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ABSTRACT: Mechanical and dynamic light scattering measurements show that at 20 °C poly(N-
isopropylacrylamide) (PNIPA) hydrogels are in good solvent conditions. At this temperature, the average
value of the collective diffusion coefficient is D ) 4 × 10-7 cm2/s. The value of the enthalpy found by
isothermal microcalorimetry is roughly twice that reported in the literature. Even at extremely low
scanning rates (0.02 °C/min), full thermal equilibrium was not achieved in DSC. Small-angle X-ray
scattering measurements confirmed that the gel collapse involves two stages. The first is prompt
microphase separation in which the polymer chains form clusters of size approximately 10 nm, separated
by distances of several hundred nanometers. The second stage involves slow relaxation and expulsion of
solvent, with an estimated diffusion coefficient at 40 °C equal to about 10-17 cm2/s. The slow relaxation
of the frozen network is responsible for the hysteresis in the DSC measurements and can explain the
discrepancies in the reported values of the enthalpy.

Introduction
Intelligent soft materials have recently emerged as a

topic of intense research activity as their potential is
recognized for replacing or acting as substrates for bio-
logical tissues or as sensors of biomedical or environ-
mental signals. The operating principle of such devices
relies on materials whose volume changes abruptly, i.e.,
that display a volume phase transition (VPT), when an
appropriate stimulus is applied. Poly(N-isopropylacryl-
amide) (PNIPA) is a material that is widely used for
this purpose since its VPT in pure water is at a
temperature convenient for many applications, close to
34 °C.1-3 Despite the abundant literature on PNIPA,
however, the mechanism of the transition and the
thermodynamic parameters governing the phenomenon
are incompletely understood, particularly in the col-
lapsed region immediately above the VPT. A knowledge
of the material properties in the vicinity of the VPT is
essential for any application working in this tempera-
ture range.

For many applications the critical operating param-
eter is the rate of change of volume, i.e., the rate of
expulsion of the solvent, both below and above the VPT.
This rate is defined on one hand by the size of the
specimen and on the other by the collective (mutual)
diffusion coefficient D of the swollen network. D is
different from and always slower than the self-diffusion
coefficient of the solvent, observed by nuclear magnetic
resonance techniques,4,5 and can be measured either by
dynamic light scattering6,7 or by direct observation of
the change in size of the sample. Above the VPT,
however, light scattering measurements are hampered
by the strong opalescence of the sample, while direct
observations of macroscopically sized specimens are
made difficult by the extreme slowness of the relaxation.

In this article, we investigate the transition in PNIPA
by combining macroscopic measurements, involving
mass balance and high sensitivity isothermal and scan-
ning microcalorimetry, with microscopic observations
using light and small-angle X-ray scattering techniques.

Experimental Section
Gel Preparation. 25 mL precursor solutions were prepared

by mixing 18.75 mL of a 1 M aqueous solution of N-isopropyl-
acrylamide (NIPA) (Wako Pure Chemicals) and varying
amounts of a 0.1 M solution of N,N′-methylenebis(acrylamide)
(BA) (Aldrich) together with 0.25 µL of N,N,N′,N′-tetrameth-
ylethylenediamine (TEMED) (Aldrich) and the appropriate
complement of water. Finally, ammonium persulfate (APS)
(Aldrich) was added to the mixture, and polymerization was
allowed to take place at 20 °C. The cross-link ratios of the gels
used in this paper refer to the molar ratio [NIPA]/[BA], which
was chosen in the range 75-200. Gel films of thickness 2 mm
were cast, while for the modulus measurements samples were
made in 1 × 1 cm isometric cylindrical molds. The samples
were then dialyzed in water to remove unreacted chemicals.
The films were cut into disks of diameter 7 mm, then air-dried,
and stored above concentrated sulfuric acid. Cylinders were
dried and kept in the same way. Disks used for the microcalo-
rimetry measurements were cut with a maximum diameter
of 5.8 mm to avoid geometrical limitation of the swelling in
the measuring cell. Powdered specimens were prepared by
grinding the film in an agate mortar.

For the swelling measurements the dry disks were equili-
brated with Millipore water at 20.0 °C for 7 days. The swelling
ratio was determined gravimetrically. The density of the dry
polymer, dPNIPA, was determined by measuring the density of
aqueous solutions of PNIPA at 20.00 °C, using a DMA 58
density meter (Anton Paar, Graz, Austria). Volume additivity
was assumed. The value obtained was dPNIPA ) 1.115 g/cm3.

