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ABSTRACT: Cross-linked N-isopropylacrylamide (NIPAAm) gel is covalently attached to a substrate,
and the resulting interface is probed using surface plasmon resonance (SPR) as a function of hydrostatic
pressure and temperature. SPR provides a direct measurement of the local refractive index, which changes
with the swelling ratio of the gel film. Similar to bulk NIPAAm gel, the transition temperature increases
and the volume phase transition becomes broader as pressure increases. The width of the transition
ranges from less than 0.5 °C at 1 bar to as much as 10 °C at 1000 bar, and the transition temperature
increases by as much as 7 °C over the same range of pressures. However, the presence of a fixed substrate
effectively confines the volume phase transition near the interface to one dimension, perpendicular to
the substrate. This has significant effects on the transition temperature, particularly at high cross-linking
density and high concentration of an ionizable comonomer. Furthermore, the swelling effect of the ionic
groups is reduced, and the water content of the swollen gel does not change with increased ionic content.
While the volume phase transition of the corresponding bulk gels can have a total volume change as
large as 100-fold, the gel films have a total volume change around 15-fold.

Introduction
Hydrogels have been shown to respond to a variety

of stimuli such as pH,1 temperature,2 magnetic fields,3
and electric fields4 and have been proposed for use in a
wide range of applications, particularly within the
biological sciences. These include drug delivery sys-
tems,5 artificial muscles,6 membrane separations,7 and
surfaces in biomaterials.8 Thermoresponsive polymer
gels are known to have a volume phase transition,
analogous to the lower critical solution temperature
(LCST) of the corresponding linear polymer. The volume
phase transition can be modeled using Flory-Tanaka
theory as a balance between mixing free energy, rubber
elasticity free energy, and osmotic pressure due to
counterions of ionizable comonomers.9 However, this
understanding of bulk gels does not necessarily extend
to the many applications of thermoresponsive polymer
gels. When the gel is used in actual devices, the volume
phase transition is inevitably constrained in some way
and no longer corresponds to theoretical predictions.

N-Isopropylacrylamide (NIPAAm) gel has been stud-
ied extensively, and through the addition of ionizable
comonomers such as sodium acrylate (SA), the total
volume change can be increased to as much as 100-fold
along with an elevated transition temperature.9 In work
by Suzuki and co-workers,10,11 the volume phase transi-
tion has been limited to two dimensions by fixing the
ends of cylindrical NIPAAm gels. As a result of this
constraint, neutral NIPAAm gel has a larger total
volume change and higher volume phase transition
temperature. This behavior can also be modeled theo-
retically through a two-dimensional analogue of existing
theory and modifications that allow for the resulting
non-Gaussian chain conformations.10,11

The LCST transition results from a delicate balance
of hydrophobic and hydrophilic groups within the poly-
mer.12 Hydrogen bonding is central to understanding
the volume phase transition in hydrogels, and added
salts or urea can significantly alter the transition by
acting as structure breakers. Applying hydrostatic pres-
sure to bulk gel has similar effects in that the hydrogen-
bonding environment is disrupted. As a result, the
transition temperature increases, and the discontinuous
transition becomes continuous with a broader transition
as the pressure is increased.13-15 The LCST reported
for linear NIPAAm polymers is 32 °C and is usually
defined as the onset of the transition in differential
scanning calorimetry (DSC)16,17 or cloud point measure-
ments.12,18 The swelling ratio and volume phase transi-
tion temperature of cross-linked NIPAAm gel are known
to be influenced by the gel microstructure and are strong
functions of the synthesis conditions.19 Furthermore, the
volume phase transition changes from continuous to
discontinuous as the gel network characteristics change.20

The reported value of the transition temperature also
varies according to the measurement technique used
and tends to be lower for DSC measurements, where it
is defined as the onset of the transition, than for
swelling ratio measurements, where it is defined as the
midpoint of the transition.17

