen when a DLS measurement atTVPT was not
possible due to sample clouding. In the case ofA andB, the
ICF seems to have a characteristic decay corresponding to the
gel mode withτ ≈ 10-1 ms at 20.0°C. At 38.3°C for A, the
gel mode remains. This temperature is close toTVPT. On the
other hand, forB, a characteristic decay time withτ ≈ 10-1 ms
at 20.0°C shifts to a largerτ at 30.2°C as a result of critical
slowing down.33,34 In the case ofC, a drastic change in ICFs

Figure 5. Distribution functions,G(Γ)s, for the homopolymer gels:
(left) redox-NIPAm and (right) UV-NIPAm at various temperatures.

Figure 6. Temperature variations of〈I〉E, 〈IF〉T, and〈IC〉E for (A) redox-
mono, (B) UV-mono, (C) redox-poly, and (D) UV-poly.

Figure 7. Time-intensity correlation functions (ICFs) for (A) redox-
mono, (B) UV-mono, (C) redox-poly, and (D) UV-poly at 20°C (far
below TVPT; left) and at high temperatures (right).
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between the two temperatures is observed. At 20°C, it holds
the gel mode. On the other hand, frozen components are
dominant at 33.5°C (≈ TVPT). D has large fronzen inhomoge-
neities even at 20°C and the inhomogeneities become much
larger by increasing temperature to 30.2°C (≈TΘ). Note that
all of these characteristic properties are well correlated to the
behavior of the scattering intensities as discussed in relation to
Figure 6. Figure 8 shows the corresponding distribution func-
tions,G(Γ)s. First of all, a peak shift of the gel mode is clearly
seen forA at 20°C toward the smallerΓ-1 region with respect
to that of redox-NIPAm (Figure 5). This is due to the effect of
charges distributed homogeneouly in the network. An increase
in T resulted in a peak shift as well as broadening as discussed
above. Similar behaviors are observed inB. Although C had
the gel mode at 20°C, it disappeared at 33.5°C (≈ TVPT).
Interestingly,D does not have the gel mode both at 20°C and
TΘ. This means thatD is phase-separated irrespective of
temperature as indicated in Figures 3 and 7, and has very little
small dynamic components.

Figure 9 showsq dependence of the decay rateΓ for the
mode mode. The upper column shows those at 20°C and the
lower at the high temperatures. As shown here, the gel mode
clearly showsq2 dependence ofΓ, confirming that the collective
motion is a diffusive mode as first discussed by Tanaka et al.18

4.4. Static Structures.Figure 10 shows static light scattering
(LS) intensity functions,I(q), as a function ofq for (A) redox-
mono, (B) UV-mono, (C) redox-poly, and (D) UV-poly at 20.0
°C and at a high temperature. The scattering intensity functions
obtained with small-angle neutron scattering (SANS) were also
plotted in order to compare the structure factors of the gels in
a broadq range. Although the details of SANS experiments
and the discussions are given elsewhere,35 SANS results show
marked difference in the samples prepared by different methods.
It is rather surprising that no significantq dependence is
observed for all of gels in the LS regime, but the magnitudes
of I(q)s are quite different depending on the samples and are in
good agreement with the results shown in Figure 6. The SANS
results, on the other hand, show strongT dependence inI(q).35

In particular, except for redox-poly, a distinct peak appears in
I(q) at high temperatures, suggesting the existence of microphase
separated structure. Hence, it is clear that the gel samples made

with the four methods have different microscopic structures.
Extensive discussions on SANS results are given elsewhere.35

4.5. Structure-Property Relationship. Figure 11 shows
schemata of the NIPAm/AAc gels investigated in the present
work. Here, the size of circles denotes the macroscopic swelling
degree with respect to the volume of shrunken phases. The thick
segments and lines indicate AAc monomer and AAc polymer
chains, respectively. For (A) redox-mono, gel networks are
relatively well-formed with a high efficiency of cross-linking.
(B) UV-mono, on the other hand, has much fewer cross-linking
points, and both topological and connection inhomogeneities,
resulting in the production of a loose network. It is the reason
why B swells larger thanA at low temperatures. In the case of
A, even though hydrophobic interactions of NIPAm networks
become prominent when coming near toTVPT, cross-linking
points prevent NIPAm chains from moving. The gel keeps
homogeneous structure as a result and collective diffusion mode
still remains. UnlikeA, B becomes an extremely inhomogeneous

Figure 8. Distribution functions,G(Γ)s, for (A) redox-mono, (B) UV-
mono, (C) redox-poly, and (D) UV-poly at 20 °C (far belowTVPT;
left) and at high temperatures (right).

Figure 9. q dependence of the decay rateΓ for the gel mode of (A)
redox-mono, (B) UV-mono, and (C) redox-poly.

Figure 10. Static light scattering (LS) intensity and small-angle neutron
scattering intensity functions,I(q) for (A) redox-mono, (B) UV-mono,
(C) redox-poly, and (D) UV-poly at 20.0°C and at a high temperature.
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structure with increasing temperature. The lower cross-linking
density as well as network defects lead to a more inhomoge-
neous structure in low cross-linked gels than in high cross-linked
gels as previously reported by Ikkai et al. (the inversion
phenomena in cross-link density dependence in gel inhomoge-
neities).36,37 We infer that the characteristic loose network
structure ofB leads to a divergence of frozen inhomogeneities
at ca. 33°C based on DLS measurements despiteTVPT being
ca. 40°C.

In the case of (C) redox-poly, AAc polymer chains are not
copolymerized but physically entrapped in the polymer network.
Hence, the charge effects are not observed in swelling and DLS
measurements. In the case of (D) UV-poly, AAc polymer chains
are expanded due to the dissociation of the charged AAc
polymer connected to NIPAm. As a result, the NIPAm network
aggregates to some extent even far belowTVPT. This structure
led to the extremely large static inhomogeneities even at low
temperatures (e.g., 20°C). Further structure investigation on
these gels is underway.

5. Concluding Remarks

The structure and dynamics of four types of NIPAm/AAc
gels, which were prepared using different reaction methods and
have different spatial configurations of weakly charged AAc
groups, were investigated by swelling measurements and
dynamic light scattering (DLS). For (A) redox-mono, no
inhomogeneities of gel network were seen over a wide range
of temperatures and the volume-transition temperature,TVPT,
increased as has been reported so far. On the other hand, for
(B) UV-mono, while the gel showed weak speckle pattern at
low temperatures, the spatial inhomogeneities dramatically
increased when coming near to theTVPT of NIPAm, 34 °C
(≈TΘ) despite existing repulsive forces due to electrostatic
interactions among ionized AAc groups. For (C) redox-poly,
the swelling behavior and scattering properties were almost the
same as in NIPAm homopolymer gels because of the physical
entrapment of AAc polymer chains in the polymer network.

For (D) UV-poly, the spatial inhomogeneities were extremely
large even at temperatures far belowTVPT due to localized
charged groups, i.e., carboxy groups chemically cross-linked
to NIPAm.
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Figure 11. Diagram models showing the microscopic structures of
(A) redox-mono, (B) UV-mono, (C) redox-poly, and (D) UV-poly. The
circles represent the relative size of the gel, i.e., the degree of swelling.
Thin lines, thick lines, and thick segments denote NIPAm chains, AAc
polymer chains, and AAc segments, respectively. Dots indicate cross-
linking points.
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