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Quantitative microscopy measurements have been made on poly(N-isopropylacrylamide-co-acrylic acid)
(pNIPAm-AAc) microgel dispersions as a function of time, temperature, pH, and volume fraction. These
studies reveal an extreme degree of complexity in the physical aging and phase behavior of the dispersions;
this complexity arises from a convolution of the system energetics at the colloidal, polymer-chain, and molecular
scales. Superficially, these dispersions display the classic colloidal phases observed for spherical particles
(i.e., gas, fluid, crystal, and glass). However, unlike simple repulsive hard spheres, pNIPAm-AAc dispersions
are observed to evolve from a diffusive, fluidlike state immediately after being introduced into rectangular
capillary tubes, to very slow crystalline or glassy phases after days or weeks of aging. In addition to this
structural evolution, the free volume accessible to the microgels in crystalline or glassy phases (i.e., the cage
size) decreases with time, indicating that the physical aging process does not end following assembly, but
instead continues to evolve as the dispersion slowly proceeds to an equilibrium state. The temperature
dependence of pNIPAm-AAc microgel swelling and how it influences the colloidal assembly was evaluated
during the aging process as well. These thermal melting experiments revealed an enhancement in the thermal
stability (i.e., a decrease in the influence of temperature on the phase behavior) of the assemblies during the
aging process that we associate with an evolution of attractive interparticle interactions during aging. These
attractive interactions dictate the time scale for assembly (aging), the final phase adopted by the dispersion,
the dynamics of the final state, and the ultimate thermal stability. The culmination of these studies is the
pseudoequilibrium phase behavior of pNIPAm-AAc microgel dispersions, which we present as a function
of pH and volume fraction following ∼1 month of aging. This diagram reveals highly complex dispersion
characteristics that appear to be intrinsically tied to the degree of AAc protonation. In general, we find that,
at pH < pKa, the final dispersions behave in a manner that can be associated with attractive interparticle
interactions, whereas at pH > pKa, repulsive interactions appear to be dominant. These results are discussed
in the context of the slow evolution of microgel swelling and attractive interaction potentials arising from
reorganization and association of polymer chains via multiple weak hydrogen-bonding interactions.

Introduction

In general, as the volume fraction of colloidal particles is
increased, their Brownian dynamics slows from being diffusive
to subdiffusive as a result of the formation of transient “cages”,
which eventually become permanent cages as the particle density
increases.1 When the volume fraction of monodisperse, hard-
sphere particles interacting via short-range repulsive potentials
reaches the canonical crystallization volume fraction (∼0.494),
the particles self-assemble into a crystalline phase in order to
maximize their local free volume (i.e., entropically driven
assembly).2 If the volume fraction is increased further, the
colloidal system can be forced into a disordered, out-of-
equilibrium phase from which it cannot escape on accessible
experimental timescales; this kinetically trapped phase is
commonly referred to as being jammed or glassy.3,4 Our
groups5,6 and others3,7,8 have illustrated, however, that the phase
behavior of colloidal dispersions with soft or modulated
interactions can be very different from that of repulsive hard
spheres as a result of a significant degree of complexity
associated with soft interaction potentials,7,9 as well as the ability

to use external triggers such as pH10-14 and temperature3,5,8,15,16

to modulate both the interactions and the volume fraction of
the spheres.

The intrinsic softness of the interparticle potential between
microgels arises from their structure and composition. A
microgel is a micrometer- or submicrometer-sized particle
composed of a cross-linked polymer network swollen in a good
solvent.16-20 The degree of swelling is governed by the network
elasticity,21 polymer solubility,22 and solution osmotic pressure.23,24

