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Abstract

The gel-size dependence of microphase separation in weakly-charged gels of N-isopropylacrylamide (NIPA) and 1-vinylimidazole (VI)
copolymers has been investigated using swelling measurement, small-angle neutron scattering (SANS), and dynamic and static light scattering
(DLS/SLS). It is known that weakly-charged polymer gels undergo microphase separation in a poor solvent as a result of competing interactions
involving hydrophobic attraction versus electrostatic repulsion. The microphase separation is characterized by a scattering maximum in SANS
intensity functions of which Bragg spacing, L, is around 20e30 nm. However, when gel size was reduced to the order of L, no microphase
separation was observed. Instead, a typical scattering of isolated spherical particles was clearly observed. On the basis of the experimental
evidence, we conclude that microphase separation has its own wavelength independent of gel size, and nanometer-order gels, i.e., nanogels,
do not undergo microphase separation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

N-isopropylacrylamide (NIPA) gels and their ionized deriv-
atives are known to undergo volume phase transition [1e14].
A temperature-induced volume phase transition at TNIPA

(z34 �C) was first reported for a NIPA homopolymer gel by
Hirokawa and Tanaka in 1984 [6]. They suggested that the dis-
creteness of the transition was due to the stiffness of the poly-
mer network chains. Tanaka and his coworkers also reported
that introducing ionizable groups in the polymer network in-
creased osmotic pressure and expanded the network, resulting
in a discontinuous volume transition with a larger volume
change of about tens to hundreds times [9,15e18]. Just before
the volume phase transition, the ionized NIPA copolymer gels
go through an interesting state which is called the microphase
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separation, where a swollen phase (ionized hydrophilic parts)
and a shrunken phase (hydrophobic parts) coexist microscopi-
cally in a gel. Starting with Schosseler’s work for partially
neutralized poly(acrylic acid) gels [19], many experimental
demonstrations [3,4,10,13,14] and theoretical explanations
[20e24] have clarified the physical origin of the microphase
separation and its parameter dependence. Especially pertaining
to NIPA/acrylic acid copolymer gels, Shibayama et al. showed
the existence of microphase separation in gels using small-
angle neutron scattering (SANS) [10,16,25,26]. The SANS
profiles showed a broad but clear peak at around 0.02 Å�1 of
scattering vector, q, for temperatures T> TNIPA. The peak po-
sition, qm, was slightly dependent on the amount of ionized
groups, the degree of dissociation, and the ionic strength. The
q value at ca. 0.02 Å�1 corresponds to a characteristic length of
20e30 nm for microphase separation. Schosseler et al. [14,27]
and Shibayama et al. [16,25] analyzed SANS intensity func-
tions of weakly-charged polymer gels by fitting with theoretical
functions proposed by BorueeErukhimovich (BE) [28] and
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clarified the dependence of the structure factor on the degree of
ionization, temperature, and salt concentration. However, since
BE theory was originally developed for weakly-charged poly-
mer solution in a poor solvent, the effects of cross-linking den-
sity and/or swelling were not included in the theory. Recently,
Rabin and Panyukov (RP) theorized comprehensively the
microphase separation in weakly-charged polymer gels in a poor
solvent [23,29]. RP theory takes account of the conditions of
both preparation and observation and solely describes the
contribution of frozen concentration fluctuations, i.e., inhomo-
geneities. Using RP theory, Shibayama and coworkers quanti-
tatively analyzed microphase separation and inhomogeneities
of the gels [26,30e32].

However, most of these experiments and analyses on vol-
ume phase transition and microphase separation have been
carried out on polymer gels having a gel size much larger than
the characteristic size of microphase separation, L. Further-
more, a small sum of researches of very small microgel parti-
cles had not paid attention to the relationship between volume
phase separation and microphase separation [33e35]. The
purpose of this study is to understand whether microphase sep-
aration depends on the size of the gel and what happens when
its size was of the same order as L? We investigated gel-size
dependence of microphase separation in weakly-charged poly-
mer gels using swelling measurement, dynamic/static light
scattering (DLS/SLS), and SANS. We prepared two types of
gels, i.e., (a) bulk gels whose size was higher than mm-order
and (b) nanometer-order gel particles, nanogels, and we com-
pared the swelling behavior and SANS profiles of the two
types of gels.

