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ABSTRACT: Spatial inhomogeneities of poly(N-isopropylacrylamide-co-acrylic acid) (NIPA/AAc) gels were
investigated by dynamic light scattering as a function of AAc comonomer concentration and temperature.
The results showed the following: (1) The ensemble average scattered intensity, 〈I〉E, decreased with
increasing AAc comonomer concentration and increased with temperature. (2) Dynamic fluctuations
increased with temperature and diverged at the transition temperature, Tc. (3) Above the Θ temperature
of NIPA homopolymer in an aqueous solution, the intensity-intensity time correlation function did not
fit a single-exponential function, but fit a double exponential or a stretched exponential, indicating a
heterogeneous structure, i.e., polymer-rich and polymer-poor phases at temperatures above Θ.

Introduction

Poly(N-isopropylacrylamide) (PNIPA) is a model sys-
tem for studying hydrophobic interactions. As exten-
sively reviewed by Shild,1 the number of studies of
PNIPA has increased sharply in recent years. PNIPA
undergoes a coil-to-globule transition around 32 °C. In
the case of the PNIPA gel, a volume phase transition
takes place on increasing the temperature around 33.8
°C (≈Θ).2 Though this transition is continuous, the
transition becomes discontinuous in gels containing a
small amount of a chargeable comonomer, e.g., acrylic
acid (AAc).3 The discrete transition observed in poly-
(NIPA/AAc) gels is explained with conventional theories
on gel swelling, in which the Donnan potential (or free
energy of the counterions) leads to swelling and the
elastic energy of the network chains keeps a finite size
of the gel with the aid of the mixing energy of the
network with the solvent.
The microscopic views of the volume transition have

been extensively studied by various methods, including
dynamic light scattering,4 NMR,5 small-angle neutron
scattering (SANS),6-8 fluorescence spectroscopy,9 and
infrared absorption spectroscopy.11 Shibayama et al.
reported that a microphase separation takes place in a
weakly charged poly(NIPA/AAc) gel before a macro-
scopic discrete volume phase transition takes place
during heating.7,8 This observation is consistent with
the prediction by Borue and Erukhimovich, of a mi-
crophase-separated structure in polyelectrolyte solutions
in a poor solvent.11 SANS studies were used to inves-
tigate the pH and salt concentration dependence of the
microscopic structures of NIPA/AAc gels.12 Thermal
analysis also proved the existence of the microphase
separation at a lower temperature than the macroscopic
volume transition temperature.13

On the basis of these recent developments of the
understanding of the relation between the hydrophobic
interactions and microscopic structures of NIPA/AAc
gels, we report here the dynamic aspects of NIPA/AAc
copolymer gels by dynamic light scattering (DLS). DLS
is a useful tool to investigate the nature of gels which
consist of dynamic fluctuations superimposed on the
static inhomogeneities inherent in the network. The

objectives of this paper are to investigate the comonomer
(AAc) concentration and temperature dependence of the
structure and heterogeneity parameters, such as the
correlation length, ê, and the scattered intensities of the
dynamic and static parts.

Experimental Section
Samples. Prescribed amounts of recrystallized N-isoprop-

ylacrylamide (NIPA) (Kohjin Chemical Co. Ltd.) and acrylic
acid (AAc) (Wako Chemical Co.) were dissolved in deionized
water. The total concentration of NIPA and AAc was kept
constant (700 mM), while the AAc monomer concentration was
varied from 0 to 4, 8, 12, 16, and 32 mM. N,N′-Methylenebis-
acrylamide (BIS) (8.6 mM) and ammonium persulfate (APS)
(1.88 mM) were added to the solutions, this pregel solution
was degassed, and polymerization was initiated in a 10-mm-
diameter test tube by N,N,N′,N′-tetramethylethylenediamine
(TEMED) (32 mM) at 20 °C for 20 h. Thus gel samples were
used for DLS experiments without further treatment. Table
1 shows the sample codes and their compositions.
Dynamic Light Scattering. Dynamic light scattering