Stress-strain measurements were performed under uniax-
ial compression as described by Horkay and Zrı́nyi.8 The dry
cylindrical samples of different cross-link ratio were equili-
brated in water for 7 days at 20.0 °C prior to the experiments.

Microcalorimetry. Isothermal and scanning microcalori-
metric measurements were made on a MicroDSCIII apparatus
(SETARAM). About 5 mg of dry gel samples was placed in
contact with 180 µL of Millipore water after a 2 h incubation
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period in the two compartments of the mixing cell under
isothermal conditions. At the end of each experiment a second
mixing operation was performed under the same conditions
to determine the correction for heat generated by the motion
of the mixing rod. The temperature for the isothermal experi-
ments was set and maintained at fixed points between 20 and
40 °C with an accuracy of (0.001 °C.

The following protocol was applied in the DSC measure-
ments. About 10 mg of dry gel sample was placed in contact
with 500 µL of Millipore water and kept at T ) 10 °C for 2 h
to obtain a stable baseline. The samples were heated to 50 °C
and immediately cooled back to 10 °C with the same scanning
rate dT/dt, which was varied between 0.02 and 0.5 °C/min.
For repeated cycles a 1 h delay at 10 °C was observed between
the cycles.

Dynamic Light Scattering. Light scattering measure-
ments were made with an ALV DLS/SLS 5022F goniometer
equipped with fiber-optic coupling and an avalanche photo-
diode, working with a 22 mW HeNe laser and an ALV 5000E
multitau correlator. The swollen gel disks, approximately 8
mm in diameter and of thickness 2 mm, were placed in 10
mm diameter glass tubes containing the accompanying excess
solvent. The temperature of the refractive index matching
toluene bath was maintained at 20.0 °C with a precision of
better than 0.1 °C. Measurements were also made at 32.7 °C.
Each gel was measured at the scattering angles 60°, 90°, 120°,
and 150°.

As the dominant scattering comes from large-scale static
heterogeneities in these gels, the light scattered by the dy-
namic concentration fluctuations was strongly heterodyned.
The fluctuating contribution to the light scattering intensity
Rθdyn and its characteristic decay rate were determined as
described in ref 7. As Rθdyn displayed no wave vector depen-
dence for this system, only its angular average, Rdyn, is
reported here.

In normal operation with these samples, the automatic
beam attenuator generally admitted 3% of the available light
into the scattering cell, i.e., approximately 0.6 mW, of which
only a small fraction, certainly less than 10%, is absorbed in
the sample. At 20 °C, the resulting heat input caused no
significant thermal perturbation in the sample. At 32.7 °C,
however, closer to the VPT, the heat from the laser beam
strongly perturbed the illuminated region, causing large drifts
in the scattered light intensity that make those results less
easy to interpret.

SAXS. Small-angle X-ray scattering measurements were
made at the BM2 beamline of the European Synchrotron
Radiation Facility, Grenoble, using an incident wavelength of
0.69 Å (18 keV) with sample-detector distances of 68 cm and
1.62 m. The scattered radiation was detected by a 2-dimen-
sional CCD camera (Princeton), with exposure times of 20 s.
After azimuthal averaging of the data, standard corrections
were made for dark current and the background signal of pure
water. To reduce delays in the heating cycle after the room
temperature observations, the samples were removed from the
temperature control stage and the system raised to 40 °C,
whereupon the specimens were reinserted into the sample
holder and the measurements started.

Results and Discussion

In Figure 1 is displayed the degree of swelling for the
PNIPA samples of different cross-link densities in the
temperature range 10-40 °C. These mass balance
measurements show that introducing more cross-links
reduces the swelling capacity of the gels but does not
modify the temperature of the VPT. The invariance of
the transition temperature with cross-link ratio is
corroborated by the DSC curves obtained from these
samples at the heating rate dT/dt ) 0.02 °C/min,
illustrated in Figure 2. Similar invariance of the transi-
tion temperature was found in the cooling direction.

Well below the transition temperature the gels are
in good solvent conditions. Figure 3 shows the variation

of the shear modulus G at swelling equilibrium at 20
°C as a function of polymer volume fraction φ. A least-
squares fit yields the power law

where the value of the exponent is consistent with that
predicted from scaling theory9 for excluded-volume
conditions (9/4).

