PRL 101, 238301 (2008)

PHYSICAL REVIEW LETTERS

week ending
5 DECEMBER 2008

Glass Transition and Aging in Dense Suspensions of Thermosensitive Microgel Particles

Eko H. Purnomo,* Dirk van den Ende,” Siva A. Vanapalli,” and Frieder Mugele

Physics of Complex Fluids, IMPACT, Department of Science and Technology, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
(Received 1 July 2008; published 2 December 2008)

We report a thermosensitive microgel suspension that can be tuned reversibly between the glass state at
low temperature and the liquid state at high temperature. Unlike hard spheres, we find that the glass
transition for these suspensions is governed by both the volume fraction and the softness of the particles,
where softer suspensions form a glass at higher effective volume fractions. In the glass state, these
suspensions show aging where the relaxation times increase linearly with age, irrespective of the degree of
particle softness. This relaxation scaling is in contrast with hard sphere behavior but consistent with the

soft glassy rheology model.
DOI: 10.1103/PhysRevLett.101.238301

Soft glassy materials (SGMs) exhibit distinct rheologi-
cal behavior. Under small stresses, they behave like a solid
(G’ > G") on experimental time scales. However, at very
long time scales, they flow. Such rheological features
characteristic of soft glassy behavior have been found in
many materials including colloidal suspensions [1-8],
emulsions [9], foams [10], and living cells [11]. The micro-
scopic dynamics of these soft materials reveals signatures
of glassy behavior including metastability, dynamic het-
erogeneities, intermittency, and kinetic arrest [12]. Upon
increasing the mass concentration of a suspension of col-
loidal hard spheres, the system undergoes a glass transition
at a volume fraction of d)g =~ (.58. In contrast, for soft
spheres [13] or star polymers [14], the glass transition
can be induced by varying not only the mass concentration
but also the particle size (via pH or temperature). Because
soft particles can easily be deformed, they flow under an
infinitesimal shear stress even at volume fractions higher
than 0.58, raising the question: How does the volume
fraction at the glass transition depend on the softness or
elasticity of the particles?

Another characteristic signature of soft glassy materials
is that they often show aging where rheological properties
continuously evolve with time. Its universality has been
demonstrated [1,6,7] by scaling the evolution of the dy-
namic properties on the age of the concentrated suspen-
sion. Aging has also been explored in colloidal hard sphere
suspensions by measuring the mean squared displacement
of the particles as a function of time, at different ages of the
sample, using video microscopy [2,3]. These measure-
ments showed that the mean relaxation time increases for
hard spheres sublinearly with the age of the suspension. In
contrast, using rheological measurements we recently dis-
covered that soft microgel particle suspensions [4,5] in the
glassy state show a frequency dependence of the viscoelas-
tic moduli that scales linearly with the age of the suspen-
sion, implying that the mean relaxation time also scales
linearly with sample age. This difference in the aging
behavior between hard and soft sphere systems raises the
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second question: How does the particle softness affect
aging behavior?

In this Letter, we address both issues using thermosen-
sitive colloidal suspensions. These suspensions form a
unique class of SGMs that is well suited for studying
mechanical behavior in the vicinity of glass transition
because both the volume fraction and the particle softness
can be tuned independently by varying the particle size (via
the temperature [4,5,13]) and the number density of parti-
cles (via the mass concentration) in a controlled way.

We apply the soft glassy rheology (SGR) model to
interpret the observed aging behavior in the glassy state
as well as to characterize the liquid-glass transition. In this
model [15,16] the steric hindrance against relaxation of
stresses inside the particles, characterized by an elasticity
G, is represented by a complex landscape of energy wells
with an average depth X,,. Stress relaxation is conceived as
hopping of a particle from one well to another. As in
activated rate processes, the hopping probability depends
on the depth of the well as well as the effective noise
temperature X. We demonstrate that the degree of glass-
iness (quantified by the relative noise temperature x =
X /Xg) of a thermosensitive microgel suspension can be
tuned continuously and reversibly by varying the thermo-
dynamic temperature 7. The aging behavior of the visco-
elastic moduli observed in the glassy state, where x < 1, is
not observed above the glass transition, where x > 1. Both
below and above the glass transition, the moduli are quan-
titatively described by the SGR model.