experiments used a DLS instrument, consisting of a 5 mW
He-Ne laser and laboratory-made optics. The sample tube
was immersed in a refractive-index-matched silicone bath,
thermostated within (0.1 °C. When temperature was varied,
10 days was allowed for gel equilibration. The photon cor-
relation was taken with a DLS-7 correlator (equivalent to a
DLS-7000, Otsuka Electric Co.). The channel number of the
time axis was 1024 and the so-called time interval photon
correlation mode was employed. Sampling times of 1, 4, 8,
and 20 µs were chosen, according to the relaxation rate of the
gel. The correlation curve was accumulated 100 times to
eliminate noise, followed by data acquisition at different
sample positions by rotating the sample tube either 50 or 100
times for ensemble averaging. The scattering angle was fixed
at 60°.

Theoretical Background
For an ergodic medium, the intensity-intensity time

correlation function, CT(q,τ), is given by
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Table 1. Sample Codes and Compositions

concentrations at preparation

code AAc (mM) NIPA (mM)

0 mM 0 700
4 mM 4 696
8 mM 8 692
12 mM 12 688
16 mM 16 684
32 mM 32 668
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where q is the magnitude of the scattering vector, τ is
the time difference between the photons, I(q,τ) is the
scattered intensity at q and τ, and I*(q,τ) is the complex
conjugate of I(q,τ), respectively. 〈 〉T denotes the time
average and R (0 < R < 1) is the instrumental coherence
factor. In the case of our experimental setup, R is
estimated to be 0.8. g(1)(q,τ) is the scattering field
correlation function,

where D is the diffusion coefficient. In the case of
polymer gels swollen in a solvent, D is regarded as the
cooperative diffusion coefficient characterizing the dy-
namics of the network chains and a single-exponential
intensity time correlation function is observed.14 In
order to apply the theory to a DLS analysis of gels,
however, the nonergodicity of gels has to be taken into
account.15,16 Thus the correlation function is given by17

where σI2 is the coherence factor (0 < σI2 < 1) and ε
(≈0) is the time-independent background in this time
scale. DA is the apparent diffusion coefficient obtained
at a given sample position and varies with the sample
position in the range D (pure heterodyne) e 2DA e 2D
(pure homodyne). The coherence factor σI2 is related
to the ratio, X, of the fluctuating (dynamic) component
of the time average of the scattered intensity, 〈IF〉T, with
respect to the total time average scattered intensity, 〈I〉T,
with

DA and 〈I〉T are observable quantities. Therefore, by
plotting DA as a function of 〈I〉T, D and 〈IF〉T can be
estimated by curve fitting with eq 5. This method is
called the partial heterodyne analysis, proposed by
Joosten et al.18 Equation 5 can be written in the
following form:

Hence, we propose the plot, 〈I〉T/DA vs 〈I〉T, because 〈I〉T/
DA is a linear function of 〈I〉T, and D and 〈IF〉T can be
obtained from the slope and intercept.
If the gel consists of two phases, such as polymer-

rich and polymer-poor phases, CT(q,τ) is modified to

where A1 and A2 are the intensities of the dynamic
fluctuations and D1 and D2 are the diffusion coefficients
of the individual phases, respectively. Equation 6 is
expected for microphase-separated gels. A double-
exponential decay is also observed for a system having
a local oscillator. In this case, however, D1 and D2 are

highly related to each other, i.e., D1 ) 2D2 ) D, because
D1 and D2 represent homodyne and heterodyne terms,
respectively.16 It is reported that a nonexponential
relaxation phenomenon is usually observed in the
vicinity of the sol-gel transition and/or glass transi-
tion.19,20 In order to describe this nonexponential
relaxation, a stretched exponential function proposed
by Kohlrausch21 and Williams and Watts (KWW)22 is
commonly employed,

where C1 and C2 are constants and â and τs are the
stretched exponent and the characteristic relaxation
time, respectively. In the case of NIPA/AAc gels em-
ployed in this work, the dynamics of the concentration
fluctuations changes dramatically in the vicinity of the
volume transition temperature. Thus, the applicability
of each of the correlation functions listed above will be
examined.

