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ABSTRACT: Gel microstructure formation according to spatial configuration of charged groups in gel network
has been investigated using macroscopic swelling measurements and microscopic small-angle neutron scattering.
Three types of gel consisting of hydrophobicN-isopropylacrylamide (NIPAm) and weakly charged acrylic acid
(AAc) copolymers were prepared with different distributions of AAc monomer units in the network. The first
type was a NIPAm/AAc copolymer gel in which NIPAm and AAc were randomly copolymerized in monomer
units using the redox method. The second type was a UV-cross-linked NIPAm/poly-AAc copolymer gel in which
NIPAm was copolymerized with polymer units of AAc. The third type was a NIPAm/poly-AAc polymer gel
prepared using the redox method in which poly-AAc was not cross-linked but physically entrapped in the NIPAm
polymer network. These three types of gel contained the same amount of charged groups but with different
spatial configurations. The differences in spatial and topological distribution of charged groups were reflected in
different responses regarding swelling properties and different microscopic structure upon temperature variation
that we discussed with the concept of counterion condensation.

Introduction

Gels ofN-isopropylacrylamide (NIPAm: CH2dCHCONHCH-
(CH3)2) copolymers with charged monomer, e.g., acrylic acid
(AAc: CH2dCHCOOH), have been a focus of constant
attention as one of environment-responsive materials. One of
the archetypal phenomena is known as “microphase separation”1-7

in a poor solvent and the related characteristic “volume phase
transition”,8-18 i.e., a discrete gel-volume shrinking. In the case
of NIPAm/AAc copolymer gels, since NIPAm is a temperature-
sensitive polymer, the microphase separation of NIPAm/AAc
gel and the following volume phase transition occur at a critical
temperature,TVPT, depending on the surrounding temperature.
TVPT is around 34°C for NIPAm homopolymer gels, and it
rises with increasing charged AAc units. Microphase separation
in a NIPAm/AAc copolymer gel has been interpreted as
coexisting states of a swollen phase (ionized hydrophilic parts,
i.e., AAc-rich domain) and a shrunken phase (hydrophobic parts,
i.e., NIPAm-rich domain) at the microscopic level. Indeed,
small-angle neutron scattering (SANS) studies revealed that the
long period of microphase separation was hundreds of
angstroms.1,2,6,19-22 Many theoretical works predicted that the
long period of microphase separation depended on various
factors such as Flory’s interactionø parameter, the degree of
ionization, salt concentration, and cross-linking density.23-27 In
previous decades, Tanaka et al.28-30 asserted that such mi-
crophase separation and volume phase transition behavior were
strongly related to life activities in biological body, and these
phase changes are caused by competition between inter/
intramolecular interactions such as electrostatic, hydrophobic,
van der Waals forces, and hydrogen bonding. Indeed, Annaka
and Tanaka found out a multiple volume phase transition, in

which a gel could maintain different stable phases depending
on its transition pathway.29 They concluded that this multiple-
phase behavior resulted from intermolecular interactions com-
peting in a gel network. In other words, it means that alterations
of “chain conformation” in a gel network can draw this unique
multiphase separation of polymer gels.

However, alterations of “chain configuration” in gel-making
process could be far more decisive for gel structure than
alterations of “chain conformation”. That is, random/nonrandom
configuration of polymers could play a prominent role in
determining gel microstructures. Now, we pay attention to
spatial configuration of charged groups in weakly charged
polymer gels. As far as we know, most of the theories on gels
assume that charged groups are randomly distributed in the
polymer network as “monomer units”. Indeed, the degree of
ionization, one of the most determining factors in the gel
structure, has been considered as an average level in the overall
gel. Furthermore, since radical polymerization was mostly used
in gel preparation, hydrophobic and hydrophilic monomers were
randomly copolymerized into gel network. In such a case,
alteration of “chain conformation” in gel network may only arise
from changes in preparation conditions. We recently developed
a polymerization method that allows one to prepare a gel without
using cross-linker. Owing to high photon energy of ultraviolet
(UV) light involved, cross-linking reaction and polymerization
take place simultaneously. Using this method, we successfully
prepared different types of NIPAm/AAc copolymer gel in which
AAc was distributed either as monomer or as polymer units.31

