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We use monodisperse poly(N-isopropylacrylamide) (PNIPAM) micro-
gels as a model system for soft repulsive colloids and study their
density dependent structural ordering and phase behaviour using
confocal laser scanning microscopy (CLSM). The experiments are
carried out at low temperatures, where the particles are in the
swollen state and interact via a Hertzian potential, evidenced
through a quantitative comparison of the pair correlation functions
g(r) obtained with CLSM and computer simulations. \We worked over
a broad range of effective volume fractions ¢.ss below and above
close packing (¢cp). CLSM allows us to identify a fluid—glass and a
fluid-crystal transition by looking at the structure and dynamics of
the suspensions. The density dependent g(r) values exhibit clearly
visible anomalies at high ¢es > ¢, Which we interpret as a structural
signature of the glass transition related to the particle softness. These
results are discussed in light of the previously studied phase behav-
iour of colloidal systems interacting with hard and soft repulsive
interaction potentials.

Hard sphere colloids have frequently been used as model
systems in condensed matter physics to address density driven
fluid-crystal and fluid-glass transitions."® Recently, the focus
of the theoretical and experimental soft matter community has
increasingly shifted to soft repulsive colloids,”*” where the
interaction potential shows a finite repulsion at or beyond
contact (a; = o, with a4 the center-to-center distance and o the
particle diameter). As a result of particle softness, interesting
equilibrium and non-equilibrium phases have been observed in
theoretical studies of soft-repulsive colloids. The most impor-
tant findings include a non-monotonic density dependence of
the freezing transition'*"*'® with a complex array of crystalline
structures,*>'® a shift of the glass line to higher effective volume
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fractions ¢g with increasing softness,*'* and a density driven
re-entrant  fluid-glass—fluid transition.”” However, the
complexity of this theoretically predicted phase behaviour has
not yet been reproduced by the corresponding experimental
studies.

In the experimental effort devoted to soft repulsive colloids,
cross-linked  poly(N-isopropylacrylamide) (PNIPAM)-based
microgels have been frequently used as an ideal model system,
where the particle softness can not only be tuned through the
crosslink density during the synthesis, but also in a completely
reversible fashion through the response of the polymer to
variations in temperature, pH, ionic strength or hydrostatic
pressure.”>" Neutral,”?* charged** and core-shell PNIPAM-
based microgels®**” have previously been used, and their
concentration and temperature dependent properties and
phase behaviour have been extensively investigated. These
studies have clearly shown the existence of much richer phase
behaviour when compared to simple hard sphere colloids.
Particularly noteworthy has been the observation that due to the
softness of the particles, microgels can be packed to effective
volume fractions far above close packing, ¢, with enormous
consequences for the resulting structural and dynamical prop-
erties.””>* However, a major problem until now has clearly been
the lack of knowledge on the exact nature of the interaction
potential between the various types of microgels, and on its ¢es
dependence at high packing fractions.

A number of experimental studies on PNIPAM microgel
dispersions have already been reported on attempts to deter-
mine the nature of the interaction potential. The inverse power
law (i.e. U(r) o r~™) and brush-like interactions were found to be
in excellent agreement with the ¢.¢ dependence of the shear
modulus (Gp) in concentrated microgel suspensions based on
rheological studies” and diffusing wave spectroscopy* respec-
tively. Recently a number of studies have been proposed to
model soft-colloids using a pair-wise additive Hertzian poten-
tial'®***> which was initially derived for the description of the
elastic repulsion between deformable soft colloids. This was for
example used to understand the structural signature of the
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jamming transition at finite temperatures, and its relationship
to dynamical arrest and glass transition in PNIPAM microgels
through experiments® on two-dimensional binary suspensions
of microgels at high densities (>¢.p). The observed structural
features were found to be in agreement with simulations using
Hertzian spheres. However, there is still a clear lack of conclu-
sive experimental tests of the existing theoretical predictions for
the properties of soft particle suspensions at and above close
packing as a function of the softness of the potential.