Results and Discussion
1. Static Inhomogeneities. Figure 1 shows the

time correlation function CT(τ) for NIPA/AAc gel con-
taining 8 mM AAc (8 mM gel) at 20 °C. As shown in
the figure, the observed data points (dots) are well fitted
with a single-exponential function (eq 3). The evaluated
apparent diffusion coefficient DA is (2.7 ( 0.1) × 10-7

cm2/s, the coherence factor σI2 is 0.46 ( 0.01, and ε is
0.0043 ( 0.0001. Note that DA is the same order as for
NIPA homopolymer gels in water at 20 °C.23
Figure 2 shows the speckle patterns of 0 mM, 8 mM,

and 16 mM gels at 20 °C. Fifty different positions of
the sample were arbitrarily chosen, and the scattered

CT(q,τ) ≡
〈I(q,0)I*(q,τ)〉T

〈|I(q,0)|2〉T
) 1 + R|g(1)(q,τ)|2 (1)

g(1)(q,τ) ) exp[-Dq2τ] (2)

CT(q,τ) ) 1 + RσI
2 exp[-2DAq

2τ] + ε (3)

X ≡ 〈IF〉T
〈I〉T

) 1 - (1 - σI
2)1/2 (4)

DA ) D/(2 - X) ) D
2 - 〈IF〉T/〈I〉T

(5)

〈I〉T
DA

) 2
D

〈I〉T -
〈IF〉T
D

(5a)

CT(q,τ) ) 1 + A1 exp[-2D1q
2τ] + A2 exp[-2D2q

2τ] +
ε (6)

Figure 1. Time average intensity-intensity time correlation
function, CT(t), for 8 mM gel (NIPA/AAc ) 692/8) observed at
20 °C.

Figure 2. AAc content dependence of scattered intensity
variation with sample position. 〈I〉T denotes the time average
of the scattered intensity.

CT(τ) ) C1 + C2 exp[-(τ/τs)
â] (7)
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intensity was observed at each position. The time
average scattered intensity, 〈I〉T, varies randomly with
the sample position. The dotted lines in the figures
indicate the ensemble average of the time average
scattered intensity, 〈I〉E. Note that the sampling num-
ber of 50 is definitely too small to obtain an ensemble
average. Therefore we conduct a qualitative analysis
for 〈I〉E. It is clear that 〈I〉E decreases with increasing
CAAc. This indicates that the spatial inhomogeneities
are significantly suppressed by the AAc residues in the
network. This is due to an increase in the osmotic
pressure of the network, resulting from the Donnan
potential of the charged AAc groups. The increase of
the osmotic pressure leads to an increase in the bulk
modulus of the gel (or a decrease in the osmotic
compressibility), resulting in the suppression of the
concentration fluctuations.
When the temperature is raised, the Donnan potential

has to compete against the deswelling power of the
NIPA network because of hydrophobic bonding of NIPA
residues at a temperature above the so-called Θ tem-
perature of NIPA homopolymer gels (≈33.8 °C).7 Figure
3 shows the speckle patterns of 8 mM gel at 20, 30, and
40 °C. As shown in the figures, 〈I〉E increases with
temperature. Particularly, at 40 °C (>Θ), a strong
speckle pattern is observed. Note that 〈I〉E at 40 °C is
about 5 times larger than that at 30 °C.
Figure 4 summarizes the temperature dependence of