It was achieved through UV-induced copolymerization of poly-
AAc in an aqueous solution. Thus, NIPAm/AAc copolymer gels
with different types of “chain configurations” could be inves-
tigated. The present study aimed to identify structural determin-
ing effects when altering network conformation and configu-
ration in a weakly charged copolymer gel system consisting of
NIPAm and AAc units, i.e., how spatial configuration of charged
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groups affected gel microstructure formation and the inhomo-
geneities.

Theoretical Background

Swelling Behavior. For neutral polymer gels, a swelling
equilibrium is achieved when the gel osmotic pressure,Π,
becomes zero. Here,Π involves two contributions, i.e., the
mixing effect of network polymer with solvent,Πmix, and gel
elastic effect,Πela, as expressed by the following Flory-Rehner
type equation:32,33

where kB, T, Vs, and V denote the Boltzmann constant, the
absolute temperature, the molar volume of the solvent, and the
number of effective polymer chains per unit, respectively.φ

andφ0 are the polymer volume fractions at swelling equilibrium
and at sample preparation time, respectively.ø is the Flory-
Huggins interaction parameter. It is known thatø depends onT
andφ, as given by

where

andø2 is a constant.∆H and∆S are the enthalpy and entropy
of mixing per monomeric unit, respectively. According to
Hirotsu’s work on NIPAm homopolymer gels, the following
values are estimated, i.e.,ø2 ) 0.518,∆H ) -12.46× 10-21

J, and∆S ) -4.717× 10-23 J/K.34

The ν value is stoichiometrically estimated for NIPAm gels
as follows:

whereCcl, C0, andVp denote the cross-linker concentration, the
initial monomer concentration, and the molar volume of
monomeric unit, respectively. However, in the case of gelation
process of concentrated monomer solutions, the prepared gel
network is likely to have a large number of entanglements,
which act as additional cross-linkers. Shibayama et al. assumed
that the effect of the additional cross-linker was proportional
to C0 and proposed the modified Flory-Rehner equation, in
which ν is altered toνe as follows:32

whereφ0,ref andC0,ref are the lowest monomer volume fraction
and concentration, respectively, when a uniform gel could be
formed without the additional cross-links due to polymer
entanglements.

Consequently, the condition of swelling equilibrium is
expressed by the following equation:

RP Theory for SANS. Microphase separation of weakly
charged gels is described with Rabin-Panyukov theory (RP
theory).26 The RP theory properly describes the frozen in-
homogeneities in addition to two opposite interactions, i.e.,
electrostatic (repulsive) and hydrophobic (attractive), on the basis
of a mean-field theory of polymer gels. The theoretical structural
factor, S(q), consists of two contributions: one from static
inhomogeneities,C(q), and the other one from thermal concen-
tration fluctuations,G(q), whereq is the scattering vector. Both
C(q) andG(q) are built up with well-defined parameters, i.e.,
the average degree of polymerization between cross-links,N,
the polymer volume fraction (polymer concentration),φ, the
degree of ionization,f, and temperature,T (or the Flory’s
interaction parameter,ø). Here, we defineN as N ) [(C0 +
2Ccl)/2Ccl]. Using two sets of parameters, i.e., those at sample
preparation time,φ0, f0, ø0, in addition to those at observation
time φ, f, ø, S(q) is given by eqs 9, 10, and 11:

where the subscript 0 means the parameter value at sample
preparation time.a andw(q) denote the segment length (8.12
Å for NIPAm polymer chains1,35) and the effective second virial
coefficient, respectively.Q () aN1/2q) is the dimensionless wave
vector. The functiong(q) is given by eq 12:

The functions ofw(q) andw0(q) are expressed by eqs 13 and
14, respectively:

lB is the dimensionless Bjerrum length given bylB ) 4πLB/a,
whereLB is the Bjerrum length set at 7 Å for aqueous solutions
at 25°C.