2. Theory

Here, we briefly describe the theoretical background of
microphase separation of weakly-charged gels with the
RabinePanyukov theory (RP theory) [23]. RP theory properly
describes the frozen inhomogeneities in addition to two oppo-
site interactions, i.e., electrostatic (repulsive) and hydrophobic
(attractive), on the basis of a mean-field theory of polymer gels
[23,29,36]. The theoretical structural factor, S(q), consists of
two contributions, one from static inhomogeneities, C(q), and
the other one from thermal concentration fluctuations, G(q),
where q is the scattering vector. Both C(q) and G(q) are built
up with well-defined parameters, i.e., the cross-linking density,
CD, the polymer volume fraction (polymer concentration), f,
the degree of ionization, f, and temperature, T (or the Flory
interaction parameter, c). Here, we define CD as CD¼
[2Ccrosslinker/(Cpolymerþ 2Ccrosslinker)]. Using two sets of pa-
rameters, i.e., those at sample preparation time, f0, f0, c0, in
addition to those at observation time, f, f, c, S(q) is given by
Eqs. (1)e(3):

SðqÞ ¼ GðqÞ þCðqÞ ð1Þ

GðqÞ ¼ fNgðqÞ
1þwðqÞgðqÞ ð2Þ
CðqÞ ¼ fN
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where the subscript 0 means the parameter value at sample
preparation time, and a, N, and w(q) indicate the segment
length (8.12 Å for NIPA polymer chains [16,37]), the average
degree of polymerization between crosslinks (N w 1/CD), and
the effective second virial coefficient, respectively. Q (¼aN1/2q)
is the dimensionless wave vector. The function g(q) is given by
Eq. (4):
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The functions of w(q) and w0(q) are expressed by Eqs. (5)
and (6), respectively:

wðqÞ ¼ ð1� 2cþfÞfNþ lBf 2fN2

Q2 þ lBf fN
ð5Þ
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lB is the dimensionless Bjerrum length given by lB¼ 4pLB/a,
where LB is the Bjerrum length fixed as 7 Å for aqueous solu-
tions at 25 �C.

3. Experimental section

3.1. Materials

Weakly-charged nanogels were prepared by heat-induced
copolymerization of NIPA, 1-vinylimidazole (VI) (see Fig. 1),
and N,N0-methylenebisacrylamide (BIS) (crosslinker) using
ammonium persulfate (APS) (initiator) and sodium dodecyl-
benzenesulfonate (SDS) (surfactant) [38]. The molar ratio of
those components is NIPA/VI/BIS/APS¼ 360/40/4/4.4 (mM).
Degree of ionization is estimated to be 0.1 for full ionization.
Nanogels with various sizes were prepared by copolymeriza-
tion of a 200 mL of aqueous solution containing 400 mM of
the monomer and 1 wt% of BIS in a 300 mL round-bottom
flask for 4 h at 60 �C with stirring under N2 atmosphere.
The size of nanogels was tuned with the SDS concentration
and the stirring rate. After polymerization, residual monomers
and SDS were removed by dialyzing the polymer for a week

Fig. 1. Chemical structures of N-isopropylacrylamide (NIPA) and 1-vinylimi-

dazole (VI).
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with 0.1 N HCl and ionized water. After dialysis, the hydrody-
namic radii of the nanogel, Rh, were measured by dynamic
light scattering as described below. For SANS, the nanogels
were dried and then immersed in pure D2O and pH-controlled
D2O. Finally, Rh values of prepared nanogels were 309 nm,
164 nm, 79.2 nm, and 57.2 nm at pH 7 and 340 nm, 290 nm,
140 nm, and 80 nm at pH 3. On the other hand, the bulk gels
for SANS were prepared in an 8 mm f test tube with the same
compositions without SDS. The gels were then sieved with a
500 mm filter, washed with a large amount of water, and dried.
Then, the dried gels were swollen with D2O until reaching
their equilibrium state. For swelling measurements of bulk
gels, cylindrical gels were prepared in 10 mL micropipettes.