Thus, external perturbations that change the solution osmolality
or solvent quality will result in a change in microgel swelling
(volume). Of the microgels that are extremely sensitive to
environmental conditions, the most heavily investigated are those
based on poly(N-isopropylacrylamide) (pNIPAm) because of
the dramatic volume phase transition (VPT) that occurs in such
particles near the lower critical solution temperature (LCST)
of the polymer.3,25,26 It has been shown that monodisperse
preparations of pNIPAm microgels can self-assemble into
colloidal crystalline phases,3,5,9,10,27-29 which have been applied
to sensing,30,31 photonics,28,32,33 and the study of fundamental
issues in condensed-matter physics.6,34 The random incorporation
of acrylic acid (AAc) moieties, which results in pNIPAm-AAc
copolymer microgels, gives rise to particles that are responsive
to additional environmental factors, such as pH and ionic
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strength,24,35 thus providing additional experimental parameters
to control particle assembly. As described in this contribution,
the addition of this comonomer also imparts tremendous
complexity to the system; as a result, extensive studies were
required to even begin to explain the origins, magnitudes, and
interplay of the observed phenomena.

The data presented below are the outcome of >8 years of
experimentation on the pNIPAm-AAc microgel system. At first
glance, this appeared to be a simple and tractable experimental
framework within which to study soft colloidal interactions. We
initially expected the phase behavior of these colloids to be both
pH- and temperature-dependent, with the assembly’s respon-
sivity mirroring the response of component particles to the
independent stimuli. However, early on, we discovered that the
interparticle interactions were far more complex than initially
anticipated. In 2003, we first reported the possible existence
andoriginsofattractiveparticleinteractionsbetweenpNIPAm-AAc
microgels in a series of optical microscopy studies.5 More
precise and detailed studies were reported in 2007, wherein we
described the use of quantitative particle tracking studies to
elucidate particle dynamics, as well as our initial findings on
enhanced thermostability of the colloidal assemblies and its
possible connection with attractive interparticle potentials.6 In
this contribution, we attempt to summarize and recast those
results in a self-consistent experimental framework; to fully
describe the phase behavior of the dispersions as a function of
pH and volume fraction; and most importantly, to discuss the
time dependence of colloidal assembly and thermostability. The
aging of these dispersions is a previously unexplored phenom-
enon that provides a tremendous amount of insight into the
forces that dictate the phase behavior. Importantly, an under-
standing and appreciation of aging is critical for future studies
of these and similar systems, as the measurement of assembly
properties becomes a “moving target” that is critically dependent
on the initial conditions and history of the sample.

Results and Discussion

As described above, we have previously studied the phase
behavior of pNIPAm-AAc microgels as a function of volume
fraction and over a limited range of pH values; these studies
have revealed some surprising behaviors that are typically
interpreted as arising from weak attractive interparticle potentials
associated with polymer-polymer hydrogen bonding and, in
the case of low particle concentrations, a concomitant microgel
swelling that maximizes the number of particle-particle
interactions.5,6 Despite these investigations, we have examined
only a small region of phase space and have also largely ignored
the time evolution of phases. To fill in these gaps in our
knowledge and thereby expand our understanding of this
complex colloidal system, we have mapped a wider range of
phase space by controlling two parameters: particle concentra-
tion and pH. (Experimental details are included in the Supporting
Information.) We have also carefully examined the evolution
of the different phases as a function of time to observe the
pathway taken by the dispersions as they evolve from the initial
nonequilibrium state. By doing so, we have made a number of
extremely surprising observations related to pNIPAm-AAc
microgel dispersions and their aging properties. Perhaps the most
obvious evidence for dispersion aging is observable with the
naked eye. Figure 1 shows a photograph comparing the
appearance of new and aged samples; the left capillary holds a
1-day-old pNIPAm-AAc microgel dispersion (2.0 wt %
polymer in pH 3.5 buffer), whereas the right capillary holds an
aged (27-day-old) dispersion (2.0 wt % polymer in pH 3.5

buffer). The aged sample clearly shows iridescence under white
light illumination due to Bragg diffraction from the colloidal
crystalline lattice. Whereas the slow assembly of colloids is not
in and of itself surprising, the detailed dynamics and pathway
of the assembly are suggestive of an extremely complex
colloidal system. Indeed, very surprising results have been
obtained from this system that illustrate just how different the
physics are from those of repulsive hard-sphere particles.