The collective diffusion coefficient D, which governs
the rate of swelling and deswelling of a gel, and the
dynamic component of the scattering intensity, i.e., the
Rayleigh ratio Rdyn, were obtained from dynamic light
scattering.7 Figure 4a shows the resulting values of D
as a function of polymer volume fraction φ, both at 20
°C and at 32.7 °C. The error bars are those coming from
the averages over the scattering angles. The power law
obtained from the weighted least-squares fit through the
20 °C data points is

For the measurements at 32.7 °C, however, the scatter
in the data is too large to justify using a power law fit.

Figure 4b shows the corresponding variation of Rdyn,
the average of Rθdyn over the four scattering angles. The
least-squares fit to the 20 °C data yields

The exponents in eqs 2 and 3 are both consistent with
good solvent behavior (between 0.6 and 0.7 for D and
-1/4 for Rdyn, respectively). Once again, a power law fit
to the 32.7 °C data in Figure 4b is not meaningful
(correlation coefficient 0.4), owing to the thermal per-
turbation from the laser beam described in the Experi-
mental Section.

Figure 1. Equilibrium swelling ratio 1/φ of PNIPA gels with
different cross-link ratios in water.

G ) 2.58 × 103
φ

2.07(0.18 kPa (1)

D ) 3.1 × 10-6
φ

0.57(0.15 cm2/s (2)

Rdyn ) 5.9 × 10-5
φ

-0.23(0.17 cm-1 (3)
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The isothermal swelling enthalpy is illustrated in
Figure 5 in the temperature range 20-40 °C. The value
of the enthalpy measured at 30 °C (-70.7 J/g) on the
powdered PNIPA sample (cross-link ratio 150) is about
twice as large as that reported in the literature.3,10,11

In this figure swelling enthalpies of ground and disk
samples of cross-link ratio 150 are compared. No
observable difference can be seen between the two sets
of data, demonstrating that the resulting system is
practically in equilibrium. In the DSC measurement,
however, the curves of the same disk samples exhibit
bimodal behavior at the scanning rate of 0.02 °C/min,
in both the heating and cooling cycles (Figure 6, solid
lines). (Similar behavior has already been observed by
Kawasaki et al.3 in heating cycles at higher scanning
rates.) In contrast, in the present measurements, the
powdered sample exhibits single mode character at
dT/dt ) 0.02 °C/min. As is to be expected, the size of
the specimen is a controlling factor in the VPT. To
reduce this effect in the subsequent calorimetric mea-
surements, only powdered samples were investigated.

The shape of the DSC curves is also sensitive to the
scanning rate, especially in the cooling cycle. Figure 7
shows the heat flow, normalized by the scanning rate,

Figure 2. DSC heating curves for PNIPA gels with different cross-link ratios in water (ground samples, dT/dt ) 0.02 °C/min).
The average value of the VPT temperature is 34.13 ( 0.06 °C.

Figure 3. Shear elastic modulus G of PNIPA gels with
different cross-link ratios swollen to equilibrium with water
at 20 °C. The least-squares power law fit (straight line) yields
log G ) 3.411 + 2.07 log φ (R2 ) 0.979), where G is expressed
in kPa.

Figure 4. (a) Collective diffusion coefficient D of PNIPA gels
of different cross-link ratios as a function of polymer volume
fraction φ at equilibrium swelling in water at 20 °C (open
symbols). At 32.7 °C (filled symbols) the data are too scattered
to yield a meaningful power law fit. (b) Rayleigh ratio of
dynamically scattered light from PNIPA gels with different
cross-link ratios swollen to equilibrium with water at 20 °C
(open symbols). The least squares straight line is given by log-
(Rdyn) ) -4.23 -(0.23 ( 0.17) log φ. At 32.7 °C (filled symbols)
the correlation coefficient (R ) 0.4) is too low for a power law
fit to be meaningful.
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as a function of dT/dt. With increasing scanning rate
these exothermal cooling peaks gradually split, reveal-
ing the two distinct processes contributing to the VPT.
It is particularly striking that the high temperature
shoulder in the cooling cycle starts at temperatures
above the transition. Since it precedes the transition,
this phenomenon cannot be attributed to lag in the
detection. When the fast cooling is preceded by a slow
heating cycle, the shoulder vanishes.