3.2. Swelling measurement

The diameter of the cylindrical gels was measured under an
inverted microscope coupled with a charge capacity device
(CCD) camera. During the measurements, the gels were im-
mersed in a water-filled quartz cell under controlled tempera-
ture within �0.1 �C.

3.3. DLS/SLS

Dynamic and static light scattering (DLS/SLS) experiments
were carried out on a DLS/SLS-5000 (ALV, Co Ltd.) with a
22 mW HeeNe laser (wavelength, l¼ 632.8 nm). Aqueous
solutions containing 0.1% of nanogel were adjusted and were
put into the test tube (inner diameter, d¼ 8 mm), which was
placed in a temperature-controlled decalin bath within an error
of �0.1 �C. In DLS, by monitoring the change of scattered in-
tensity in kHz units for 30 s at a scattering angle of 90�, we
obtained a time-averaged intensity correlation function (ICF)
and the time-averaged scattered intensity, hIiT. ICF is defined
by Eq. (7):

gð2ÞðtÞ� 1¼ hIðtÞIðtÞiT
hIðtÞi2T

� 1¼

2
4ZN

0

GðGÞexpð�GtÞdG

3
5

2

ð7Þ

where t is time and t time lag. h iT denotes time averaging. G

is the characteristic decay rate. If translation diffusive behavior
was assumed, G would be related to the cooperative diffusion
coefficient, D with G¼Dq2. G(G) is the distribution function
of G. The hydrodynamic radius, Rh, of the nanogel was ob-
tained with the following equation:

Rh ¼
kT

6phD
ð8Þ

where kT denotes Boltzmann energy and h solvent viscosity. D
was calculated from G at the point where G(G) was maximum.
The measurements were conducted at temperatures from 20 �C
to 70 �C. Here, each measurement was taken after keeping the
samples at the desired temperatures for more than 15 min for
thermal equilibration.

SLS measurements were carried out at the same set-up as
DLS. The radius of gyration, Rg, was determined by measuring
the excess Rayleigh ratio, Rex(q), at 30�e150� in 5� steps on
the basis of Eq. (9) [39]:
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where Mw is the weight averaged molecular weight, C the
polymer concentration, and A2 Avogadro’s constant. K is the
optical constant defined by 4p2n2

0ðvn=vCÞ2=ðl4
0NAÞwith n0,

n, and l0 being the solvent refractive index, the solution re-
fractive index, and wavelength of light in vacuo.

3.4. SANS

Small-angle neutron scattering (SANS) experiments were
carried out at a two-dimensional SANS spectrometer (SANS-U)
of Institute for Solid State Physics, University of Tokyo, located
at Tokai, Japan. The SANS intensity functions were collected at
room temperature for 1.5 h and 8 h, respectively, at 2 m and 8 m
sample-to-detector distance. Gel samples of 1 wt% in quartz
cells with 4-mm optical path were irradiated with a neutron beam
having a wavelength of 7.0 Å. The wavelength distribution of
the incident neutron beam, Wl(l), is known to be Wl(l)¼ 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 vana-
dium. The solvent correction for scattered intensity was made
using Eq. (10):

I
�
q
�
¼ Isample

�
q
�
�
�
1�fp

�
ID2O

�
q
�
� IincohðqÞ ð10Þ

where Ik(q) denotes the observed scattered intensity in abso-
lute scale of the kind k (¼sample, D2O, and the incoherent
scattering of the NIPA monomer solution) and fp is the vol-
ume fraction of the polymer.

