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Temperature-Controlled Transitions Between Glass, Liquid,
and Gel States in Dense p-NIPA Suspensions

By Giovanni Romeo,* Alberto Fernandez-Nieves, Hans M. Wyss, Domenico Acierno,

and David A. Weitz

Microgels are particles made by chemically cross-linking a pol-
ymer to form particles of a gel that are colloidal in size.? Like
their macroscopic counterparts, microgels can be swollen by
a solvent, the degree of swelling depending on solvent quality
and cross-link density.>* As the solvent quality is governed by
external stimuli such as temperature, a remarkably versatile
control over the degree of swelling can be achieved in these
systems. This makes microgels very attractive, for instance, for
drug deliveryP®l and sensing applications.’!

A particularly interesting polymer for microgels is poly-
N-isopropylacrylamide (p-NIPA), since it has a lower critical
solution temperature (LCST) of T = 33 °C, a temperature
that is easily accessible in experiments and relevant for many
applications.®*! Below the LCST, p-NIPA microgels are swollen
and interact repulsively. They can be packed well above the
random close packing fraction for hard spheres, @, = 0.64,
through compression and deformation of the particles. Such
concentrated suspensions display viscoelastic properties that
are reminiscent of those of pastes!!®!!l and colloidal glasses
of hard spheres,'?l with a frequency-independent elastic shear
modulus which depends on the degree of compression.!!*!4
Raising the temperature above the LCST significantly affects
the behavior of p-NIPA particles, which dramatically shrink
in size, changing their volume by more than an order of mag-
nitude. This effect can be directly observed in the viscoelastic
response of microgel suspensions, which liquefy as a result of
the size change and the associated change in particle volume
fraction.'3] However, in some cases this de-swelling is
accompanied by a second effect, which surprisingly leads to an
increasingly solidlike behavior as the temperature is increased.
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Because the solvent quality decreases above the LCST, polymer
chains tend to stick together, leading to an attractive interac-
tion not just within a microgel, but also between microgel par-
ticles. As a result, aggregation or even gelation can occur.!!
Interestingly, because the interparticle potential changes from
repulsive to attractive around the LCST, we expect it to vanish
at some temperature, and a liquidlike state should be achieved
for packings even above @,,, with transitions to solidlike states
occurring both upon increasing and decreasing the tempera-
ture. While both glassy and gel states have been studied sepa-
rately, the occurrence of colloidal liquid, glass, and gel phases
have not been observed within the same sample, and hence it
has been difficult to directly study the connection between the
glass and gel phases.

In this article we demonstrate that concentrated p-NIPA
suspensions in a low-temperature glassy state can liquefy and
then solidify again as the temperature is raised across the
LCST. Our system exhibits all the typical responses of disor-
dered colloidal suspensions, but the behavior is controlled by
temperature. Below the LCST it shows the behavior typical of
a colloidal glass, near the LCST it behaves like a liquid, while
above the LCST it exhibits the properties typical of a colloidal
gel. Moreover, we show that the elasticity of these suspensions
exhibits critical-like behavior as a function of temperature both
above and below the LCST, with a critical temperature that cor-
responds to the LCST. Our results thereby suggest interesting
analogies between the glass and gel phases of these thermosen-
sitive microgel particles.

We use temperature- and pH-responsive particles made of
p-NIPA copolymerized with about 5% acrylic acid and cross-
linked with 0.5% N,N’-methylenebisacrylamide. To measure
the LCST of the particles, we perform differential scanning
calorimetry (DSC) and find an endothermic peak ranging from
29 to 31 °C while heating a suspension at pH = 3. The LCST of
the particles thus lies within this range, which is slightly shifted
downwards with respect to the LCST of pure p-NIPA.

Below this temperature, the particles are highly swollen and
can therefore be packed up to very high concentrations, conven-
iently described by a generalized volume fraction, { = n-V.['®l
Here, n is the particle number concentration and V the volume
of the particle measured under dilute suspensions conditions
(n — 0). For { close to or above 1, a particle does not reach its
swelling equilibrium because of the steric compression due to
the other particles; in this case, { is a measure of the compres-
sion of the particles relative to their equilibrium size.