The complexity of the system can be understood phenom-
enologically by considering the additional energy terms that
must be considered for microgel dispersions as compared to
traditional hard spheres. Whereas hard spheres have a fixed
volume that dictates the length scales over which they interact,
microgels can swell and collapse to minimize the free energy
of the assembly. For example, we and others have shown in
the case of purely repulsive microgels that, when the number
density of the microgels is increased, the microgels condense
to occupy a smaller volume in order to accommodate the
additional particles.9,23 This phenomenon is physically similar
to the osmotic deswelling of gels in the presence of a linear
polymer36,37 and to the conformational changes observed for
linear polymers as the concentration of polymer is increased
(e.g., moving from the dilute to the semidilute regime).23 From
these examples, it is clear that the behavior of microgel
dispersions must be interpreted in terms of both their colloidal
and polymer solution properties. The solvation, conformation,
elasticity, and topology of the polymer chains will contribute
to the observed colloidal behavior, as all of these factors dictate
how the microgel volume and particle-particle interactions
change as a function of microgel concentration, solution
conditions, and external stimuli (e.g., temperature). The picture
becomes even more complex when weakly attractive interactions
are introduced. Now, as the particle concentration (volume
fraction) is increased, those interactions must influence not only
how the microgels assemble with each other, but also how the
microgels swell or collapse in order to minimize the free energy
of the system. For example, one could imagine conditions under
which the entropic cost associated with swelling the microgels
could be compensated by an enthalpic gain from attractive
polymer-polymer interactions. Under conditions where the
pairwise interactions are weak relative to the thermal energy
(kT), such microgel swelling would be particularly important
in the stabilization of an assembly, as multibody interactions
would be required to overcome Brownian forces. In the results
described herein, we illustrate a wide range of behaviors wherein
the delicate interplay between the colloidal and polymer energy
scales produce complexity that is not observable in the hard-
sphere domain. Through careful mapping of this behavior as a
function of particle concentration, time, temperature, and pH,
a more complete picture of such systems is beginning to emerge.

Figure 1. Aging of pNIPAm-AAc microgel samples at 20.0 ( 0.1
°C as visualized on the macroscopic scale. Both microgel samples
contained 2.0 wt % polymer in a pH 3.5 buffer after aging for different
periods [left, 1 day (fluid); right, 27 days (crystal)]. The samples were
photographed against a white grid to aid in photographic focusing.
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Examples of the complexity in the system are evident in the
optical microscopy images and particle trajectories shown in
Figure 2. A microgel sample buffered at pH 3.0 with an initial
particle volume fraction of 40% is a fluid immediately after
preparation. (See the Supporting Information and additional
discussion below for details on volume fraction calculations.)
This is expected, as the sample lies below the canonical freezing
point for spherical colloids. However, after 53 days, the sample
has evolved to form a highly ordered crystalline phase wherein
the particles appear to be in contact with one another, which
should not be possible for a simple repulsive dispersion. This
result is an apparent example of the case discussed above, where
the ability of the microgels to swell permits the evolution of a
close-packed phase from a non-close-packed one. On the other
hand, if the initial effective volume fraction of a sample at the
same pH is 74% (the packing limit for spherical hard spheres),
the sample again is a fluid immediately after preparation. This
result is extremely surprising, given the fact that the diffusion
of hard spheres is so frustrated at this packing fraction that such
concentrations are typically not possible in dispersions because
of particle jamming; close-packed hard-sphere assemblies are
typically formed by more specialized approaches such as slow
solvent evaporation. After 53 days, this sample has completely
crystallized to form a close-packed structure, thereby aligning
with our preconceived notions of colloidal phase behavior. In
this case, the initial state is illustrative of the previously
described osmotic deswelling effect,9,23 wherein the microgels
deswell in order to accommodate their neighbors. Despite these
phenomenological descriptions, these data illustrate some key
questions that need to be addressed experimentally: (1) How
can “packed” samples behave as fluids when first prepared, and
how can more dilute samples form crystals? (2) What is the
pathway by which microgel dispersions age, and what can the
pathway tell us about the evolution of the interparticle forces?
(3) How do temperature, volume fraction, and pH influence
sample aging and the initial and final states?