Experimental Section

Samples.N-Isopropylacrylamide (NIPAm), acrylic acid (AAc)
N,N′-methylenebis(acrylamide) (BIS), ammonium persulfate (APS),
and N,N,N′,N′-tetramethylethylenediamine (TEMED) were pur-
chased from Wako Chemical Co. Ltd., Tokyo. NIPAm and AAc
were purified before use by recrystallization and distillation,
respectively. On the other hand, poly-AAc (Mw ) 118 000) was
purchased from Polymer Science Co. Ltd. and used without further
purification.

Gel Preparation. Three types of NIPAm/AAc copolymer gel
were prepared using two polymerization methods. Figure 1 shows
diagram models of the structure of these copolymer gels. The lattice-
shaped boxes represent gel networks, where thin lines and bold
dots along the grids correspond to NIPAm chains and AAc
monomer units, respectively. The first type is NIPAm/AAc

Π ) Πmix + Πela (1)

Πmix ) -(kBT/Vs)[ln(1 - φ) + φ + øφ
2] (2)

Πela ) νkBT[(1/2)(φ/φ0) - (φ/φ0)
1/3] (3)

ø ) ø1 + ø2φ (4)

ø1 ) (∆H - T∆S)/kBT (5)

ν )
2Ccl

C0

φ0

Vp
(6)

νe ≡ ν(φ0/φ0,ref) ) ν(C0/C0,ref) (7)

ν
C0
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φ0
) - ( φ

φ0
)1/3] ) 1

Vs
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2] (8)

S(q) ) G(q) + C(q) (9)

G(q) )
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1 + w(q) g(q)
(10)

C(q) ) φN
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Q2 + lBf φN
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copolymer gel in which NIPAm and AAc are randomly copolymer-
ized in monomer units using conventional redox polymerization
(code: redox-mono-AAc) (Figure 1a).1,20 The second type is
NIPAm/poly-AAc copolymer gel in which poly-AAc is copolymer-
ized with NIPAm by UV-induced polymerization method (code:
UV-poly-AAc) (Figure 1b).31,36 The third type is a NIPAm/poly-
AAc polymer gel prepared from NIPAm and poly-AAc using the
redox polymerization method and in which AAc polymers are
physically entrapped in a NIPAm network but not cross-linked
(code: redox-poly-AAc) (Figure 1c). It should be noted that these
three types of gel have the same degree of ionization, i.e., the same
ratio of AAc units to NIPAm, but different spatial configurations
of charged groups.