The integrated heat flows obtained from the present
experiments yield values (Table 1) that are consistent
with our isothermal data, i.e., significantly larger than
those reported in the literature, for which the DSC
measurements were recorded at higher scanning rates
(0.1-10 °C/min).3,10,12-17 Furthermore, the absolute
values of the integrated heat flows obtained at the
slowest scanning rate in Figure 8 show that the exo-
thermic cooling peak almost always remains greater
than that of endothermic heating. It is difficult to
attribute this systematic tendency to the statistical
uncertainty of the measurements (5%). It follows that,
even for dT/dt ) 0.02 °C, the gels are not in full
thermodynamic equilibrium during the temperature
scan and also that the heating cycle tends to underes-
timate the integrated heat flow.

To elucidate the mechanisms involved in the VPT,
SAXS measurements were undertaken below and above
the phase transition on a gel sample with cross-link
ratio 150. In the wave vector range explored, the signal
from the fully swollen network below the VPT (Figure
9) can be described by an Ornstein-Zernicke expression
of the form

where q is the scattering wave vector and the value of
the correlation length characterizing the osmotic fluc-
tuations in the gel is found to be ê ) 38 Å (dashed line).
When the temperature was raised to 40 °C, a prompt
transformation in the shape of the scattering function
occurred to a power law with a negative slope n ≈ 3.7.
The corresponding surface fractal dimension,18 Ds ) 6
- n ) 2.3, can be interpreted as being due to scattering
from large objects with rough surfaces. At the transition,
the samples immediately become white, indicating that
the size of the scattering units is of the order of the
wavelength of light, i.e., several thousand angstroms.
The rapidity of the microphase separation requires that
the polymer chains remain highly mobile as they aggre-
gate and that the resulting polymer clusters be sepa-
rated by water-rich regions of this size. This scenario
is consistent with the model proposed by Shibayama.11

Owing to the inhomogeneous frozen-in elastic con-
straints in this state, the gel is far from thermodynamic
equilibrium. When the sample is kept at 40 °C for sev-
eral hours, the slope of the SAXS curve gradually steep-
ens to its final value -4, the signature of scattering from
smooth surfaces.19 Figure 10a shows the difference ∆I(q)
between the signal measured at times τ that at the
longest delay time. This difference can be fitted ap-
proximately to a Debye-Bueche expression of the form

where a is the radius of the scattering centers. The two
curves displayed yield a ) 90 Å and 120 Å for τ ) 1000
and 17 000 s, respectively, suggesting a slow increase

Figure 5. Enthalpy of swelling in excess water measured by
isothermal microcalorimetry on PNIPA gel (cross-link ra-
tio150) in disk (O) and powder (×) samples.

Figure 6. DSC of PNIPA gel (cross-link ratio 150) in disk (solid line) and powder (dotted line) samples (dT/dt ) 0.02 °C/min) in
the vicinity of the VPT temperature in the endothermic heating (left) and exothermic cooling (right) cycles.

I(q) )
I(0)

1 + q2ê2
(4)

∆I(q) )
∆I(0)

(1 + q2a2)2
(5)
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with time of the thickness of the clusters, while the
amplitude of the signal decreases. The statistical noise
in the difference signal, however, is too large for a
reliable decomposition of both the amplitude and the
radius. Instead, power law behavior, illustrated in
Figure 10b, is assumed over the limited q range. This
approximation allows the time evolution of the apparent
slope n to be determined. Figure 11 shows that the
resulting values of n decay exponentially to -4 with a
time constant τ0 ≈ 104 s.

When combined with the above values of a, this result
implies a diffusion coefficient for the late reorganization
of approximately a2/6τ ≈ 10-17 cm2/s. This value is some
10 orders of magnitude smaller than that observed by
DLS in the swollen gels (Figure 4a) and is typical of
the glassy state. The findings thus indicate that the
initial microphase separation is fast because the mobile

Figure 7. DSC measurement of heat flow normalized by the
scanning rate for powdered PNIPA gel (cross-link ratio 150)
at different cooling rates. With increasing scanning rate the
peaks broaden and a distinct shoulder emerges at the high-
temperature side. The integrated heat flow changes from
-62.1 to - 65.1 J/g when the scanning rate is decreased from
0.5 to 0.02 °C/min.

Figure 8. Absolute value of the integrated heat flow from
DSC measured on PNIPA gels with different cross-link ratios
in water in heating (4, endothermic) and cooling (3, exother-
mic) cycles. The difference between the two sets of data
indicates hysteresis.