The data presented in Figure 2 are representative of all
samples observed in this work between pH 3 and 4.5 with initial
volume fractions between ∼0.35 and 0.74. These samples started
as diffusive fluids immediately after preparation and equilibrated
to colloidal crystals or crystal/glass mixed phases after aging
at room temperature for ∼1 month.6 At pH 3.5, the aging process
is quite slow, and crystallization is favored over a broad range

of volume fractions (vide infra), thereby making these conditions
suitable for detailed experimental investigations of the crystal-
lization dynamics; we will therefore focus on experiments at
pH 3.5 for the detailed aging studies reported herein. Note,
however, that qualitatively similar behavior was found for all
microgel samples that we have observed to undergo aging from
fluids to glasses or crystals.

More detailed observation of these samples by bright-field
video optical microscopy permits a direct determination of the
dispersions’ structures and the particle dynamics. The bright-
field micrographs and trajectories (inset) for a 2.0 wt % polymer
in pH 3.5 buffer at different time points are displayed in Figure
3. Note that the inset trajectory maps are magnified by a factor
of 4 relative to the bright-field images for easier visualization
of the trajectories. The microgel dispersions are fluidlike
immediately after sample preparation (1- and 5-day data), with
diffuse trajectories and no evidence of spatial order. Eventually,
the samples display crystalline order and caged trajectories,
which are illustrated here by the 11- and 27-day data. Note that,
even after formation of the ordered phase, the particle dynamics
continues to evolve, with the particle trajectories becoming more
constrained with aging (11- vs 27-day data). In addition to the
direct visualization of particle dynamics and spatial organization,
the microscopy data can offer a quantitative assessment of the
particle diffusion. To illustrate this, a double-logarithmic plot
of the particles’ mean square displacement (MSD) versus lag
time (τ) as a function of the number of days after preparation
is shown in Figure 4a (2.0 wt %, pH 3.5). The MSD of microgel
particles in an ensemble is given by

where ri(t) is the position vector of the ith particle at time t, τ
is the lag time, and 〈〉 i,t indicates the spatial average over both
the ensemble of particles and all starting times t. In the colloidal
gas regime, where particle motion is purely diffusive and
interactions between particles are negligible, the MSD should
be proportional to lag time

where d is the dimensionality of the displacement vectors and
D is the translational self-diffusion coefficient of microgel

Figure 2. Phase behavior of pNIPAm-AAc microgel dispersions at
pH 3.0 and 20 ( 0.1 °C. The volume fractions of the pNIPAm-AAc
microgels are displayed at the top left of each image. The top-right
inset in each image shows the particle trajectories over ∼10 s of
observation. Trajectories are magnified by a factor of 4 relative to the
images for ease of trajectory visualization. All scale bars represent 10
µm.

Figure 3. Microscopic images and trajectories (inset, ∼10 s of
observation) of pNIPAm-AAc microgel samples (2.0 wt % polymer
in pH 3.5 buffer) at different ages (not in the same spot) and 20.0 (
0.1 °C; aging times are indicated on all microscopic images. Trajectories
are magnified by a factor of 4 relative to the images for ease of trajectory
visualization. Scale bar ) 10 µm.