Gels corresponding to Figure 1a-c were prepared as follows.
For redox-mono-AAc gel, 668 mM NIPAm and 32 mM AAc were
dissolved in 10 mL of water. Then, 7 mM BIS and 1.54 mM APS
were added to the solution as cross-linker and redox initiator,
respectively. After further addition of 24µL of TEMED as
accelerator, the solution was kept at 20°C for 24 h to achieve
gelation. For UV-poly-AAc gel, an aqueous solution containing
668 mM NIPAm, 32 mM (calculated as monomer units) poly-AAc
(Mw ) 118 000), and 20 mM APS (as UV photoinitiator) was gelled
by UV irradiation for 1 h at 20°C. UV irradiation was performed
using a 500 W Deep-UV lamp (USHIO Inc., Tokyo, Japan) with
an illuminance spectrum atλ e 300. In the case of UV-cross-linked
gelation, radicals generated by UV irradiation attack acryloyl-type
monomers and polymers, resulting in direct cross-linkings between
them without any cross-linkers as well as some degradation.31,36In
UV-induced NIPAm/poly-AAc gelation, poly-AAc was therefore
chemically cross-linked to the NIPAm network. For redox-poly-
AAc gel, 668 mM NIPAm, 32 mM (calculated as monomer units)
poly-AAc, 7 mM BIS, 1.54 mM APS, and 24µL of TEMED were
dissolved in 10 mL of water and then gelled at 20°C for 24 h.
Here, poly-AAc is contained in the gel network but is not cross-
linked to the network because of the absence of cross-linker and
reactive groups on poly-AAc chains. Redox-reacted and UV-cross-
linked gels were prepared in 8 mm diameter Pyrex test and quartz-
test tubes, respectively, in a water-circulating thermobath. For SANS
measurements, all gels prepared were taken out of the test tubes
and smashed through a 500µm sieve. Then, gels were washed with
a large amount of water for 3 days under stirring. It should be noted
that, for redox-poly-AAc, extraction of a small amount of uncon-
nected poly-AAc might occur during washing. However, in a series
of dynamic light scattering (DLS) experiments for unwashed
reactor-batch redox-poly-AAc, agreement of volume phase transi-
tion temperature between the swelling measurements and the DLS
was observed.37 This fact suggests that poly-AAc was strongly
trapped even after washing. After freeze-drying, a given amount
of deuterium water (D2O) was added to beφ (the gel volume
fraction) ) 0.1. For swelling measurements, all gel samples were
prepared in a narrow quartz capillary (800µm diameter) with the
same recipes as those for SANS. The details of swelling measure-
ments are described elsewhere.15

SANS.Small-angle neutron scattering (SANS) experiments were
carried out using a two-dimensional SANS spectrometer (SANS-
U) of Institute for Solid State Physics, University of Tokyo, located

at JRR3M in Japan Atomic Energy Agency (JAEA), Tokai, Japan.38

The SANS intensity functions were collected at room temperature
for 1.5 and 8 h at a 2 and 8 msample-to-detector distance,
respectively. 1 wt % gel samples in quartz cells with 4 mm optical
path were irradiated with a 7.0 Å wavelength neutron beam. The
wavelength distribution of the incident neutron beam,Wλ(λ), is
known to beWλ(λ) ) 0.1. The scattered intensity was circularly
averaged and rescaled to the absolute intensity scale with a
polyethylene secondary standard calibrated for the incoherent
scattering from vanadium.39 The solvent correction for scattered
intensity was made using eq 15:

where Ik(q) denotes the observed scattering intensity in absolute
scale of the kindk () gel sample, D2O, and the incoherent scattering
of the NIPAm monomer solution) andφp is the volume fraction of
the polymer.

Results and Discussion

Estimation of Effective Cross-Linker Concentration.When
we discuss swelling behavior of polymer gels, the number of
cross-links of gel is one of the most important parameters to
determine the swelling degree. Since two kinds of gelation
methods were used in this study, we first estimated the difference
of cross-linking capability of these methods. Figure 2 shows
the temperature,T, dependence of swelling behaviors of redox-
polymerized NIPAm (redox-NIPAm; closed circles) and UV-
cross-linked NIPAm (UV-NIPAm; open circles) gels. The
diameter,d, was normalized with an inside diameter of capillary,
d0, in which the gels were prepared. It should be noted that
d/d0 ) (φ0/φ)1/3. Each swelling behavior was fitted with eq 8,
as shown by solid curves in the figure. It is well-known that
redox-NIPAm gel has a volume phase transition temperature,
TVPT, near 34°C, at which the gel shrinks dramatically. This is
due to hydrophobic property of NIPAm polymer. Unexpectedly,

Figure 1. Diagram models of NIPAm/AAc gel networks: In (a) and (b), AAc components (thick parts) were copolymerized in monomer and
polymer units, respectively. In (c), the AAc polymers were interpenetrated in gel network but not cross-linked. It should be noted that average
charge density in each network is the same.

Figure 2. T dependence of swelling behavior of redox-polymerized
NIPAm (closed circles) and UV-cross-linked NIPAm (open circles)
gels.