Surface plasmon resonance spectroscopy (SPR) is
surface-sensitive due to the evanescent field of the
surface plasmon.21 The latter is an electromagnetic wave
traveling along the interface between a metal and a
dielectric. Its electric field decays exponentially into both
materials over a distance of a few hundred nanometers,
and the wave has a finite propagation length due to
damping processes in the metal. The resulting data are
a direct measure of the local average refractive index
of the dielectric close to the surface, and with Fresnel
calculations either the thickness or the refractive index
of thin films at an interface can be determined. Fur-
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thermore, a time-dependent measurement mode enables
the detection of changes in the local average dielectric
constant due to the adsorption of molecules onto the
surface or changes in film properties due to an external
trigger. SPR studies of linear polymers in thin films and
at interfaces have shown that the resulting confinement
can alter characteristic transitions that exist in the bulk
materials. Examples include the glass transition tem-
perature,22 the LCST of linear substituted acryl-
amides,23 and nematic transitions in polymers with
liquid crystalline side chains.24

Although the LCST transition of linear polymers has
been observed at an interface,23 the more common cross-
linked hydrogels have only been examined on a more
macroscopic scale. Bulk gel is usually weighed to
determine the solvent content and swelling ratio under
various conditions.2 Alternatively, the gel is observed
using a camera or microscope to determine the degree
of swelling in response to different stimuli.10,11,25 This
approach is clearly limited to larger gel samples and is
not applicable to the observation of thin gel films.
Because of its surface sensitivity and suitability for the
study of thin films, we have used SPR to determine the
refractive index of gel films as a function of temperature
and hydrostatic pressure. The swelling ratio can then
be determined through the known relationship of poly-
mer volume fraction and refractive index of the gel.

Thin films of linear poly-NIPAAm have been used to
create responsive surfaces for a wide range of applica-
tions.26 The preparation of these films includes tech-
niques such as surface grafting,27-29 plasma polymeri-
zation,26 and photopolymerization.30 The resulting
transition temperatures and swelling behavior vary
greatly, even when the graft architecture and morphol-
ogy of the film are well-known.27 Linear poly-NIPAAm
has also been grafted to latex particles,31 and cross-
linked NIPAAm gel has been used to form thermore-
sponsive core-shell colloids.32,33 The results from scat-
tering experiments with these core-shell colloids are
particularly interesting because the presence of a fixed
interface between the shell and the core was found to
limit the degree of swelling of the thermoresponsive
shell.

If a cross-linked gel is chemisorbed to the substrate,
it will be unable to expand and contract laterally,
effectively confining the transition to one dimension,
perpendicular to the substrate.25,34 This paper examines
how this type of confinement affects the transition
temperature and the total volume change of both
neutral and ionized NIPAAm gels.

Experimental Section
Materials. All materials employed were of research grade

and were used as received from commercial sources without
any additional purification unless indicated otherwise. N-
Isopropylacrylamide (NIPAAm), sodium acrylate (SA), N,N′-
methylenebis(acrylamide) (BIS cross-linker), ammonium per-
sulfate (APS initiator), N,N,N′,N′-tetramethylethylenediamine
(TEMED accelerator), and γ-methacryloxypropyltrimethoxy-
silane were purchased from Sigma-Aldrich, Germany. 4,4′-
Azobis(4-cyanopentanoic acid), thionyl chloride, triethylamine,
dichloromethane, 3-(aminopropyl)triethoxysilane, and toluene
were purchased from Sigma-Aldrich and were dried prior to
use according to standard procedures.35

Sample Preparation. Photolithographically structured
quartz samples were prepared by reactive ion etching to
produce a grating structure of roughly 506 nm grating spacing
on the top surface; subsequently, approximately 150 nm of gold
was deposited by thermal evaporation. A sol-gel process was

used to deposit a 15 nm layer of silica on the gold surface.
This synthesis has been described previously along with the
effects of both the gold and silica layers under hydrostatic
pressure.36

Spacer Technique. The silica layer was treated with
γ-methacryloxypropyltrimethoxysilane, and thin films of
NIPAAm gel were cast using Teflon spacers according to the
procedure of Zheng and co-workers.37 The pregel solution was
prepared by dissolving NIPAAm (700-630 mM), SA (0-70
mM), BIS (3.5-15 mM), and TEMED (20 µL) in 3 mL of
Milli-Q water and then degassing by at least three consecutive
freeze-thaw cycles. A 60 µL aliquot of a 40 mg/mL solution of
APS in Milli-Q water was added to initiate the polymerization.
The total gel concentration was kept constant, with the sum
of the SA and NIPAAm concentrations equaling 700 mM. The
thickness of the resulting gel films was 40 µm in the swollen
state and 4 µm in the collapsed state, as determined by
profilometry. This thickness is much larger than the decay
length of the surface plasmons into the dielectric, so the
plasmon mode is only sensitive to the gel-substrate interface,
and the gel can be modeled as an infinite medium.