MSD(τ) ) 〈[ri(t + τ) - ri(t)]
2〉 i,t (1)

MSD(τ) ) 2dDτ (2)
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particles. In general, the MSD of colloidal particles scales with
lag time

where the scaling parameter � is the slope in a double-
logarithmic plot of MSD(τ) versus τ. Generally, � ) 1 for
Brownian diffusive motion, whereas � values between 0 and 1
denote subdiffusive behavior. In these studies, � was obtained
by regression analysis of MSD(τ) versus τ plots over the range
τ ) 0.1-1 s. The MSD plots in Figure 4a and the � values in
Figure 4b illustrate a marked slowing of particle motion with
sample aging: One day after sample preparation, the colloidal
dispersion shows nearly diffusive fluid behavior with � ) 0.76.
As the sample ages, the maximum MSD of the samples at long
lag time decreases, as does the magnitude of �. These data also
illustrate that the initial aging is fairly rapid, with the 1-day-
old sample showing an MSD of >1 µm2 at a lag time of 10 s
(determined via extrapolation), whereas the 5-day-old sample
shows an MSD of ∼0.14 µm2 at 10 s. Thus, during the first 5
days of aging, the maximum particle displacement decreases
by about 90%, with the sample progressing from a fast, diffusive
fluid to a slow, subdiffusive fluid. When these microgel
dispersions were aged for over 7 days, crystallization occurred,
with the crystallites initially coexisting with a fluid phase (data
not shown). After 11 days of aging, a macroscopic crystalline
phase had fully formed, which was observed through the
appearance of sample iridescence, as shown in Figure 1. At this
point, MSD analysis showed the appearance of a plateau,
indicating the formation of permanent cages around the particles,

as opposed to the transient cages observed in the fluid phase.
However, even in the crystalline phase, the microgel assemblies
still age with time, which is manifest by the continual slowing
of the dynamics with sample aging. The plot of � versus aging
time t (Figure 4b) provides a semiquantitative representation
of the aging of these dispersions.38

As illustrated by the images shown in Figures 2 and 3, the
structure of microgel assemblies evolves as the dynamics of
the particles slows. Figure 5 illustrates this relationship in terms
of the radial distribution function [g(r)] for pNIPAm-AAc
microgel assemblies (2.0 wt % polymer in pH 3.5 buffer) as a
function of the number of days after sample preparation. In
general, the first peak in the g(r) plot for a fluid phase is equal
to the diameter of the particles,39,40 whereas for a crystalline
phase, the first peak represents the mean particle center-to-center
distance.41 One day after sample preparation, the g(r) plot has
relatively weak structure, with only the first two peaks being
easily identified. In very dilute (0.01 vol %) dispersions at pH
3.5, the pNIPAm-AAc microgel particles have a hydrodynamic
diameter of 2.1 µm (from particle tracking microrheology; see
below and in the Supporting Information). However, in the
freshly prepared 2.0 wt % microgel sample, the interparticle
distance is only about 1.9 µm, as determined from the first peak
in the g(r) plot. The particle size in the dispersion is presumably
smaller than the hydrodynamic diameter measured under highly
dilute conditions (2.1 µm) because of the previously observed
osmotic deswelling of the microgels,9,23 which occurs when the
polymer concentration is increased beyond the dilute regime.23,42

In this case, osmotic deswelling significantly decreases the
effective volume fraction of the microgels from 56% to 41%
(see eq 8), which is too dilute to produce long-range crystalline
order for interparticle interactions that are dominated by mutual
volume exclusion only.

These data also suggest that the particle size increases with
aging even in the fluid phase, which is evident from the fact
that the apparent particle size after 5 days of aging is slightly
larger than that observed after 1 day. After 10 days, the microgel
particles self-assembled into colloidal crystals, which are clearly
observed in the g(r) plots by a dramatic increase in structure at
larger values of r. After the samples had been aged for 27 days,
the interparticle distance increased to 2.3 µm, which is slightly
greater than the hydrodynamic diameter determined under dilute
conditions (2.1 µm). Whereas the changes occurring at the

Figure 4. (a) Mean square displacement (MSD) versus lag time (τ)
of pNIPAm-AAc microgel particles (2.0 wt % polymer in pH 3.5
buffer) at different ages and 20.0 ( 0.1 °C. (b) Power of the lag time
versus age of the pNIPAm-AAc microgel dispersion. MSD ∝ τ�, where
� is the power of the lag time.