I(q) ) Isample(q) - (1 - φp)ID2O
(q) - I incoh(q) (15)
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however, it was observed that bothTVPT and the swelling degree
depended on the gelation method. ThoughTVPT generally
depends only on the degree of ionization in gel network, the
reason for the shift ofTVPT difference is not clear. One possible
reason is that residual APS is chemically bonded to NIPAm
chains (and/or it induces hydrolysis of NIPAm chains). The
amount of APS used in UV-cross-linked gelation was more than
10 times larger than that in redox-polymerized gelation. Thus,
a far larger amount of APS ends may remain after UV-induced
gelation than after redox gelation and act as charged groups in
the network polymer. Here, we assume thatTVPT of UV-NIPAm
gel is the same as that of redox-NIPAm gel.

Using eq 8, we evaluated effective cross-linker concentration
for both types of gels. In eq 8,C0,ref, Vp, andVs for NIPAm/
water gel system are 200 mM (as evaluated in the previous
paper),32 103 cm3/mol, and 18 cm3/mol, respectively. The
effective cross-linker concentration was estimated to be 5 mM
for redox-NIPAm gel and 0.85 mM for UV-NIPAm gel. It
should be noted that the feed for redox-NIPAm gel was 0.02
(CBIS ) 7 mM) for both types of gel. In the following discussion,
we therefore use thus evaluated values ofCcl, i.e., 5 mM for
redox-mono-AAc and redox-poly-AAc gels and 0.85 mM for
UV-poly-AAc gel.

Swelling Behavior.Figure 3 showsT dependence of swelling
behavior for the three types of gel, with the swelling curve of
redox-NIPAm as a reference. In general, NIPAm gels containing
AAc as copolymerized component have a higherTVPT and a
larger swelling degree than NIPAm homopolymer gels. This is
interpreted as resulting from hydrophilic effect of AAc units. It
should be noted that, although the three types of NIPAm/AAc
gel, i.e., redox-mono-AAc, UV-poly-AAc, and redox-poly-AAc
gels, have the same amount of AAc units, large differences in
swelling behavior andTVPT are found. The redox-mono-AAc
gel (closed circles) had the highestTVPT (≈42 °C) and swelling
degree belowTVPT (d/d0 ≈ 1.9 at 25°C). The UV-poly-AAc
gel (open circles) comes after withTVPT ≈ 37 °C, andd/d0 ≈
1.8 at 25°C. On the other hand, redox-poly-AAc gel (open
squares) showed the lowestTVPT (≈35 °C), which is similar to
redox-NIPAm gel (sharp), though the swelling degree below
TVPT (d/d0 ≈ 1.4 at 25°C) is somewhat higher than that of
redox-NIPAm gel. It should be noted here that the difference
between chemically entrapped (UV-poly-AAc) and physically
entrapped (redox-poly-AAc) gels is clear. It is known that the
pKa ) 5.6 for poly-AAc. Hence, a full ionization is attained at
pH 9. As a matter of fact, we reported pH dependence of the
swelling ratio for the PNIPAm/AAc gel, and full ionization was
attained at pH 7 and above.3

SANS.Figure 4 shows theT dependence of SANS profiles,
I(q), of each type of NIPAm/AAc (668 mM/32 mM) copolymer
gel. Parts a, b, and c of Figure 4 show the SANS results of the
gels corresponding to parts a, b, and c of Figure 1, respectively.
Here, the solid lines in the graphs denote theoretical fitting
curves described below. TheI(q)s in the figures can be
categorized according to three types of scattering function:
category I: S-shaped decreasing functions without scattering
peak observed exclusively belowTVPT; category II: one-peaked
functions observed aboveTVPT; category III: power law
functions with a slope close to-4 observed aboveTVPT.