〈I〉E for gels having different CAAc’s. For each gel, 〈I〉E
starts to increase above 30 °C. However, the rise of 〈I〉E
is CAAc dependent. The lower CAAc, the higher is 〈I〉E.
This again indicates that addition of AAc residues to

the NIPA network leads to a suppression of spatial
inhomogeneities. Another feature is the decrease of 〈I〉E
in 12 and 16 mM gels above 45 and 47 °C, respectively.
This may indicate that a relaxation to an equilibrium
structure in the shrunken state takes place. Such a
reorganization of the structure may be allowed only in
the case where the mobility of the network is sufficient.
2. Dynamic Fluctuations. Figure 5 shows DA as

a function of 〈I〉T for 8 mM gel at 20 °C. The solid curve
is drawn by curve fitting with eq 5, from which the
diffusion coefficient D and the fluctuating component
of the time average scattered intensity, 〈IF〉T, are
estimated. The plot in the inset, 〈I〉T/DA vs 〈I〉 plot, gives
a straight line as predicted by eq 5a. Note that this
plot gives D and 〈IF〉T with higher precision although
the number of data points is not sufficient for “ensemble
average”. D and 〈IF〉T for other sets of data obtained at
different temperatures and/or on different samples were
estimated in the same manner.
Figure 6 shows the temperature dependence of the

diffusion coefficient, D, for gels with different CAAc’s.
Note that since D is estimated by using eq 5a, it
represents the dynamics of the gel irrespective of the
sample position. Below 30 °C (≈Θ), D is rather invari-
ant with temperature, but it drops steeply with increas-

Figure 3. Temperature dependence of scattered intensity
variation with sample position. 〈I〉T denotes the time average
of the scattered intensity.

Figure 4. Temperature dependence of the ensemble average
scattered intensity, 〈I〉E for gels having different AAc contents.

Figure 5. Plot of DA as a function of 〈I〉T for 8 mM gel at 20
°C. The data points were fitted with eq 5. The fitted curve is
shown with the solid line. The inset shows the 〈I〉T/DA vs 〈I〉T
plot, from which D and 〈IF〉T are estimated by using eq 5a. The
values of D and 〈IF〉T estimated by these plots agree with each
other.

Figure 6. Temperature dependence of the diffusion coef-
ficient, D, for gels with different AAc contents.

Macromolecules, Vol. 29, No. 20, 1996 Light Scattering Study of NIPA/AAc Gels 6537



ing temperature above Θ. This suggests that a critical
slowing down of the cooperative diffusion takes place
on approaching the critical temperature. A similar
phenomenon was observed by Tanaka et al.23 for NIPA
homopolymer gels and Orkisz et al.24 for NIPA/AAc gels.
The correlation length, ê, is estimated from D by25

where kT is the Boltzmann energy and η is the solvent
viscosity. Figure 7 shows the temperature dependence
of the correlation length, ê, for gels having different
CAAc’s. This figure clearly shows that ê diverges with
increasing temperature. The critical temperature is
estimated in the context of the mean field assumption,
i.e., ê -2 vs T plot. Figure 8 shows the variation of ê -2

as a function of temperature. As shown in the figure,
ê -2 decreases rather linearly with T. The critical
temperatures, Tc’s, at which the correlation length
diverges, are obtained at the intercept of the T axis and
are listed in the inset. Though the values of Tc will be
discussed later in conjunction with those obtained by
other methods, the higher the CAAc, the higher is Tc.
3. Critical and Two-Phase Fluctuations. Above

Θ, a single-exponential fit of CT(τ) is unsatisfactory as

shown in Figure 9a. This is due mainly to an appear-
ance of microphase separation as reported by Shiba-
yama et al.7,8 An example of a double-exponential fit
is shown in Figure 9b, for an 8 mM gel at 38 °C. In
this case, two different diffusion coefficients can be
evaluated by the partial heterodyne analysis, from
which two different correlation lengths are obtained by
using eq 8. Figure 10 shows the temperature depen-
dence of the correlation length, ê, for an 8 mM gel.
Above 35 °C, there are two ê’s, one for the fast mode
and the other for the slow mode. Note that no simple
relation exists between êfast and êslow. If the system is
homogeneous but having a local oscillator, the relation
êslow ) 2êfast is expected because of Dfast ()Dhomodyne) )
2Dslow ()2Dheterodyne). Therefore, the presence of two
characteristic relaxation process indicates two phases.
It is also noteworthy that ê for the slow mode (at T >

Figure 7. Temperature dependence of the correlation length,
ê, for gels with different AAc contents.