MSD(τ) ∝ τ� (3)

Figure 5. Radial distribution function, g(r), for 2.0 wt % pNIPAm-AAc
microgel dispersions at pH 3.5 as a function of aging time. Note that
the first g(r) peak for the fluid phases (1 and 5 days after preparation)
corresponds to the hydrodynamic diameter of microgel particles,
whereas the first peak for the crystalline phase (11 and 27 days after
preparation) corresponds to the lattice constant of colloidal crystals.
The black vertical dashed line corresponds to the hydrodynamic
diameter of the microgels determined in the dilute limit.
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molecular scale that result in the observed aging of our
assemblies are still not clear, it seems likely that the decrease
in particle dynamics over such long times is the result of a slow
progression to a system with strongly attractive interparticle
interactions. As we have suggested before, it might be the case
that the microgel particles swell as a result of the formation of
multiple interparticle hydrogen bonds between the protonated
carboxylic acid groups and/or amide groups, which decreases
the configurational entropy of the polymeric chains while
increasing the enthalpic contribution to particle assembly.5,6,9,27

With the pairwise interactions between the particles apparently
being very weak, as evidenced by the lack of aggregation in
the dispersions, it is likely that multibody interactions are
required to form the crystalline assembly. The rearrangement
of polymeric segments on multiple neighboring particles
(particle swelling and interdigitation) to optimize both the
number and orientation of the hydrogen bonds and concomitant
multibody interactions between particles might favor particle
swelling in order to minimize the local Gibbs free energy.6

Our speculation that attractive interparticle interaction po-
tentials might drive the phase transition with aging can
conceivably be probed in a more direct manner. For example,
colloidal interaction potentials have been measured directly by
optical tweezers,43 total internal reflection microscopy,44 and
atomic force microscopy techniques,45 Herein, we use the
thermostability of the colloidal assemblies as an indirect in situ
indicator of interparticle interactions between pNIPAm-AAc
microgel particles in the context of their instantaneous phase
behavior and their aging history. Reports by Senff and Rich-
tering,3 Wu et al.,8 and St. John et al.9 have illustrated that, for
purely repulsive microgel crystals, melting will occur at a
temperature slightly below the intrinsic LCST of the microgel
particles comprising the assembly. As the temperature is raised,
the microgels deswell enough to drive the volume fraction of
the assembly from the crystalline region of the phase diagram
to the fluid region. Therefore, the thermal stability of a microgel
dispersion should report on the interparticle interactions, with
the assembly becoming more thermally stable if multibody
interparticle attractive interactions are present; the additional
enthalpic contribution to the assembly will represent an ad-
ditional energy barrier that must be overcome to drive assembly
melting.

Figure 6 presents the thermal melting behavior of 2.0 wt %
pNIPAm-AAc microgel dispersions in pH 3.5 buffer as a
function of sample age. We quantitatively assess crystal melting
using the phenomenological Lindemann criterion. The quasi-
two-dimensional time-dependent Lindemann parameter is de-
fined as

where a is the ensemble-averaged center-to-center distance
between particles.6,46,47 The quasi-two-dimensional Lindemann
parameter is a measurement of time-dependent positional
fluctuations of microgel particles relative to the crystal lattice
spacing. From the data presented in Figure 6, the thermal
stability of microgel dispersions clearly increases with age. After
1 day of sample aging, the time-dependent Lindemann param-
eter, γL(τ), is roughly linear with lag time, and at all temperatures
from 20 to 39.9 °C, the maximum Lindemann parameters are
greater than the critical melting Lindemann parameter [0.16 for
a face-centered cubic (fcc) lattice]. For the 1-day-old sample,
it is interesting to notice that there is a marked decrease in the