Here we report experimental results for PNIPAM microgels,
where we focus on the existence of possible equilibrium and
non-equilibrium fluid-solid transitions and characterize the
interparticle interaction potential of these systems. In partic-
ular, we investigate the presence of a glass transition and
characterize the structure of the suspensions as given by the
pair correlation function g(r) both in the fluid as well as in the
glassy states over an extended range of volume fractions. We
show that g(r) exhibits two distinct structural signatures of the
glass transition related to the softness of the particles, and
discuss our findings in view of the existing theoretical predic-
tions for soft particles.

We used almost monodisperse PNIPAM microgels (poly-
dispersity = 4%) with 5 mol% cross-linking density as a model
system for soft colloids. Cross-linked PNIPAM microgels were
synthesized using free-radical precipitation polymerization.
Methacryloxyethyl thiocarbamoylrhodamine B (MRB) was used
to covalently label the microgel particle. Details of the synthesis
and purification methods are described elsewhere'® and
summarized in the ESIL.T The particles were characterized using
dynamic light scattering, and a summary of their swelling
behaviour as a function of temperature can be found in the ESI,
Fig. S1.f Effective volume fractions were determined using
et = Np(4/3)TRes”, Where Ree = 357 nm and n, is the number
density directly obtained by CLSM. In the current study, we
worked at a constant temperature T = 15 °C and varied the
number density to perform experiments over a broad range of
effective volume fractions 0.1 = ¢ = 1.5. This distinguishes
our study from other investigations, where the temperature
responsiveness of the microgel size has been used as an elegant
way to vary ¢eg.>>>* Our approach however ensures that the
particle softness is not altered as a result of temperature-
induced de-swelling when ¢. is varied.

In order to ensure proper mixing and the absence of residual
heterogeneities at high densities in the glassy state, samples
were always homogenized at elevated temperatures where the
corresponding particle de-swelling results in low values of ¢
and the suspensions have accordingly low viscosities. The
samples were then quenched to the final temperature 7= 15 °C.
Fig. 1 summarizes our observations at all densities investigated.
At low ¢, our suspensions are in a disordered fluid state, and
the first two CLSM snapshots in Fig. 1 show the corresponding
samples at effective volume fractions of ¢egr = 0.26 and e =
0.52, respectively. While samples for ¢es = 0.52 remained in a
fluid state, crystallization occurred for ¢.¢ > 0.52. This is also
illustrated in Fig. 1, where the last three images in the upper
row show examples of samples in the fluid-crystal coexistence
region (¢err = 0.56) and the crystal region at ¢esr = 0.61 and
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Fig. 1 Experimental phase diagram, together with CLSM snapshots at different
¢err at 15 °C taken in the fluid, crystalline and glassy states, respectively. Glassy
states were obtained by fast quenches from the fluid state at higher temperature
to 15 °C. The higher temperature is varied between 30 and 32 °C depending on
the density in order to achieve the fluid state below freezing ¢efr.

¢er = 0.9, respectively. A detailed analysis of the crystalline
samples suggests that the crystal structure, present for ¢es =
0.56, is a mixture of fcc and hcp, similar to what has been
reported for hard sphere colloids and also for neutral and
charged microgels.>****>*4* However, for the samples at the
highest values of ¢.g crystals only form when given sufficient
time to nucleate and grow, or when using prolonged annealing
at higher temperatures. In contrast, when performing fast
quenches from the fluid state at higher temperatures the
samples become arrested in a glassy amorphous phase as
shown in the bottom row of Fig. 1 for ¢ = 0.77, 0.97 and 1.44,
respectively. The occurrence of a glass transition is also seen
from the measurements of the particle mean square displace-
ment (Ar(¢)*) (see ESI, Fig. S31), where we observe a transition
between ¢er = 0.56 and @egr = 0.74.