Figure 8. ê -2 vs temperature plot. The transition temper-
atures, Tc’s, obtained by extrapolating ê -2 ) 0 are listed in
the inset.

Figure 9. Time average intensity-intensity time correlation
function, CT(t), for 8 mM gel (NIPA/AAc ) 692/8) observed at
38 °C and the results of the curve fittings with (a) a single-
exponential and (b) a double-exponential function. Note that
the time axis is taken in logarithmic scale so as to emphasize
the deviation.

Figure 10. Temperature dependence of ê estimated with the
single- and the double-exponential fits.ê ) kT

6πηD
(8)
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35 °C), êslow, is very close to the one estimated with the
single-exponential fit. Therefore, the êslow corresponds
to the new phase, i.e., the collapsed phase (i.e., the
hydrophobic phase). On the other hand, êfast is on the
same order as ê at T < Θ, indicating that êfast is related
to the water-rich phase, i.e., the hydrophilic phase
around the charged AAc groups. The following point
should be noted here. The phase discussed here is not
the same as the phase having a sharp boundary. The
former is analogous to the phase of polymer blends with
a diffuse boundary (weak segregation limit).
As discussed in the Theoretical Background section,

another method to describe a non-single-exponential
decay function is the KWW stretched exponential func-
tion. A curve fitting of CT(τ) with the stretched function
(eq 7) was also successful. Figure 11 shows the tem-
perature dependence of the stretched exponential fit
parameter, â (dots and open circles), as well as the
shrinking curve of the gel, d/d0 (solid triangles), for (a)
0 mM gel, (b) 4 mM gel, (c) 8 mM gel, and (d) 16 mM
gel, where d and d0 are the gel diameters at the given
temperature and at preparation, respectively. The
dashed vertical lines indicate the critical temperature
obtained by the ê -2 vs T plot (Figure 8). The dots
indicate the individual values of â for each fit of the
correlation functions obtained at different positions, and
the open circle is their average. Here â is close to unity
for T far below Tc. This supports the validity of the
single-exponential fit at low temperatures. However,
â decreases on approaching Tc. Orkisz discussed this
phenomenon by using a power law function assuming
a fractal nature of the object.24 However, in the case of
NIPA/AAc gels at an elevated temperature, this kind
of argument is unconvincing because it is clear by SANS
analysis that two phases coexist. Thus, we believe that
the deviation of â from unity is due to the appearance
of two phases. Another interesting aspect in the tem-
perature variation of â is the upturn of â above Tc, which
is observed for 8 and 16 mM gels. This phenomenon

was observed by Furukawa and Hirotsu for NIPA
homopolymer gels.26 They found gels to become homo-
geneous at T . Tc when the temperature was varied
very slowly, ensuring thermal equilibrium at each
temperature. This may be the reason for the upturn of
â. In our case, such a behavior was not observed for 0
and 4 mM gels because the structure of these gels may
have been frozen-in at T > Tc. The upturn behavior of
â for 12 mM and 16 mM gels is consistent with the
decrease in 〈I〉E for these gels at high temperatures as
discussed in Figure 4.
Figure 12 shows models of the NIPA/AAc gels at low

(T < Θ) and high temperatures (T > Θ). At low
temperatures, the gel network is more or less homoge-
neous, giving rise to a unique value of the diffusion
coefficient, D. Note that in comparison with D, DA
varies with position even at these temperatures, due to
the nonergodicity (or spatial inhomogeneity) resulting
from the nature of the network. Thus the variation of
DA has nothing to do with the inhomogeneity of the
network in a sense of the dynamic fluctuations. How-
ever, at T > Θ, the gel network becomes heterogeneous
and polymer-rich and -poor phases are created due to
the antagonistic interactions between hydrophobic (poly-
mer rich) and hydrophilic (polymer poor) interactions.
This is why the double exponential or the stretched
exponential function describes well the observed time
correlation function. A shrinking transition takes place
at Tc, which is above Θ if AAc comonomers are present
in the NIPA network.
4. Transition Temperature. In the preceding