4. Results and discussion

4.1. Swelling behavior of NIPA/VI gels

Fig. 2 shows the temperature dependence of the swelling
behavior of NIPA/VI copolymer gels, (a) bulk gels at pH 3
and 7, (b) nanogels at pH 7, and (c) nanogels at pH 3. Note
that NIPA/VI copolymer gels are fully ionized at pH 3. As
shown in the Fig. 2a, the NIPA homopolymer bulk gel un-
dergoes a volume phase transition at ca. 34 �C (zTNIPA). On
the other hand, introduction of charges, i.e., NIPA gels to
NIPA/VI gels, leads to an increase in transition temperature
toward a higher temperature (see for example, ca. 50 �C at pH
7). This is due to the electrostatic interaction between the
weakly-charged VI groups in the NIPA/VI gels. This transition
occurred very sharply at the volume phase transition tempera-
ture, TNV (TNV> TNIPA) and the volume change was about 30
fold the initial volume. This type of transition has been recog-
nized as one of the characteristic features of weakly-charged
polymer gels. A decrease in pH (pH 3) results in no volume
change in the temperature range of 20e70 �C. The reason
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is that the weakly-charged VI groups are yet too strongly
charged at this pH to undergo a volume phase transition in this
temperature range. On the other hand, as shown in Fig. 2b, the
microphase separation seems to depend on the size of nano-
gels. The nanogels at pH 7 with Rh of 309 nm and 164 nm
at 20 �C also showed volume phase transition at around 50 �C

Fig. 2. Temperature dependence of gel sizes for NIPA/VI gels: (a) bulk gels at

pH 3 and 7, (b) nanogels at pH 7, and (c) nanogels at pH 3. For bulk gels, the

diameter of cylindrical gel, dbulk, was measured. For nanogels, the hydrody-

namic radius, Rh, of the particles was measured by DLS. Thick arrows show

the volume phase transition temperature; TNIPA z 34 �C for NIPA homogel

at pH 7 and TNV z 50 �C for NIPA/VI gel at pH 7.
(zTNV) just like bulk gels at pH 7. However, nanogels at pH 7
with Rh of 79.2 nm and 57.2 nm at 20 �C did not undergo vol-
ume phase transition. In Fig. 2c, nanogels at pH 3 with four
different Rhs at 20 �C gradually shrank with T, without accom-
panying any discrete volume transition, probably due to the
same reason as the bulk gel at pH 3 in Fig. 2a.

4.2. Dynamic and static light scattering

By applying a simple method of Burchard et al. [40,41], the
structure of NIPA/VI nanogels was evaluated. Fig. 3 shows
temperature dependence of Rg/Rh of NIPA/VI nanogels with
Rh (at 20 �C)¼ 164 nm and 79.2 nm at pH 7. The former cor-
responds to nanogels that undergo volume phase transition at
TNV, and indeed the Rg/Rh increased dramatically near TNV

from ca. 0.4 to 0.9 with temperature. This indicated that the
NIPA/VI nanogels prepared with Rh¼ 164 nm would have a
kind of inhomogeneous coreeshell type gel structure below
TNV and change to a hard sphere by shrinking of shell parts,
because the Rg/Rh value close to 0.775 is predicted for mono-
dispersed hard sphere of constant density [34,40e42]. On the
other hand, the NIPA/VI nanogels with Rh¼ 79.2 nm, which
corresponds to nanogels that did not undergo volume phase
transition, showed a gradual increase of Rg/Rh from ca. 0.7 to
0.9, indicating that the nanogels had a relatively homogeneous
gel structure and the non-transition behavior was not related to
an imperfect network structure.