We measured the density-dependent g(r)s for all values of ¢
investigated (Fig. 2). For ¢.¢ = 0.56 the equilibrium state of the
sample is a fluid-crystal coexistence, and g(r) is thus obtained
by melting the crystalline state. At the lowest ¢ = 0.154, g(7)
has a weak first peak and saturates to one at higher r-values,
thus exhibiting the typical signature of a weakly correlated
liquid state. With increasing ¢es, g(r) shows a systematic
increase in the height of the first peak and also exhibits a broad
second peak, indicating increasing spatial correlation among
the particles. As shown in the ESI (Fig. S21) and described in
detail elsewhere,® the measured g(r)s are in quantitative
agreement with computer (MD) simulations and liquid state
integral equation calculations performed using the Rogers-
Young closure relationship for particles interacting via
a repulsive Hertzian potential given by U(r) = ¢(1 — r/a)*® for
r = o, where ¢ is the strength of the potential and ¢ is the
diameter of the particle. The Hertzian potential was found to
remain independent at all densities in the fluid regime (0.154 <
¢etr = 0.52). Our results thus unambiguously demonstrate that
the interaction between microgels is well described by a simple
Hertzian potential (Fig. S2, ESIf) with a constant particle
diameter ¢ = 0.714 um, and strength ¢ = 4967 throughout the
fluid regime.

This journal is © The Royal Society of Chemistry 2013
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Fig.2 Measured pair-correlation functions g(r) at different ¢ in the disordered
fluid and glassy state below and above ¢, Inset: magnified view of the second
peak of g(r) showing a split or distortion, which is often used as a possible
signature to identify colloidal glasses.

Next, we analyse the structural ordering at high densities at
and above the glass transition obtained by rapidly quenching
the concentrated microgel suspension from elevated tempera-
ture (between 30 and 32 °C depending on the density) to 15 °C.
Before all the measurements, the samples are equilibrated for
30-40 minutes. The density dependent g(r)s obtained at
different ¢eg (>¢cp) (Fig. 2) have pronounced first and second
order peaks and also exhibit weak higher order peaks.

Itis interesting to compare these g(r)s with those obtained for
hard sphere glasses.>® Such a comparison is of course only
possible in the vicinity of the glass transition, as hard spheres
cannot compress or interpenetrate and states with geg >> ¢, are
thus not possible. This becomes evident when looking at the
average interparticle separation ag (Fig. 3A) in units of the
particle diameter o where ay is given by the position of the first
peak of g(r). While it initially remains almost constant at as/o = 1
similar to what is observed for hard spheres, it significantly
decreases at high ¢e¢ > ¢, to much lower values ay/o < 1,
following a power law of the form ay/c « (deg) "'>. FOT defr> hep, s
is thus primarily determined by the number density n,, which
demonstrates the soft nature of the potential. When looking in
detail at g(r), it becomes immediately apparent that for the soft
microgels the peak height is smaller and the peak width is
broader than what is commonly found for hard spheres.

Colloidal hard sphere glasses exhibit a distorted flattened or
split second peak for g(r),>* which can be directly linked to the

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (A) Average interparticle distance as calculated from the first peak posi-
tion of g(r) as a function of ¢¢. The red dotted line corresponds to the power law,
ag/a = (n,)~""3. (B) The height of the first peak of g(r), gmax as a function of ges.
(C) The ratio "R = Gmin/Gmax" VS Petr, Where gmin is the first minimum of g(r).

dense random packing in the glass as demonstrated by Fin-
ney.*" A split second peak is also found for charged** colloids or
in atomic systems interacting with a Lennard-Jones potential,*’
and it has also been observed theoretically*® and in simula-
tions' for glasses formed by Hertzian spheres. It has been
suggested to use this feature as a signature of a particle glass to
identify colloidal glasses structurally. For our soft particles we
indeed also find a similar behaviour for the glassy systems in
the vicinity of the glass transition as demonstrated by the data
shown in the insets in Fig. 2 for ¢.s = 0.74. However, with
increasing ¢.¢ this feature disappears and the second peak of
g(r) becomes again smooth. At the same time, the height of the
first peak, gmax, passes through a maximum at the glass tran-
sition and then decreases (Fig. 3B). This non-monotonic
behaviour can be explained by the fact that at higher volume
fractions (¢egr > ¢cp), it becomes increasingly difficult to find
configurations with no overlap and to minimize the free energy.
Hence to effectively create more space, the microgels can either
shrink or interpenetrate and thus create a larger number of
accessible configurations. This leads to a loss of positional
correlation that is reflected in the broadening and decrease of
the height of the peak.