The thermosensitive colloidal suspensions we use in this
study contain core-shell microgel particles. These particles
have a poly-N-isopropyl acrylamide (polyNipam) core and
a poly-N-isopropylmethacrylamide shell [17]. The size of
these particles depends more gradually on the temperature
than for pure polyNipam particles, resulting in a broader
temperature range to tune the volume fraction ¢ of the
suspension. The dependence ¢(T, c) was determined by
measuring the relative Einstein viscosity 7,(c) =
1 +5/2¢ at T, = 24 °C for relative mass concentrations
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¢ below 0.005% weight by weight (w/w), resulting in
&(Ty, ¢) = kc, with k = 42 * 1. For other temperatures
the volume fraction is @(T, c¢) = ¢(Ty, ¢)[R(T)/R(T,) T,
where the particle radius R(7T) was obtained from static
light scattering experiments. Experiments were performed
at volume fractions, as defined in this way, between 0.6 and
3.0. Note that the same volume fraction can be obtained for
different concentrations by adjusting the temperature.
However, at constant volume fraction the particle softness
decreases with increasing concentration, due to an increas-
ing intraparticle polymer concentration.

All experiments were carried out using a Haake RS600
rheometer with a cone and plate geometry (diameter
60 mm, angle 2°). A vapor lock was used to avoid evapo-
ration, and the temperature of the shielding was kept
approximately 5 °C above the plate temperature to prevent
condensation. The rheometer was loaded at 44 °C and then
cooled down to the experimental temperature. Prior to any
measurement, the suspension was rejuvenated by applying,
during 60 s, a stress o, well above (typically twice) the
yield stress o,. Next, the elastic modulus G’ and the loss
modulus G” were measured as a function of the frequency
w, for several waiting times t,,. The aging time 7 is defined
as the total time lap from the end of the rejuvenation to the
moment of data acquisition [4,5].

Figure 1(a) shows the frequency dependence of the
moduli of a 7% w/w suspension at 25 °C. The aging is
clearly demonstrated by the G” behavior: At a given fre-
quency below 1 rad/s, it strongly decreases with increas-
ing time. In Fig. 1(b), the same moduli are plotted versus
ot instead of w. Now they collapse onto a master curve for
wt < 300, which implies that the viscoelastic relaxation
times scale with time 7. For wt > 300, where the moduli
are dominated by local viscous and Brownian effects, they
do not collapse, as discussed in more detail in [4]. This
aging behavior of the moduli can be described using the
energy landscape picture of the SGR model [15]. As par-
ticles escape more readily from shallow wells, the deeper
ones become more populated as the system gets older.
Simultaneously, the average escape time, i.e., the structural
relaxation time, increases as well. The slight increase of G’
and the decrease of G' with increasing wt (for wt < 300)
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FIG. 1 (color online). G’ (open symbols) and G (solid sym-
bols) of a 7% w/w suspension at 25 °C plotted versus w (a) or
wt (b) for ¢,, = 3 (O), 30 (), 300 (V), and 3000 s (A). Lines
represent the SGR model (x = 0.55, G, = 410 Pa).

in Fig. 1(b) can be explained in terms of stress yielding of
the particles. This yielding dissipates energy and lowers
the number of strained particles. As w increases, the time
1/w available for yielding during one cycle decreases,
resulting in a higher G’ and lower G” . The same reasoning
explains the decrease in G” and the slight increase in G’
upon aging, since the particles occupy increasingly deeper
traps implying a decreasing yielding rate. The relative
noise temperature x was obtained (together with the parti-
cle elasticity G,) by fitting the SGR model [Eq. (43) in
[16]] to the experimental data. The value of x = 0.55 =
0.02, which was obtained at 7' = 25 °C, indicates that the
suspension is deep in the glassy state.