To determine the temperature dependence of the particle
volume, V(T), we use dynamic light scattering (DLS); mean-
while to determine the temperature dependence of the particle
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Figure 1. a) Temperature dependence of the intrinsic volume fraction
k = §/w; (squares) and particle volume V (circles). The inset shows the
linear relationship between k and V. The slope of the linear fit represents
the inverse of the average mass of polymer per particle, m,. b) Tempera-
ture dependence of the linear viscoelastic moduli G’ (solid circles) and
G” (open circles), and particle volume fraction { as obtained by viscosity
measurements (stars).

volume fraction, {(T), we measure the viscosity using an Ubbe-
lohde tube. Since the solution density is essentially equal to
that of water, 1 g-cm™, the intrinsic volume fraction, k = {/w,,
becomes k = V/m,,, where w, is the polymer weight fraction, and
m,, is the average polymer mass per particle. As a result, k(T)
and V(T) must have the same temperature dependence ena-
bling us to cross-check the size and viscosity measurements.
Indeed, we find that k(T) and V(T) display the same tempera-
ture dependence, as shown in Figure 1a, and are linearly inter-
related, as shown in the inset of Figure 1a, also consistent with
our expectations. The inverse of the slope of the linear fit equals
m, =~ 2.5 x 107'* g, which allows us to determine the radius of
a completely collapsed particle, R® =~ (3m,/4m)!/* = 180 nm.
Since the smallest radius we measure by DLS is R = 260 nm
at 41.5 °C, our result suggests that even in the de-swollen state,
p-NIPA particles contain a high amount of water, consistent
with previous observations.!?!

To follow the temperature dependence of the linear visco-
elastic moduli of a dense microgel suspension, we fix both fre-
quency and strain applied to the sample, and slowly vary T. A
typical response is shown in Figure 1b for a sample at a polymer
weight fraction w; = 0.062 % 0.005 and a frequency w=1rad-s™%.
The variation of { is reported in the same figure, as it also
changes with T. For T < 26 °C, the elastic modulus dominates
over the viscous modulus. As the temperature increases from
10 to 26 °C, both moduli decrease and their difference gets pro-
gressively smaller. This solidlike behavior and the absence of any
visible Bragg peaks in these samples suggest that the suspen-
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sion behaves like a glass. As temperature increases above 26 °C,
G’ and G” become comparable, and finally, G” becomes larger
than G” at T= 28 °C, which indicates a liquidlike behavior. Inter-
estingly, here the particle volume fraction still corresponds to a
{ above random close packing. However, as the temperature is
increased further, a sudden increase of the moduli is observed.
It is well known that the interaction between p-NIPA microgels
changes from repulsive to attractive at temperatures around
the LCST. We thus identify the LCST of our microgel particles
as the temperature at which both G’ and G” reach a min-
imum, T = 29 °C. For T > 29 °C, we attribute the steep increase
of the vicoelastic moduli to the increase of attractive interactions
and the resultant formation of a volume-spanning colloidal
gel. This is consistent with previous observations reporting the
formation of clusters at low particle concentrations.!!!

To characterize the relaxation dynamics in the glassy, liquid,
and gel phases, we analyze the frequency dependence of the
viscoelastic moduli. At low temperatures, G’ shows a frequency-
independent plateau and G” shows a marked minimum at a
frequency @,,, as shown in Figure 2a for three different tem-
peratures. These features are a hallmark of glasslike systems.
For @ > w,,, G”(w) increases with frequency as G” ~ @’°, con-
sistent with results for spherical particles stabilized by grafted
polymer layers,'2'7] and with theoretical analysis of the high
frequency response of concentrated suspensions of Brownian
spheres interacting through a continuous repulsive potential.l8l
The increase of G” with decreasing o for o < @, is indicative
of the presence of a structural relaxation at even lower frequen-
cies, a feature that typifies glassy materials.l!%2% Physically, this
behavior is due to the additional energy dissipation produced
by a particle when escaping from the cage formed by the neigh-
boring particles. Qualitatively the measured frequency depend-
encies of G'(T,w) and G”(T,w) for concentrated, swollen micro-
gels, resemble those of glassy hard sphere suspensions and
concentrated emulsions.222 However the origin of the elastic
response is different. In hard sphere systems, the elasticity is
entropic in nature; it results from changes in the equilibrium
pair-correlation function due to the applied deformation. In
emulsion and microgel suspensions such an entropic contri-
bution is expected up to {; = 0.58. Above this point, emulsion
droplets start deforming and the elasticity increases with par-
ticle concentration as G" ~ § — ., with {. = 0.64; this results
from the energy associated to the additional surface area per
drop, which is opposed by the Laplace pressure, and from the
random microstructure of the system.[??]