UV Technique. A surface-bound initiator was used to vary
the NIPAAm gel film thickness. NIPAAm cannot be poly-
merized above the LCST without significantly altering the
properties of the resulting gel, and this is conveniently avoided
through the use of a photoinitiator. A symmetric surface-bound
photoinitiator was synthesized through the reaction of 4,4′-
azobis(4-cyanopentanoic acid) with thionyl chloride and a
subsequent reaction of the 4,4′-azobis(4-cyanopentanoic acid
chloride) with 3-(aminopropyl)triethoxysilane and triethy-
lamine in dry dichloromethane. The triethylamine salt was
removed by filtration to yield the azo initiator with a triethoxy-
silane group at both ends. This initiator can be chemisorbed
to the silica layer through the silane groups and can be used
to produce thin polymer films or patterns, through the use of
appropriate masks.38

The surface functionalization was achieved through placing
the sample in a Schlenck tube with a 1 mM solution of the
photoinitiator in dry toluene. The sample was rinsed with
toluene, dried with nitrogen gas, and transferred to another
Schlenck tube with the pre-gel solution. The pre-gel solution
was the same as the spacer technique but contained no APS
or TEMED to initiate the polymerization. The Schlenck tube
was purged with nitrogen and illuminated with a high-
pressure Hg lamp to produce films of different thicknesses.
The time for a 0.3 µm film varied with SA concentration and
ranged from 5 min for 70 mM SA to 30 min for 0 mM SA. The
resulting film thickness is on the order of the decay length of
the surface plasmons into the dielectric, and the resulting
measurements are of the entire film.

SPR Measurements. The grating coupling scheme was
used for exciting surface plasmons in the case of the high-
pressure measurements.21,36,39 A more detailed description and
schematic of the experimental setup can be found in ref 36.
Here, we give only a short overview of the experimental
technique. Surface plasmons are excited using p-polarized
light, in this case, a He-Ne laser beam with a wavelength of
632.8 nm. The chopped beam is reflected off the gold-coated
sample, which is mounted on a θ/2θ goniometer, and the
reflected intensity is then monitored by means of a photodiode
that is read out by a lock-in amplifier. By varying the angle of
incidence, typical reflectivity vs angle scans (see Figure 1A)
can be recorded. The observed minimum corresponds to the
excitation of a surface plasmon; i.e., the momentum and energy
of the laser beam and the surface plasmon excitation are
matched. For the high-pressure experiments, the pressure cell
was connected to a syringe pump and controller to establish
pressures up to 1000 bar with an accuracy of 2.5 bar in the
optical cell. The temperature was varied using an electrical
heating mantle that surrounded the cell. Cooling was achieved
by means of water-cooled loops connected to a thermostat. A
temperature controller maintained a constant temperature
profile with an accuracy of 0.1 °C.

Transition Temperatures. The resulting angular scans
were interpreted via Fresnel calculations to determine the
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refractive index of the gel film as a function of temperature
and pressure. These data were fit to a sigmoidal curve, and
the inflection point of the curve was defined as the transition
temperature. Bulk gels were synthesized using the procedure
of Tanaka and co-workers.2,9 The resulting gels were cylindrical
in shape, and the diameter of the cylinder was tracked as a
function of temperature. For neutral bulk gels this curve is
continuous, with the inflection point of the curve defined as
the transition temperature, while for ionized bulk gels the
curve has a discontinuity at the transition temperature.

All transitions were fully reversible, and we observed no
hysteresis. Therefore, all measurements were recorded by
increasing temperature and then varying pressure at constant
temperature on a single sample. This method gave the same
results as one in which the pressure was varied first, followed
by the temperature, but accelerated the measurements dra-
matically. The equilibration time for the gel after each tem-
perature and pressure change was determined in the SPR
kinetic mode21 and ranged from 10 to 25 min.

Results and Discussion

The phase behavior of the gel at the NIPAAm-
substrate interface was observed as a function of tem-
perature (approximately 15-65 °C) and pressure (1-
1000 bar). In refs 36 and 39 it was shown that both the
gold and the sol-gel withstand the applied pressure,
and this constitutes the basis for the results presented
here. The resulting scans (see Figure 1A) were fit to
Fresnel calculations to determine the refractive index

n of the gel. Note that the drop in reflected intensity
outside the surface plasmon resonance and the angular
broadening of the excitation are both due to increased
scattering in the collapsed state of the gel.