A similar behaviour in g(r) has already been reported for a 2D
binary system of microgels, and was then related to the thermal
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vestige of the zero-temperature jamming transition.” However,
when quantitatively comparing the 2D data with our own bulk
3D measurements, the high density 2D g(r) appear to be much
sharper, and have a much higher first peak height than our own
3D g(r). Furthermore, the splits in the second peak are also quite
pronounced for the 2D data. These differences could arise as a
result of the 2D confinement or due to the temperature change
that was adopted in ref. 22 in order to vary ¢er.

We also look into the empirical criterion developed by Wendt
and Abraham that links structural correlations to the location of
the glass transition.** They suggested that the empirical
parameter R = ginin/Zmax, Where gmin is the value of g(r) at its first
minimum, has a value of 0.14 at the glass transition. This
criterion for example had been used previously to locate the
glass transition in simulations of charged colloids.*” The plot of
R vs. ¢er shown in Fig. 3C demonstrates the existence of two
regimes with different slopes, separating the fluid and glassy
states, and intersecting at a value of R = 0.137. When we use this
point as another structural signature of the glass transition, we
then obtain a corresponding value of ¢, = 0.65. The maximum
iN gmax VS. derr, and the minimum in R vs. ¢ are thus both
consistent with the existence of structural signatures of the
glass transition for soft particles. The yield values of the glass
transition ¢ are in good agreement with the location of ¢, from
dynamic measurements of (Ar(t)?). The glass transition thus
appears to be shifted slightly to higher values of ¢.¢ when
compared to hard spheres, consistent with theoretical predic-
tions of the glass transition with increasing softness.****

It is worth comparing our experimental results with recent
theory and simulation studies'” of bulk 3D systems of Hertzian
spheres, focusing at low temperature and increasing density.
These studies predict a re-entrant fluid state (fluid-glass—fluid
transition) with increasing density. While the prediction of a
fluid to glass transition for Hertzian spheres is in agreement
with our experimental observations, we do not observe a
re-entrant fluid phase at higher ¢.¢ within our experimental
range of densities.

This discrepancy points to the failure of a simple Hertzian
model to describe the behaviour of microgel particles at very
high densities ¢ > ¢cp. Indeed, the simulations fail to
reproduce the experimental g(r) in this regime. As the internal
core-shell structure might limit particle overlap, this could
cause the potential to deviate from a simple Hertzian at close
distances. However, it is important to point out that a re-entrant
melting has also been predicted for other soft potentials.'®
Hence we believe that a systematic study of the particle size and
structure as a function of ¢ will be needed to establish the
interaction potential and its possible dependence on ¢

In summary, we have investigated the density-dependent
bulk phase behavior of neutral PNIPAM microgel dispersions at
a fixed temperature (7 = 15 °C) for a wide range of ¢ between
0.1 = ¢pegr = 1.5. The CLSM data clearly indicate that the fluid
structure for ¢es = 0.52 is in good agreement with a soft
repulsive Hertzian interaction potential. At higher values of ¢,
we found evidence for both fluid-crystal as well as fluid—glass
transitions. When analyzing the density dependent pair-corre-
lation function g(r) in the fluid and glass phases, we found two
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characteristic structural signatures for the occurrence of the
glass transition related to the height of the first peak gm., and
the ratio R = giin/gmax- Both exhibit non-monotonic behavior in
the vicinity of the glass transition, and are obviously linked to
the softness of the potential. The occurrence of a fluid-glass
transition and observation of associated features in g(r) are also
in agreement with recent theoretical and simulation work on
Hertzian spheres. However, we did not observe a reentrant fluid
phase at high densities. It is clear that further systematic
experimental and theoretical studies are required where these
features are investigated as a function of the softness of the
potential. Given the responsive nature of the microgels, it is also
clear that we will need additional information on the relation-
ship between the effective volume fraction and the swelling
state of the particles when attempting to link our findings to
existing theoretical and simulation work for high densities far
above close packing.
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