4.3. Small-angle neutron scattering

To evaluate NIPA/VI nanogel structure in a wider q range,
SANS measurements were carried out. For NIPA/acrylic acid
(AAc) (¼668 mM/32 mM) bulk gels in the previous study
[4,16], the microphase separation was readily observed near
and beyond the transition temperature. However, in this
NIPA/VI (¼360 mM/40 mM) bulk gels at pH 7, microphase

Fig. 3. Temperature dependence of the ratio of Rg/Rh at pH 7 for nanogels with

Rh (at 20 �C)¼ 79.2 nm and 164 nm, where Rg is the radius of gyration

obtained by SLS and Rh the hydrodynamic radius obtained by DLS.
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separation was observed only at narrow temperature range
around 50 �C, following macrophase separation beyond the
temperature range. On the other hand, at pH 3, the volume
phase transition did not occur because of the strongly charged
effect, but microphase separation was observed clearly even at
75 �C as will be reported in Section 4.4. Therefore, we com-
pared microstructure of bulk gel with that of nanogels at pH
3. Fig. 4 shows SANS profiles of NIPA/VI bulk gel and the
nanogels (Rh¼ 140 nm at 20 �C) at pH 3 at (a) 20 �C and (b)
75 �C. Fig. 4a shows the SANS profiles of the bulk gel and
nanogels at 20 �C. As shown in the figure, the two I(q)s are
very different in the shape. At 75 �C (Fig. 4b), the difference
in the shapes of I(q)s becomes even larger. I(q) of the bulk gel
has a broad shoulder at q¼ 0.02e0.04 Å�1, which is similar to
the scattering profile observed with NIPA/AAc copolymer gel
systems [16,25], indicating the existence of microphase separa-
tion with a characteristic length of a few hundreds of Å. On the
other hand, the nanogel has characteristic shoulders in I(q)s at
q z 0.006 Å�1 (20 �C) and at q z 0.01 Å�1 (75 �C).

Fig. 5 shows the SANS functions of NIPA/VI nanogels at pH
3 obtained at various temperatures. It is clearly seen that I(q)

Fig. 4. SANS profiles of NIPA/VI gels, i.e., a bulk gel and nanogels, at (a)

20 �C and (b) 75 �C at pH 3.
increases and the shoulder shifts toward a higher q with increas-
ing T. In addition, the slope of I(q) at higher q (�0.03 Å�1)
becomes steeper at T� 33 �C. These behaviors were found to
be thermo-reversible. In the following section, we try a curve
fitting with theoretical scattering functions in order to analyze
these scattering profiles.

4.4. SANS analyses of nanogels

Fig. 6 shows the SANS profiles of nanogels (pH 3) at 20 �C
and 75 �C and the fitting lines (the thick solid lines). At first,
both scattering functions at 20 �C and 75 �C are leveled off
when q tends toward zero. Because nanogel concentration was
1 wt% and was low enough to be dispersed in the solution, the
scattering was solely due to particle scattering and no additional
scattering from inter-particle interference was expected. As a
matter of fact, the scattering profile at 75 �C were fitted only
with an isolated-particle-scattering Eq. (11) as follows [43]:

IðqÞwdS

dU
ðqÞ ¼ w

dp

�
rb;p� rb;s

�2

�
RR

WR

�
R
�
Wl

�
l
�
V
�
R
�
F2
�
qR
�
dRdlRR

WRðRÞWlVðRÞdRdl
ð11Þ

where w, dp, rb,p, rb,s, and V(R) are the polymer weight frac-
tion, the polymer density, the scattering densities of polymer
and solvent, and the volume of the sphere, respectively. The

Fig. 5. Temperature dependence of SANS profiles of NIPA/VI nanogels at

pH 3.
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isolated scattering factor of particle, F(qR) is expressed by
Eq. (12):

FðqRÞ ¼ 3½sinðqRÞ � qR cosðqRÞ�
ðqRÞ3

ð12Þ

The distribution of the particle radius, WR(R), and the
neutron wavelength, Wl(l), was estimated from Eqs. (13)
and (14), respectively.