Refractive Index. The refractive index can be cor-
related to the water content of the gel through a
Lorentz-Lorenz calculation and the known relationship
between refractive index and pressure.39,40 The resulting
data were quantified through fitting with a sigmoidal
curve, using the parameters n(low temperature), n(high
temperature), transition temperature T, and transition
width ∆T. Figure 1B shows the refractive index as a
function of temperature and pressure for one such
sample. Following the curve at 0 bar, the refractive
index changes from n(T ) 18 °C) of 1.355, which
corresponds to a gel swollen with water, to n(T ) 60
°C) of 1.469, which corresponds to a collapsed and
hydrophobic gel phase containing little water. At both
low and high temperatures, the refractive index also
changes as a function of pressure due to the increased
density of both water and polymer at increased pres-
sure.

To illustrate this effect, the refractive index data at
19.3 and 53.8 °C were fitted using a combination of the
Lorentz-Lorenz and the Tait equations to give the Tait
parameter B(T) and the Lorentz-Lorenz constant RLL
(see Figure 2). From the Tait parameter the isothermal
compressibility κ0(T) can then easily be calculated.39,41

However, the resulting values, κ0(19.3 °C) ) 560 × 10-6

MPa-1 and κ0(53.8 °C) ) 140 × 10-6 MPa-1, should only
be treated as approximate values. Both equations rely
on approximations that have proved to hold well for
certain liquids and polymers but also have their draw-
backs, e.g., in the case of water.42 A direct measurement
of either density or volume change upon variation of
temperature and pressure would therefore be preferred,
but the above values are in good agreement with the
literature for the swollen (water) state and the collapsed
(polymer) state.

Volume Phase Transition. Similar to bulk NIPAAm
gel, both the transition temperature T and the width of
the transition ∆T increase as a function of pressure.
This has been attributed to the disruption of the
hydrogen-bonding environment within the gel, espe-
cially that surrounding the hydrophobic isopropyl group.
The entropy of solution is decreased and causes the
Flory interaction parameter ø to increase as a function
of pressure. Both the transition temperature and the
width of the transition increase as a result.13,14 The
broadening of the transition with increased pressure
shown in Figure 1B is representative of the samples
examined in this study. In general, the width of the
transition ranged from less than 0.5 °C at 1 bar to as
much as 10 °C at 1000 bar, and the transition temper-
ature increased over the same range of pressures as
shown in Figure 3. An unusual effect of this phase
behavior is that under certain conditions increasing
pressure can actually cause the gel to expand. In Figure
1B, for example, at 1 bar and 35 °C the gel is collapsed
while at 1000 bar and 35 °C it is swollen. This unique
phase behavior was found for all NIPAAm gel samples
investigated as part of these experiments and has been
found in bulk NIPAAm gel as well.15

Gel Composition. Table 1 shows the volume phase
transition temperature at 1 bar as a function of ionizable
comonomer (SA) concentration and cross-linking (BIS)
density. As known from Flory-Tanaka theory, the

Figure 1. (A) SPR reflectivity scans showing the character-
istic shape of the grating coupling scheme for a sample with 0
mM SA, 700 mM NIPAAm, and 3.5 mM BIS at 0 bar. The
transition temperature is at 33.5 °C, and the angle of the
resonance minimum shifts as a function of temperature. As
the gel collapses, it also scatters more light, and the overall
intensity drops. (B) The gel refractive index is graphed as a
function of temperature and pressure for the same sample.
Pressure was increased in 100 bar increments, but for clarity,
not all curves are shown. Intermediate measurements follow
the trends above.
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transition temperature of bulk NIPAAm gel increases
as a function of the SA concentration but is largely
unaffected by the cross-linking density. However, as
illustrated by the data in Table 1, the gel at the
NIPAAm-substrate interface shows further increase in
the volume phase transition at higher SA and BIS
concentrations. Furthermore, at lower SA and BIS

concentrations, the transition temperature is slightly
lower than the corresponding bulk samples. This is
analogous to other studies that show the effect of
confinement at a fixed substrate altering characteristic
transitions in polymeric materials.22-24 The swelling
ratio and transition temperature of bulk gel are known
to be influenced by the synthesis conditions. The
procedure used for the preparation of the bulk gels and
the method for determining the transition temperature
are based on previously published results for the same
system and are in good agreement with these data.9 The
agreement between the data using the spacer and UV
techniques is surprisingly good, considering the differ-
ences in the synthesis conditions. However, the surface
grafting density of the two systems should be similar,
along with the gel network concentration and cross-
linking density. Perhaps this is sufficient to give the gel
films from the two techniques similar swelling ratios
and transition temperatures in this confined geometry.