Structures below TVPT. In Figure 4a,I(q)s for T < TVPT

(≈42 °C) were fairly simple decreasing functions, except for
small rising at the lowerq region. They were well fitted with a
modified squared Lorentz (SL) function:2,40

Here, the second term of the right-hand side of eq 16 is based
on the so-called Debye-Bueche function,41,42 andê denotes a
correlation length of concentration fluctuations in gel network.
IL(0) andISL(0) are the zero-q intensities corresponding to the
dynamic and static contributions toI(q). It should be noted that
the adoption of one correlation length in eq 16 is based on
statistical theory on polymer gels, in which the correlation length
corresponds to the Edwards screening length, i.e., the excluded-
volume effect.43 With this correlation length by introducing a
coupling constant, a correlation length related to static inho-
mogeneities should be described.40 The last term,Ie(0)q-3.6,
introduced by Horkay et al.44 describes the upturn at the low-q
region. This term is rather controversial, and its physical
implication has not been clarified yet. In Figure 4b,I(q)s for T
< TVPT (≈37 °C) are also decreasing functions, but the shapes
of the functions are very different from those of redox-mono-
AAc gel at T < TVPT. In particular,I(q)s of redox-poly-AAc
gel (Figure 4b) are convex-upward functions with respect toq
at q e 0.03 Å-1. Such functions no longer fitted with the SL
plot but rather the phenomenological Gauss-Lorentz (GL)
plot,45-48 which is given by

where the existence of randomly distributed static inhomoge-
neities with a characteristic mean size ofRg is assumed, as
shown by the second term of the right-hand side of eq 17.

In Figure 4c,I(q)s for T < TVPT (≈33 °C) can also fit with
eq 16. For all gels atT < TVPT, ê increases withT as shown in
Figure 5. Thisê behavior seems to be reasonable because the
concentration fluctuations become large when approaching
TVPT.45 Note thatê for redox-mono-AAc gel is the smallest and
that for UV-poly-AAc gel the largest of the three types of gel.
In redox-mono-AAc gel, weakly charged groups were dispersed
in monomer units, so the period of concentration fluctuations
is inherently small. In UV-poly-AAc gel, on the other hand,
the existence of large-scale inhomogeneities, which was proved
by Rg component in Figure 4b, affects the concentration
fluctuations. Here,Rg (shown with the right axis) changed from
ca. 120 to 135 Å, which may correspond to that of a random
coil with excluded volume for a poly-AAc chain. Unlike weakly
charged groups in redox-mono-AAc gel, poly-AAc’s in UV-
poly-AAc gel are localized in polymer units, leading to larger
concentration fluctuations.

Figure 3. T dependence of swelling behavior of three types of NIPAm/
AAc gel: # is for NIPAm homopolymer gels. TheTVPT is ca. 35°C
for redox-NIPAm and redox-poly-AAc gels, ca. 37°C for UV-poly-
AAc gels, and ca. 42°C for redox-mono-AAc gels.

I(q) )
IL(0)

1 + ê2q2
+

ISL(0)

(1 + ê2q2)2
+ Ie(0)q-3.6 (16)

I(q) )
IL(0)

1 + ê2q2
+ IG(0) exp( -

Rg
2q2

3 ) (17)
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Structures aboveTVPT. As shown in Figure 4a,b, a broad
peak appears inI(q)s atq ) 0.01-0.02 Å-1 for redox-mono-
AAc and redox-poly-AAc gels aboveTVPT (g45 °C), which
cannot be described by the SL equation (i.e., eq 16). For a
theoretical fitting with this broad peak, we employed Rabin-
Panyukov (RP) theory,26,49 assuming that the peak originated
from weakly charge-induced microphase separation in a poor
solvent. RP fittings were quite successful forI(q) at 49 °C
(Figure 4a) and forI(q) at 41 °C (Figure 4b). Table 1 shows
the fitting results. TheI(q) at 49°C for redox-mono-AAc gel
fitted with N ) 71, φ ()φ0) ) 0.1, f ()f0) ) 0.0457, andø )
0.79. On the other hand, theI(q) at 41 °C for UV-poly-AAc
gel was reproduced withN ) 417, φ ()φ0) ) 0.1, f ()f0) )
0.0184, andø ) 0.64. SinceN andφ ()φ0) are fixed according
to the gel preparation condition, the peak position difference
depends onf and ø. The f value of 0.0457 for redox-mono-
AAc gel corresponds to the feed ratio of AAc, i.e., 32/(668+
32). Full ionization of AAc in a gel can be assumed since AAc
concentration is low. However, the evaluated value ofφ was
0.0184 for UV-poly-AAc gel. This is much lower than the feed
ratio of AAc.