Table 1. Parameters Derived from the DSC Heating
Curves for PNIPA Gels with Different Cross-Link Ratios

in Water (dT/dt ) 0.02 °C/min, Ground Samples)

heating cycle cooling cycle

cross-link
ratio

onset
temp
(°C)

peak
position

(°C)

integral
heat flow

(J/g)

onset
temp
(°C)

peak
position

(°C)

integral
heat flow

(J/g)

75 33.8 34.1 60 34.0 33.7 -63
100 33.2 34.1 66 34.0 33.6 -62
125 33.9 34.2 63 34.0 33.6 -75
150 33.9 34.1 62 34.0 33.7 -72
175 33.9 34.1 66 33.9 33.6 -81
200 33.8 34.1 62 33.8 33.5 -71

Figure 9. SAXS response of PNIPA gel (cross-link ratio 150)
at 25 °C (a) with curve fitted to eq 4 (dashed line). When the
temperature is raised to 40 °C, the scattering curve transforms
to an approximately power law behavior (b) with a slope of
about -3.7, observed after 1000 s. Curves c (2000 s) and d
(4000 s) are indistinguishable from curve b. The final curve e
(30 000 s) has a slope of -4, corresponding to scattering from
smooth surfaces.

Figure 10. (a) Scattering intensity difference at high-q with
fits to eq 5 (continuous curves). (b) Detail of SAXS curves at
three different times after temperature jump. Only 30% of the
data points are plotted in each spectrum. The straight lines
are the power law fits.
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polymer chains move relatively freely until they ag-
gregate into glassy clusters, while the extremely slow
elastic relaxation of the frozen network is responsible
for the hysteresis in the DSC measurements.

Although SAXS assigns numerical values to the
cluster size a, this information alone is not sufficient to
determine their geometrical shape in the frozen state.
However, the space-filling consideration that the overall
volume of large specimens does not change instanta-
neously at the VPT implies that initially the polymer
aggregates are elongated bundles, rather than globular
clusters. By contrast, the gradual loss of intensity of the
extra scattering and the modest increase observed in
the thickness a at later stages could be consistent with
the development of polymer sheets, i.e., a bubblelike
structure.

In the cooling cycle, the shoulder on the high-tem-
perature side of the peak, illustrated in Figure 7,
corresponds to relaxation of the frozen-in constraints.
It may be deduced that in this narrow temperature
range the weakening hydrophobic interaction allows a
few water molecules to plasticize the polymer clusters.
It is reasonable to assume that the considerations
described here are not exclusive to the PNIPA-water
system. They are also relevant to the hydrophobic
interactions occurring in aqueous solutions of molecules
with long hydrocarbon chains as well as to the sol-gel
transition in physical gels.

It can be concluded that the fast response of PNIPA
observed at the VPT makes this polymer a good candi-
date for sensor applications involving light transmis-
sion. For uses in drug delivery systems, where solvent
expulsion is required, the diffusion coefficient governing
the release rate changes from about 10-7 cm2/s below
the VPT temperature to about 10-17 cm2/s at tempera-
tures above it.

Conclusions
In pure water the cross-link ratio changes the swell-

ing capacity of PNIPA hydrogels but has no measurable

effect on the temperature of the phase transition. High-
sensitivity isothermal microcalorimetry and DSC mea-
surements at extremely low scanning rate yield heat
effects for fully swollen gels that are roughly twice those
reported in the literature. Under isothermal conditions
the resulting system is practically in equilibrium, as
shown by the value of the exothermal enthalpy which
is independent of the size of the gel specimen in the
temperature range 20-40 °C.

The swelling/deswelling process involves two stages
with different time constants. The existence of the two
stages is revealed by the appearance of a double peak
at higher scanning rates and also by the hysteresis
between heating and cooling cycles in DSC. Direct
evidence of the two stages is furnished by SAXS
observations. These show that following the prompt
microphase separation, in which water-rich regions of
the order of several thousand angstroms appear, ex-
tremely slow reorganization of the polymer-rich and
solvent-rich interface occurs. The diffusion coefficient
controlling this reorganization is of the order of 10-17

cm2/s, which is typical of the glassy state.

Acknowledgment. This research was supported by
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response as a function of time after temperature jump. The
least-squares fit shown is an exponential decay with time
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