Comparing the effects of SA and BIS on the transition
temperature, we note that SA concentration affects the

Figure 2. Refractive index of the gel is graphed as a function of pressure at 19.3 °C (squares) and 53.8 °C (circles) for a sample
with 0 mM SA, 700 mM NIPAAm, and 3.5 mM BIS. The data were evaluated using the Lorentz-Lorenz equations (LL) combined
with Tait’s equations to give the compressibility of the gel in the swollen (19.3 °C, solid line) and the collapsed (53.8 °C, dotted
line) state.

Figure 3. Pressure effects on the volume phase transition temperature of 4 µm films. (A) All samples have a gel composition of
0 mM SA and 700 mM NIPAAm with cross-linking density shown (mM BIS). (B) All samples have a cross-linking density of 8.6
mM BIS with ionizable comonomer concentration as shown (x mM SA). The corresponding NIPAAm concentration is (700 - x)
mM, keeping the total gel network concentration constant.

Table 1. Volume Phase Transition Temperatures at 1 bar

transition temperature [°C]

SA [mM] BIS [mM] bulk gel 0.3 µm filma 4 µm filmb

0 8.6 34.3 33.8 33.7
4 8.6 34.7 34.1
8 8.6 35.9 34.3

16 8.6 36.8 38.9 39.1
32 8.6 37.7 42.1
70 8.6 41.9 44.8 44.5
0 3.5 34.2 33.5
0 15 34.4 37.7

a The 0.3 µm film (UV technique) measurements probe the
entire film. b The 4 µm film (spacer technique) measurements are
of the gel-substrate interface.
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transition temperature in both the bulk gel and gel films
while BIS concentration affects only the gel films. The
gel films in this study are relatively loosely cross-linked,
and although the gel-substrate interface is fixed, the
gels are swollen with water and the individual polymer
chains should have substantial mobility. However, as
the cross-linking density increases, the modulus of the
film increases, the mobility of the individual chains
decreases, and the effect of the fixed substrate on the
gel properties should also increase. Specifically, the
length scale of the constraint is likely to be influenced
by the degree of cross-linking, and because only the gel-
substrate interface is probed by these measurements,
the substrate effect on this region could vary with cross-
linking density. This may explain why the transition
temperatures for 3.5 and 8.6 mM BIS are similar to the
bulk gel values while the sample with 15 mM BIS has
an elevated transition temperature. Conversely, the
effect of the increased SA concentration is to increase
the osmotic pressure of the counterions, and this causes
swelling in bulk gels. The gel also becomes more
hydrophilic, causing the transition temperature to
increase. This should have a similar effect on bulk gels
and thin films, although the magnitude of the change
in the transition temperature varies somewhat, as
shown by the data in Table 1.

Film Thickness. From macroscopic observations25

it is known that NIPAAm gel films on the order of 50
µm thick show significant distortion as they expand and
contract in response to temperature, and these transi-
tions cannot be viewed as one-dimensional. Most likely,
there is a characteristic length scale over which the
effects of the substrate are felt by the gel film. To explore
this further, a separate set of experiments used a
surface-bound photoinitiator so that the thickness of the
gel layer could be controlled by the UV exposure time.38

This was used to produce 0.3 µm and thinner films,
which is on the order of the decay length of the SPR
measurement, and thus the entire film is probed by this
set of measurements. The transition temperatures of the
thin gel films correspond well to those at the NIPAAm-
substrate interface (see Table 1), and the constraint of
the fixed substrate then appears to affect the entire film.
This does not resolve the issue of the exact length scale
needed to describe the system, but we can conclude that
the constraint of the substrate is felt by the film over
distances larger than the decay length of the surface
plasmon. A more detailed study of gel film swelling
behavior as a function of film thickness will be published
separately.17,43