In contrast to emulsions, swollen microgels do not have
surface tension. However, since far from the LCST of the
microgel the bulk modulus of a particle is higher than its shear
modulus,P! we expect the particles to deform without signifi-
cantly changing their volume for 0.64 < { < 1. At { = 1, how-
ever, the particles start de-swelling as a consequence of their
finite osmotic compressibility which allows packing at { >> 1,
as shown in Figure 1b. In this region the suspension elasticity
increases as a consequence of the increased bulk modulus of
the individual particles, as they are forced to shrink in volume
with increasing concentration;?’l this emphasizes the impor-
tance of the particle’s elastic modulus which plays no relevant
role for suspensions of incompressible particles, such as rigid
spheres or drops.['®
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Figure 2. Frequency dependence of the elastic G” (solid symbols) and
viscous G” (open symbols) moduli as a function of temperature: a) glassy
regime at 10 (squares), 20 (circles), and 24 (stars) °C; b) liquidlike regime
at 26 (squares), 27 (circles), and 28 (stars) °C; the solid lines show the
expected low-frequency behavior of a viscoelastic liquid; c) gel-like regime at

1 (squares), 33 (circles), and 35 (stars) °C. Measurements are taken after
an aging time of 150 min.

For temperatures above 25 °C, the suspension dynamics
changes. Both G” and G” exhibit a clear frequency dependence,
as shown in Figure 2b for 26 and 27 °C. Remarkably, at 28 °C
the frequency dependencies of both moduli approach the ter-
minal behavior of a viscoelastic liquid, G’ ~ @* and G” ~ @',
reflecting the liquidlike nature of the sample.

Above the LCST, however, the frequency dependence of the
viscoelastic moduli again exhibits a qualitative change. We find
that both G and G” are characterized by a power law of the
type G ~ @®3 in the whole frequency range investigated, as
shown in Figure 2c for three different temperatures. At these
high temperatures, the interparticle attraction is related to
the Flory parameter, which increases with temperature.’! The
observed increment of the moduli is a direct consequence of
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this increase in the attraction strength with temperature.?
A power law relaxation spectrum is characteristic of transient
particle networks.[?’] In particular, while gels characterized by
short-range attractive potentials exhibit a G’ with a well-defined
plateau,?®l gels characterized by high filler volume fractions and
long-range attraction display marked relaxation dynamics.l?”! In
this last case, it has been suggested that gelation results from
crowding of clusters of weakly sticking particles. Since above
the LCST dilute solutions of p-NIPA particles form stable
aggregates with a size that depends on temperature,’”l we
speculate that the elasticity of the gel arises from crowding of
stable clusters.?®?] In analogy with hard sphere glasses, the
slow rearrangements in a glass of clusters would result in the
weak frequency dependence of the viscoelastic moduli, just as
we observe experimentally for our p-NIPA particle gels.

The previous analysis highlights an unexpected behavior
around the LCST. In fact we have shown that a liquid phase
can be reached even at concentrations § clearly above random
close packing, suggesting that, in contrast to hard spheres,
{ is not the only variable that changes with temperature. We
suggest that the repulsive interaction between particles also
changes as the LCST is approached and that this repulsion
softening plays a relevant role in the mechanical response of
our system. To better understand this, we analyze the variation
of the elastic plateau modulus, G’,, as a function of tempera-
ture around the LCST, as shown in Figure 3a for two different
polymer concentrations, w, = 0.062 and w, = 0.112. Close to
the liquidlike state, G” does not show a plateau; in this case,
we choose G’, as the inflection point of the elastic modulus,
which is the last point before the slope of the modulus starts to
increase with decreasing frequency. This corresponds to G’ at
® = 0.04 rad-s7! for both T=26 °C and T = 27 °C in Figure 2b.
In the gel state, we choose G’ as the value of G’ at a frequency
of 0.1 rad-s™!. Remarkably, the data can be well described by
critical-like behavior, G, ~ (T — T.)". In general, the interparticle
repulsion depends on the osmotic pressure within a microgel,
which in turn depends on the Flory solvency parameter y, which
depends upon temperature, and has been shown empirically to

25 30
0

7 ['C] ¢
Figure 3. a) Temperature dependence of G’; for two different polymer
concentrations: w, = 0.062 (circles) and w; = O 112 (squares). The lines
are fits to the equation G’ ~ (T - T)”. We find that y= 2.4 for w; = 0.062
and y=3.3 for w, = 0.112 However, for both concentrations, T, = 29 °C.
b) Dependence of G’, on ( for different polymer concentrations and tem-
peratures. For each polymer concentration, the temperatures are reported
from top to bottom: 0.112 (squares: 10, 20, 24, 26, 27, 27.5 °C); 0.062
(circles: 10, 20, 24, 26, 27 °C); 0.042 (triangles: 10, 15, 20 °C); 0.031
(stars: 15, 20 °C).