sections, we discuss the transition temperature, Tc, as
the temperature at which the correlation length di-
verges. In the literature, however, Tc of gels under-
going volume transition is defined from different
aspects.2-11,13,26 For example, Tc determined by swell-
ing-shrinking curve corresponds to the temperature at
which a volume transition takes place. For noncharged
gels, this temperature is consistent with that at ê f ∞.
However, in the case of charged gels, the physical
meaning of Tc is not well interpreted because of forma-
tion of heterophases, i.e., polymer-rich and -poor phases.
Therefore, it is of importance to compare the Tc’s
observed by different methods. Figure 13 shows the
CAAc dependence of the transition temperatures mea-
sured by (a) the shrinking curve,13 (b) DSC,13 and (c)
DLS (this work). The Tc obtained by DSC corresponds
to the onset of microphase separation because the
detected endotherm is related to the hydrophobic bond-
ing. This is highly affected by the change of local
environment of NIPA chains in a solvent. Since NIPA
chains start to shrink in the presence of water at Θ, it
is reasonable that the Tc obtained by DSC is close to

Figure 11. Temperature dependence of the stretched expo-
nential, â, for gels having different AAc contents.

Figure 12. Schematic representation of the network in (a)
the one-state phase (at T < Θ) and (b) the two-phase state (at
T > Θ).
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the onset of the microphase separation. Contrary to
this, the Tc by the shrinking curve measurement is the
temperature at which a “macroscopic” volume transition
takes place, which is a result of the competition between
the tendency of NIPA chains to shrink (the hydrophobic
association interaction) and the tendency of the AAc
residues to expand (the Donnan potential). For charged
gels, therefore, the Tc by shrinking measurement is
higher than that by DSC because the hydrophobic
interaction has to be stronger that the Donnan potential
and such situation is fulfilled by increasing tempera-
ture. Refer to ref 13 for further discussions. Regarding
Tc by DLS, we expect a good agreement with that by
volumetric analysis (shrinking curve measurement).
However, Figure 13 shows that the Tc obtained by DLS
is even higher than that by shrinking curve. This may
be partially due to the single-exponential analysis for
the determination of Tc. For example, Figure 10 indi-
cates that ê of the slow mode by double-exponential fit
diverges at a lower temperature than that by single-
exponential analysis. Although a further analysis was
tried, the double-exponential analysis became less reli-
able for the gels with higher CAAc’s due to lower
scattered intensity. Therefore, we reserve this problem
as a future work.

Concluding Remarks

The static and dynamic fluctuations of poly(N-iso-
propylacrylamide-co-acrylic acid) (NIPA/AAc) copolymer
gels were investigated with dynamic light scattering.
The static fluctuations, investigated with the ensemble
average of the scattered intensity, 〈I〉E, decreased with
increasing AAc content, whereas they increased with
temperature. The correlation length, ê, a spatial mea-
sure of the dynamic fluctuations, is also a strong
function of AAc content. The role of AAc comonomers
in the gel is explained as a fluctuation reducing agent,
which comes from a generation of a strong osmotic
pressure by ionization of the AAc group. At a temper-
ature above the Θ temperature of NIPA homopolymer

gels, this osmotic stabilization has to compete against
the strong hydrophobic bonding of the NIPA main chain
network. Thus, both static and dynamic fluctuations
increased with temperature and ê diverged at the
critical temperature, Tc (gΘ).
Above Θ, the intensity-intensity time correlation

function, CT(τ), was described with either a double-
exponential function or a stretched exponential function.
This indicates an appearance of two phases, a hydro-
phobic polymer-rich and a hydrophilic polymer-poor
phase. The stretched exponent, â, remained constant
at T , Θ, decreased steeply at Tc, and recovered at
higher temperatures.
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