To show the tunability of the glassiness of these suspen-
sions, we measured the viscoelastic moduli at various
temperatures and waiting times. The symbols in Fig. 2
show the frequency dependence of the moduli for various
temperatures close to the glass transition 7, of a sample
with ¢ = 7%. The data for other mass concentrations look
qualitatively similar. In Figs. 2(a) and 2(b), the moduli,
measured at 35 and 37 °C, respectively, have been plotted
versus wt for several aging times 7. The collapse of the data
again implies that the system ages. Because of the swelling
of the particles, the suspension is in a glassy state and
behaves solidlike, i.e., G’ > G". In Figs. 2(c) and 2(d), the
moduli, measured at various ages for 38 and 40 °C, re-
spectively, have been plotted versus w. Now the suspension
behaves liquidlike, i.e., G’ < G”, and the moduli are inde-
pendent of the aging time. At 38 °C, G’ increases faster
than G’: G' ~ w'? and G" ~ w. At 40 °C, the suspension
shows at low frequencies a Maxwellian behavior: G/ ~ w?
and G" ~ w. Both in the glass and in the liquid state, the
SGR model (curves in Fig. 2) describes the measured data
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FIG. 2 (color online). Evolution of G’ (solid symbols) and G"
(open symbols) of the 7% w/w suspension from glassy, at T =
35 (a) and 37 °C (b), to liquid behavior at T = 38 (c) and 40 °C
(d). Lines are the best fitting SGR curves. Data in (a) and (b)
were plotted versus wt to collapse the curves for ¢, = 3 (O), 30
(), and 300 s (V). Data in (c) and (d) were plotted versus w to
reach collapse.
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quite well. The glass transition occurs (for this specific
concentration) between 37 and 38 °C and can be tuned
reversibly without any noticeable hysteresis.

Several criteria can be used to identify the glass tran-
sition in rheological data, such as the ratio G'/G" at a fixed
frequency or the presence or absence of aging. In the fol-
lowing, we chose to use the relative noise temperature x as
defined in the SGR model [15,16] to identify the transition.
We stress, however, that the conclusions which we will
draw below hold independent of this specific choice.

To obtain the relative noise temperature x as a function
of T and ¢, the measurements were extended to several
mass concentrations. Again x and the particle elasticity G,
were obtained from a fit of the SGR model to the experi-
mental data. The results are shown in Fig. 3(a). The be-
havior of x(7, c) reflects the transition from the glassy state
(x <1) at low T to the liquid state (x > 1) at high 7. The
transition temperature 7, = T(x = 1) is found to increase
with increasing mass concentration. This is expected since,
at constant temperature, the volume fraction is higher for
higher mass concentrations. Hence, the temperature at
which the particles have enough space to flow freely will
also be higher. Extrapolating from the well-known critical
volume fraction of hard spheres, one might expect that the
data should collapse if we replot them as a function of the
(effective) volume fraction. However, this is not the case.
In contrast, we observe from Fig. 3(b) that the critical
volume fraction increases from 0.85 at the highest mass
concentration to 1.4 at the lowest.

From the data in Fig. 3(a), the transition temperature 7',
at a given mass concentration ¢ can be obtained by deter-
mining the temperature for which x(7, ¢) = 1. Figure 3(c)
shows that, within the concentration range considered, T,
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FIG. 3 (color online). (a) Relative noise temperature x versus 7'
at ¢ = 3.9 (A), 5 (), 7 (0), and 8% w/w (). (b) The same
data as a function of ¢. (c) Phase behavior (A: liquid, A: glass)
in the ¢-T plane and the transition temperature Tg(c) (line).
(d) Transition volume fraction ¢, versus the particle elasticity
G, Lines are a guide to the eye.

increases almost linearly with the mass concentration. To
elucidate the dependence of the glass transition on the
volume fraction and the particle softness, the volume frac-
tion at the transition ¢, [obtained from Fig. 3(b)] is plotted
in Fig. 3(d) versus the particle elasticity at the transition:
G ,(T,(c), ¢). The values for G (T, c) were obtained from
the viscoelastic data, as described above. Indeed, the vol-
ume fraction at the transition decreases with increasing
elasticity and tends to the hard sphere limit (¢, ~ 0.58) for
high elasticity.