o U MAWILEY
lnterSaence

GIsCOvEA SOmLT

n
o
3
3
G
=
a
-
o
=




<=
o
<
=
=
=
=
3
o
v

ADVANCED
MATERIALS

www.advmat.de

also depend upon polymer volume fraction within a particle
o (T.0) = xa(T) + x2- ¢ + O(¢?) +....°1 Above random close
packing, {> 0.63, ¢; is fixed by { and does not depend on tem-
perature which only determines the degree of compression. As
a consequence, the critical temperature can slightly shift for
samples at different {. The result shown in Figure 3a, however,
suggests that this effect is negligible in our experiments where
the internal volume fraction is at most ¢; = 0.15. In fact, while
the exponent yincreases with polymer content, the critical tem-
perature, T, remains nearly unchanged at T, = 29 °C for both
polymer concentrations. This temperature is very close to the
LCST of our p-NIPA microgels.

The possibility of describing both gel and glassy states of our
microgels within a general framework provides support of the
continuity of these two transitions. Glass and gel are kinetically
arrested metastable states, where the fluid-to-solid transition
depends on { and interparticle potential. Continuity between
the critical-like behaviors describing the glass and gel phases, as
observed here, necessarily requires passing through a liquid state
which is approached as the interparticle potential vanishes. This
decrease in repulsion should be caused by a change in the elastic
properties of the particles as the LCST is approached. However,
we recognize that in the experiments in Figure 3a the viscoelastic
moduli are subjected to both the effect of decreasing the interpar-
ticle repulsion and of decreasing &. To explore the relative impor-
tance of these two effects we measure G’ for different tempera-
tures and polymer concentrations, and express the results as a
function of &. If the behavior were dominated solely by the effect
of particle concentration, then all the data should collapse onto a
single curve. This would mean that at any given degree of particle
compression, temperature does not affect the repulsion between
particles. Our results indicate that this is not the case. We find
deviations for the sample at the highest polymer concentration
and for temperatures close to T;, as shown in Figure 3b. Thus,
the elastic properties of the particles and the resulting repulsive
forces at { > 0.64 must change as the temperature is increased
towards the LCST. In particular, the bulk modulus of a single
particle is expected to change as the LCST is approached because
around the LCST the change in osmotic pressure required to
change the volume of a particle is very small. Indeed, the bulk
modulus of p-NIPA hydrogels and microgels drops considerably
as the LCST is approached, while the shear modulus increases
continuously through the LCST.?3% This behavior is also con-
sistent with the theory of Flory.3!l This effect can be so strong
that it leads to a negative Poisson ratio in these materials near
the LCST, where the shear modulus is found to exceed the bulk
modulus. This in fact means that it is easier for the particle to
change its volume than it is to change its shape. This phenome-
nology could indeed indicate that the morphology and the elastic
properties of packed microgel particles could qualitatively change
as the LCST is approached, consistent with the lack of scaling we
see in Figure 3b. A deeper understanding of the physical mecha-
nisms that govern the behavior of these systems will require
further investigation of how temperature affects the mechanical
properties of a single particle; information at the single-particle
level would enable a better understanding of the relative influ-
ences of packing density and repulsive interactions.

In conclusion we have shown that concentrated suspensions
of temperature-sensitive microgel particles may experience
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transitions between glassy, liquidlike, and gel-like behavior
as the temperature is varied through the LCST. Moreover, the
macroscopic mechanical response of the system does not only
depend on the effective particle volume fraction. As expected,
in the gel-like state the effective interparticle potential is the
key parameter determining the viscoelastic response. Surpris-
ingly, also in the transition between the glassy and liquid-like
states, even by adjusting the generalized volume fraction, ¢, the
elastic modulus can be orders of magnitude smaller than that
expected for hard spheres. We pointed out that temperature
might not just be changing the suspension volume fraction,
but may effectively change the interparticle potential, which
could result from a reduction in the bulk modulus of the single
microgel particles.

We hope that our findings will promote more experimental
and theoretical works aimed at elucidating the surprising elastic
behavior at the transition as well as the microscopic origins of
the fascinating elastic properties of these materials.
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