WRðRÞwexp

"
� ðR�RÞ2

2s2
R

#
ð13Þ

WlðlÞwexp

"
� ðl� lÞ2

2s2
l

#
ð14Þ

where R, l, sR, and sl denote the averaged R, l and the stan-
dard deviations of R and l, respectively. The particle size and
the size distribution at 75 �C were estimated to be 24 nm and
WR(R)¼ 0.17 with Wl(l)¼ 0.1. Furthermore, the profile at the
higher q range showed a slope of �4, meaning that the system
is a two phase system with a sharp boundary. The fact that I(q)
can be fitted only with the isolated-particle-scattering function
indicates that microphase separation observed in bulk gels
did not occur in nanogels. Fernandez-Barbero et al. analyzed
SANS profiles of nanogels by using a combination of fractal
equations and concluded that the nanogel structure could be
recognized by a hard coreeshell model with clear surfaces
[35]. However, the SANS profiles seem to have a broad size
distribution and nanogel size larger than ours resulting in the
appearance of fractal nature.

Fig. 6. Curve fitting results for nanogels at 20 �C and 75 �C at pH 3. Open

circles and open squares show data points at 20 �C and 75 �C, respectively.

Thick solid lines are theoretical fitting curves. Thin solid line corresponds to

an isolated mono-sized particle scattering function.
On the other hand, the SANS profile at 20 �C can be fitted
with an isolated-particle-scattering function at lower q range.
From the fitting at lower q, the particle size at 20 �C was esti-
mated to be 35 nm with WR(R)¼ 0.3, meaning that the nano-
gels swelled at 20 �C with a ratio of about 1.5. At higher q
range, corresponding to the spatial range of a swollen gel with
an ambiguous surface, the SANS probably catches information
inside the nanogels. The slope of �5/3 at higher q range may
indicate a random coil-type structure in a good solvent inside a
nanogel particle.

4.5. SANS analyses of bulk gels

Fig. 7 shows SANS profiles of bulk gels at 20 �C and 75 �C.
The thick solid lines are theoretical functions. It is noteworthy
that the shapes of I(q)s of bulk gel at 75 �C and 20 �C are very
different from those of nanogel, particularly in the lower q
region. The I(q) of bulk gel exhibits a straight upturn when q
tends toward zero, while that of nanogel has a broad shoulder.
At 20 �C, the I(q) of bulk gel at the high q range fits well with
the OrnsteineZernike (OZ) equation, which expresses a solu-
tion-like concentration fluctuations. The fitting equation is
given by Eq. (15) [44]:

IðqÞ ¼ Ið0Þ
1þ x2q2

ð15Þ

where x denotes a correlation length of the concentration fluc-
tuations. In this case, the value of x was estimated to be 24 Å.
The steep increase in scattered intensity at lower q range prob-
ably results from large-scale structural inhomogeneities in the
gel network formed at the preparation stage, which has been

Fig. 7. Theoretical fitting results for bulk gels at 20 �C and 75 �C at pH 3.

Open circles and open squares show data points at 20 �C and 75 �C, respec-

tively. Thick solid lines are theoretical fitting curves.
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discussed in many papers [35,45e49]. At 75 �C, on the other
hand, the q dependence of SANS profile at high q range could
not be expressed by the OZ equation, where a clear shoulder
(or broad peak) appeared. Appearance of such broad peak is
observed for charged polymer system in a poor solvent. In par-
tially-ionized NIPA gels, it is well known that the I(q) in
a poor solvent has a distinct scattering maximum as a result
of microphase separation, though I(q) in a good solvent is sim-
ilar to that of non-charged polymer gels expressed by OZ
equation. In order to carry out curve fitting, we used the Ra-
binePanyukov (RP) theory [23], assuming that the shoulder
originates from weakly-charge-induced microphase separation
in poor solvent conditions. As shown in the figure, a fitting re-
sult with c¼ 0.89 and N¼ 51 looks quite satisfactory, where
we used the following parameters: the polymer volume frac-
tion, f¼ f0¼ 0.04, and the degree of ionization, f¼ f0¼
0.090. These values are reasonable even in comparison with
the experimental ones, i.e., f0¼ 0.04 (the total concentration
of NIPA and NV was 400 mM) and f0¼ 0.1 for full ionization.
The broad shoulder appeared at the high T is assigned to a peak
originating from microphase separation as is well known for
weakly-charged polymer gels in poor solvent.