As mentioned before, we can determine the transition
temperature as a function of the mass concentration
[Fig. 3(c)] without invoking SGR, using the wt or w
dependence of the moduli measured at different aging
times, as criterion. All data points in Fig. 3(a) above the
line x = 1 correspond to age-independent moduli. At those
concentrations and temperatures, the suspensions are in the
liquid state [A in Fig. 3(c)]. All points below this line
correspond to age-dependent moduli. At these concentra-
tions and temperatures, the suspensions are in the glass
state [A in Fig. 3(c)]. The transition temperature at a given
concentration is now estimated from this phase diagram.
Using the high frequency limit G, as a measure of the
particle elasticity G, the same model independence can
also be established for the data in Fig. 3(d). Hence our
conclusions are independent of the SGR model. Moreover,
these results show that the glass transition, as marked by
the switch from the wt dependence of the moduli to the w
dependence, indeed takes place at x = 1, as predicted
within the SGR model.

The dependence of T, on the mass concentration can be
explained in terms of the particle softness. When we con-
sider a microgel particle in the suspension, the particle
collapses as we increase the temperature. The collapse
consequently increases the polymer density inside the
particle, and therefore it behaves harder (i.e., has a higher
elasticity) than a fully swollen particle. From Fig. 3(a), one
observes that for a suspension with a higher mass concen-
tration (i.e., a higher particle number density) the transition
occurs at a higher temperature, which indicates that the
individual particles are less swollen and harder compared
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FIG. 4 (color online). G’ (open symbols) and G (solid sym-
bols) of two different suspensions with ¢ = 1.85 plotted versus
wt for t,, = 3 (), 30 (V), 300 (<), 3000 ([J), and 30 000 s (O).
(a) c = 3.9% w/w at 20 °C; lines are the best fitting SGR curves
for wr <100 (x=0.53=0.02, G, =12*1Pa). (b) c =8% w/wW
at 35°C (x = 0.72 £ 0.03, G, = 245 * 30 Pa).
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to those at a lower mass concentration at the same volume
fraction. Because both the particle volume fraction and its
elasticity affect the glass transition of the suspension,
plotting the relative noise temperature x(¢, ¢) as function
of their volume fraction ¢ [see Fig. 3(b)] does not result in
a single curve.

The effect of softness is also illustrated in Fig. 4, where
the moduli of two different suspensions with the same
volume fraction are shown. Despite the same volume frac-
tion, the elastic modulus of the 8% suspension is about
20X larger than the one of the 3.9% suspension. Fitting the
SGR model to the data, we obtain G, = 245 * 30 and
12 =1 Pa and x = 0.53 and 0.72, respectively. This indi-
cates that both suspensions are deep in the glassy state, but
the particles in a 3.9% suspension are softer than in an 8%
suspension at the same volume fraction, in line with the
discussion of Fig. 3. Moreover, we observe that the aging
of the 3.9% suspension continues at least to #,, =3 X 10%s,
whereas the 8% suspension ages only up to 7, =~ 6 X 103 s,
as concluded from the shift with a factor of 5 of the curve at
3 X 10* s with respect to the other curves in Fig. 4(b). This
termination of aging for harder particles can be rational-
ized as a total arrest of the dynamics of a particle by its
neighboring particles. Harder particles are less deformable;
therefore, the length scale of the rearrangements diverges.
Although this is in line with observations by Crassous et al.
[18], it cannot be explained within the SGR model.

The incomplete arrest in the glassy state due to the
softness of the particle interactions also explains the creep
behavior below the yield stress and the flow behavior above
it [6,8]. After a fast stress pulse below the yield value o,
these systems respond elastically without any irreversible
deformation. However, when the same stress pulse is ap-
plied much more slowly, the system does show irreversible
deformation, which is larger for shorter ages. This can be
attributed to yielding events between neighboring parti-
cles, which are less probable for older systems. Applying a
stress above oy, the suspension flows and no aging is
observed, because the yielding of the particles is now
determined by the shear.

In conclusion, we demonstrated that the glass transition
is governed by the volume fraction and the softness of the
particles: Suspensions of softer particles require a higher
volume fraction to become glassy. We determined T, (c),
below which the system is in the glassy state where it
shows aging; i.e., the mechanical relaxation times scale
linearly with the age of the suspension. Above T, (c), the
system behaves liquidlike and no aging is observed. The
SGR model describes the time and frequency dependence
of the moduli above and below T, quantitatively correctly.
The volume fraction at the liquid-glass transition tends to
the hard sphere limit (¢, =~ 0.58) as the particles get
harder.
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