It is important to understand how the structural parameters,
includingf andø, affect gel microstructure in RP theory. Figure
6 shows the simulated structure factor,S(q)s, with respect to

(a) f ()f0), (b) φ, (c) ø, (d) cs (the salt concentration), and (e)
N. The parameters fixed in each figure were chosen according
to those of our fitting results, i.e.,f ()f0) ) 0.0457,φ ()φ0) )
0.1, ø ) 0.79, cs ) 0, andN ) 50. The thickS(q) function
curve in each figure is the reference curve obtained with the
“fitted” parameters.S(q) has a peak aroundq ) 0.01-0.02 Å-1,
corresponding to a long period of the microphase separation
()2π/q). The thick dotted lines in (a)-(e) shows trajectories
of peak position during a scan of one of the parameters, such
as f for (a), φ for (b), ø for (c), cs for (d), andN for (e). Two
important features can be drawn from this simulation. One is
that the peak ofS(q) becomes sharper with decreasingf or
increasingφ, ø, cs, andN, indicating that the gel is in a poor
solvent. Then, by crossing a critical value of the parameter, a
macroscopic phase separation occurs. Another feature is that
the peak position,qpeak, shifted to a smallerq with increasingf
for (a) or cs for (d) or decreasingφ for (b) or ø for (c). This
fact clearly indicates that iff does not change on the grounds
that our gel samples have the same amount of ionizable AAc
monomer units, the peak shift to a smallerq results from
decreasingφ or ø or increasingcs. However, in our experiment,
φ is constant (φ ) φ0 ) 0.1) andcs is zero. Just a simple
decrease inø leads to disappearance of the peak itself. Therefore,
the fitting result in Figure 4b definitely indicates a decrease in
f from 0.0457 to 0.0184 despite the same AAc ratio. This may
be due to the “ion condensation effect”, as discussed later.

Figure 7 shows a diagram of the ionic atmosphere in (a)
redox-mono-AAc and (b) UV-poly-AAc gels. The ellipses with
minus sign and circles with plus sign describe AAc monomer
units and counterions, respectively. The toned circles around
the ellipses, solid curves, and closed circles are the Debye
screening radius, NIPAm polymer chains, and cross-linking
points, respectively. In Figure 7a, 32 mM AAc monomer units
are randomly distributed and are fully ionized. Therefore, the
degree of ionization,f, is accurately calculated to be 0.0457
()32/700), as supported by SANS analysis. In addition, the
Debye screening length,k-1, is estimated by the following
equation:3

wherelB, a, φs,i, a, andφ are the Bjerrum length, the NIPAm
monomer length, the fraction of salt of kindi having the valency
zi, the degree of ionization, and the polymer volume fraction,

Figure 4. T dependence of SANS profiles,I(q), for each type of gel network consisting of NIPAm and AAc. Solid lines show theoretical fitting
curves.

Figure 5. T dependence ofê andRg for three types of NIPAm/AAc
gels.