Pressure Effects. The data in Figure 3 show the
transition temperatures of the samples in Table 1 (4 µm)
as a function of pressure. From these data, it is clear
that the pressure sensitivity of the volume phase
transition temperature at the NIPAAm-substrate in-
terface is similar to that of bulk gels.13,14 The transition
temperatures at 1 bar differ from those of bulk gels of
the same composition, as shown in Table 1. However,
the additional increase in the transition temperature
due to hydrostatic pressure corresponds well to the
behavior of bulk gel. It is tempting to try and model
the constraint as an added stress or pressure within the
gel,44 but this is inconsistent with the data in these
experiments. In terms of the sigmoidal fit, the constraint
has been shown to affect the transition temperature T
but not the width of the transition ∆T, while added
hydrostatic pressure is shown to affect both T and ∆T.

Equilibrium Swelling. The polymer volume fraction
of the gel films can be calculated from the refractive
index of the film. In bulk gel, the addition of an ionizable
comonomer swells the gel significantly and the polymer
volume fraction decreases. At temperatures below the
volume phase transition temperature, this results in a
dramatic increase in the equilibrium swelling ratio with
increased ionic content.9 However, it is apparent from
the data in Figure 4 that the swelling ability of coun-
terions in the thin film is substantially less than in the
bulk, and the polymer volume fraction does not appear
to change as a function of sodium acrylate concentration.
The total volume change can be estimated from the
change in the equilibrium swelling ratio in the case of
bulk gels and from the change in refractive index in the
case of gel films. While the volume phase transition of
the corresponding bulk gels can have a total volume
change as large as 100-fold, the gel films have a total
volume change around 15-fold. Thus, ionized gels in this
confined geometry have increased transition tempera-
tures with increased ionic content, as in the case of bulk
gels, but the associated swelling of the gel at temper-
atures below the transition temperature is not present.

Similar results have been found for thermoresponsive
core-shell colloids with a solid latex core and a cross-
linked NIPAAm shell.32,33 The presence of a fixed
substrate limits the degree of swelling at low temper-
atures but also prevents the shell from fully collapsing
at high temperatures. The limited swelling at low
temperatures is illustrated in Figure 4, but the refrac-
tive index at high temperatures (Figure 1B) is in good
agreement with a fully collapsed gel film. As a result,
there does not appear to be any effect on the degree of
swelling at high temperatures for the range of film
thicknesses observed here. As a thought experiment, a
one-dimensional analogue to Flory-Tanaka theory
should have a more rapid increase in elasticity free
energy as the gel expands and polymer volume fraction
decreases. This could explain the reduced swelling for
the gel at the NIPAAm-substrate interface, but it is
unclear how this will affect the volume phase transition
temperature and the width of the transition. Current
theory has successfully described the volume phase
transition in both two and three dimensions, but it is
unable to capture all the characteristics of this system.

Figure 4. Equilibrium swelling of 4 µm films and bulk gel at
temperatures below the volume phase transition temperature
as a function of the ionizable comonomer concentration. The
volume fraction of polymer in the gel samples is calculated
from the refractive index in the case of the thin film and from
the equilibrium swelling ratio in the case of the bulk gel.
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Conclusions
This is a first step in understanding the volume phase

transition in NIPAAm gels under lateral constraint.
This is particularly relevant for a number of applications
such as thermally selective membrane separations7 and
thermally activated surfaces in biomaterials.8 These
applications use thermoresponsive hydrogels at surfaces
and at interfaces, and the understanding of bulk hy-
drogels cannot necessarily be extended to these types
of geometries.

As demonstrated in this paper, NIPAAm gel at a fixed
interface is a complex system, and the confinement of
the gel is likely limited to some characteristic length
scale or distance from the interface. The data also
suggest that the constraint cannot simply be modeled
as an added stress or pressure within the material.
However, we have shown that the effect of confinement
on NIPAAm at a fixed interface is to alter the transition
temperature, especially for ionized or highly cross-linked
gels, and to significantly decrease the swelling ability
of ionic species in the gel. Furthermore, the effect of
increased hydrostatic pressure is to increase the transi-
tion temperature and the width of the transition, similar
to bulk gels. This causes interesting phase behavior in
that under certain conditions the gel can expand in
response to increased pressure.
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