4.6. Interpretation of microphase separation

In this section, we discuss the gel-size dependence of the
microphase separation. Fig. 8 is an illustration showing the re-
lationship between microphase separation and the size of gel,
i.e., bulk gel (upper) versus nanogel (lower). A bulk gel having
the size dbulk is homogeneous at a temperature below the tran-
sition (Fig. 8a). However, by increasing T, strong concentration
fluctuations appear due to competition between hydrophobic
and electrostatic interactions. This leads to a microphase sepa-
ration with the wavelength of the concentration fluctuations, L,

Fig. 8. Illustration of the relationship between microphase separation and the

gel size of a bulk gel (upper) and a nanogel (lower); (a) and (b) show a bulk gel

having the size of dbulk and the temperature-induced microphase separation

with the wavelength of the concentration fluctuations of L, respectively. (c)

and (d) show nanogel with a diameter of dnanogel, where dnanogel is close to

L. The graphs under the figures show the density (r) fluctuations.
as schematically depicted in Fig. 8b. The graphs under the fig-
ures show the density fluctuation with position r, r(r). On the
other hand, a nanogel with the same order of L shrinks without
undergoing microphase separation with increasing T. This
phenomenon is explained as follows: the wavelength of the
concentration fluctuations is a function of the degree of ioniza-
tion, f, and the c parameter, etc., as discussed with RP theory,
but it is expected to be independent of gel size. Since the gel
size of a bulk gel, dbulk, is much larger than L, the gel has
enough space for microphase separation to occur. However,
when gel size is of the order of L, concentration fluctuations
generated by the competition of hydrophobic and electrostatic
interactions are deteriorated by wave-propagation through the
gel surface. As a result, the effect of particle surface is not to
be neglected in the case of nanogels with a few tens of nanome-
ter size. Surface tension may also suppress microphase separa-
tion. Hence, as shown in Fig. 8d, a nanogel with a diameter of
dnanogel (close to L) does not undergo a microphase separation
when it shrinks with T. That is, even if the temperature is close
to that of volume transition, the SANS profile never shows a
microphase separation peak but is described only by the iso-
lated-particle-scattering. Meanwhile, the small volume of the
nanogel may make it easier for water to enter and exit from the
gel network, leading to a quick release of concentration fluctu-
ations of the wavelength of L. In other words, strong concen-
tration fluctuations created by the antagonistic interactions of
the hydrophobic contraction and Donnan potential repulsion
is released by the presence of the gel surface. This may indicate
the importance of the gel surface for designing gel microstruc-
ture and the kinetic response of swelling/shrinking.

5. Conclusions

We investigated the gel-size dependence of microphase
separation by using temperature-dependent swelling behavior
measurement, dynamic/static light scattering, and small-angle
neutron scattering. In DLS/SLS measurements at pH 7, the
swelling behavior depended on nanogel size, i.e., nanogels
with Rh larger than 164 nm showed volume phase transition,
just as the bulk gels. On the other hand, those smaller than
79.2 nm did not undergo volume transition. At pH 3, both the
bulk gel and the nanogels showed a similar swelling behavior,
i.e., both gels gradually shrank with T. However, the SANS
profiles at pH 3 were completely different, particularly near
the transition temperature. In the case of bulk gel, the SANS
profiles showed a broad peak at higher T, and were well repre-
sented by the RabinePanyukov theory. The long spacing of
phase separation was estimated to be a few tens of nanometers.
On the other hand, in the case of nanogel whose size was in the
range of a few tens of nanometers, the SANS profiles were re-
produced only by isolated-particle scattering function, indicat-
ing the absence of microphase separation. These differences
are interpreted through the existence or absence of necessary
length scale to form microphase separation, i.e., bulk gels have
scale large enough to produce microphase separated structure
with the size of a few tens of nanometers, but nanogels do not.
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