Table 1. Comparison of SANS Fitting Parameters between
Redox-mono-AAc (at 49°C) and UV-poly-AAc Gels (at 41°C)

T (°C) N (Ccl/mM) f ()f0) φ ()φ0) ø

redox-mono-AAc 49 71 (5) 0.0457 0.1 0.79
UV-poly-AAc 41 417 (0.85) 0.0184 0.1 0.64

κ
2 )

4πlB

a3
∑

i

(ziφs,i + Rφ) (18)
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respectively. In this case,k-1 is estimated to be 36.5 Å, as shown
in Figure 7. On the other hand, in the case of UV-poly-AAc
gel, the AAc monomer units are tied together side by side to
form a polymer chain, as shown in Figure 7b. Here, the
electrostatic attraction of counterions to polymer dominates over
the entropic gain due to dispersion of the counterions. Therefore,
the counterions remain within a short distance of the polymer,
leading to neutralization of ionized AAc units.50-55 As a result,
the effective degree of ionization of the UV-poly-AAc gel is
much smaller than that of the redox-mono-AAc gel, resulting
in a smaller swelling and a lowerTVPT, as shown in Figure 2.

The slope ofI(q) atT > TVPT in Figure 4c is ca.-4, indicating
a macroscopic phase separation. Though charged AAc polymers
are present in the gel network, this phenomenon was the same
as that observed for NIPAm homopolymer gels. Indeed,TVPT

of redox-poly-AAc gel was the same as that of NIPAm
homopolymer gel, as shown in Figure 2. This indicates that
charged polymers unbound to a gel network do not affect the
swelling properties of the gel.

The fact that UV-poly-AAc gel shows strong counterion
condensation in a gel network suggests the feasibility of
controlling gel microstructure. So far, once weakly charged gel
is polymerized with a certain composition, the gel microstructure
has been described on the basis of parameters (T, cs, solvent,f,
φ, etc.) averaged over the whole gel. But, the results disclosed
in this study indicate that the gel microstructure can be tuned
by playing with the configuration of ionizable monomer units,
even if the whole network composition is set to be the same.

Conclusion

Swelling and SANS measurements were carried out on
partially ionized temperature-sensitive polymer gels, poly-
(NIPAm-AAc). It was found that different gel microstructures
can be formed by designing different spatial configurations of
ionizable groups in polymer gels. UV-induced NIPAm/poly-
AAc (UV-poly-AAc) copolymer gel having localized arrange-
ment of charged groups undergoes microphase separation with
a longer period than that of NIPAm-AAc copolymer gel
produced by redox method (redox-mono-AAc). The latter has
a random distribution of charged groups in monomer unit order,
resulting in a higher effective degree of ionization than UV-
poly-AAc gel due to the ion condensation along the poly-AAc
chains. The counterion condensation also results in lowering
the gel volume transition temperature of the UV-poly-AAc gel.
Indeed, the theoretical analyses with the RP theory disclosed
the following: redox-mono-AAc gel does not form the micro-
structure with the long period similar to UV-poly-AAc gel atT

Figure 6. Simulated structure factor,S(q), with RP theory: Each graph shows dependence on (a)f, (b) φ, (c) ø, (d) cs, and (e)N. Thick dotted line
in each graph from (a) to (e) shows the trajectory of peak position during the parameters change.

Figure 7. Diagram of the ionic atmosphere in (a) redox-mono-AAc
and (b) UV-poly-AAc gels: The ellipses with minus sign and circles
with plus sign describe AAc monomer units and counterions, respec-
tively. The toned circles around the ellipses, solid curves, and closed
circles are the Debye radius, NIPAm polymer, and cross-linking points,
respectively.
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> TVPT,, unless the degree of ionization is lowered from 0.0457
to 0.0184. On the other hand, in redox-poly-AAc gel, poly-
AAc is not bound to but physically entrapped into a gel network.
Therefore, its presence does not affect the gel structure at the
macroscopic and microscopic levels. That is, the redox-poly-
AAc gel has almost the same swelling behavior and micro-
structure as the NIPAm homopolymer gel. These findings
demonstrate that the charge configuration in a weakly charged
polymer gel can be tuned, and it plays a significant role in the
swelling properties and in microscopic structures. In particular,
a significant counterion condensation effect is observed when
fully charged polymer chains are copolymerized with non-
charged monomer. This may open ways to develop new types
of gels having novel properties related to the localized charges
in a network, such as gels having rapid shrinking capability
and high transparency.
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