particle dynamics when the temperature is raised to 30 °C. This
arises from weak, transient particle aggregation, where the
hydrophobic interaction between the deswollen microgels begins
to dominate over electrosteric repulsion. Particle aggregation
is also evident in the g(r) plots (data not shown) and an increase
in sample turbidity. However, as temperature continues to
increase to 36 °C, the thermal energy of the particles dominates
over interparticle attractions, thereby resulting in a recovery of
diffusive behavior. After 20 days of aging, the microgel
dispersion is largely crystalline with some regions of fluid
coexistence. At this point, the crystalline phase displays melting
at approximately 40 °C as shown in Figure 6. Note that this
temperature is far above the LCST of pNIPAm-AAc microgels
at this pH (∼32 °C), reflecting the onset of attractive interparticle
interactions. The 47-day-aged sample, which is completely
crystallized, was not observed to melt even when the temperature
was raised to 42 °C, which is the highest temperature our
instrument allows. Indeed, the particles were still strongly caged
and appeared to be in close contact with one another, with the
maximum Lindemann parameter being nearly a factor of 10
lower than the melting value, reflecting an extremely stable
assembly. These data clearly indicate that the aging process is
associated with the evolution of attractive interactions between
neighboring microgel particles, which effectively increases the
LCST value for the particles when they are placed in the context
of an aged colloidal assembly.

So far, we have focused on only the aging and phase behavior
pNIPAm-AAc microgel dispersions at pH 3.5, as these
assemblies age very slowly, thereby permitting convenient
monitoring of the aging process by microscopy. However, it is
known that pNIPAm-AAc microgel particles are both ther-
moresponsive, displaying a volume phase transition at ∼32 °C
(when the AAc groups are largely protonated), and pH-
responsive, with the AAc moieties having a pKa of ∼4.3. Thus,
it is expected that the phase behavior will be pH-dependent, at
least with respect to the volume exclusion of the particles. To

γL(τ) )
√MSD(τ)

a
(4)

Figure 6. Age-dependent thermal stability of 2.0 wt % pNIPAm-AAc
microgel dispersions in pH 3.5 buffer. Red symbols indicate fluid
microgel dispersions, whereas blue symbols represent crystalline
behavior. The age of each sample is indicated on each plot of the
Lindemann parameter [γL(τ)] versus lag time (τ). The horizontal red
line in each frame is the critical Lindemann parameter for crystal
melting (γL

max ) 0.16).
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determine the change in particle size as a function of pH, we
used video-microscopy-based particle tracking. This technique
allows for the direct, real-space measurement of diffusion
coefficients and is straightforward for particles larger than the
diffraction limit. Note that ensemble-averaged techniques such
as dynamic light scattering were difficult to apply reliably for
these larger particles because of large number density fluctua-
tions observed in the dilute regime, which introduce significant
error into the measurements.

The hydrodynamic diameters of microgel particles (σ) were
obtained using the following scheme: Very dilute (0.01 wt %)
microgel suspensions were tracked by video microscopy to
obtain linear MSD vs τ plots; because dilute dispersions exhibit
unhindered diffusion, the translational self-diffusion coefficient
D can be extracted from the slope of this plot by using eq 5 if
the vertical (out-of-plane) motion of particles is ignored6,9

Combining this equation with the Stokes-Einstein equation

yields an expression from which the hydrodynamic diameter
(σ) in the dilute regime can be obtained

where kB is the Boltzmann constant, T is the absolute temper-
ature, d[MSD(τ)]/dτ is the slope of the linear portion of the
MSD vs τ plot, and ηs is the intrinsic viscosity of the solvent.
The thus-determined hydrodynamic diameters of pNIPAm-AAc
particles from pH 3.0 to pH 6.0 at 20 °C are displayed in Figure
7. From these data, we observe an increase in diameter from
∼2.0 µm at pH 3.0 to ∼3.0 µm at pH 6.0, with the approximate
inflection point at pH ∼4.5, in reasonable agreement with the
typical pKa for the acrylic acid monomer (∼4.3). Note that this
increase in charge density is also reflected in the pH-dependent
electrophoretic mobility (see the Supporting Information).

As suggested above, the large magnitude of swelling that
occurs as a function of pH should result in dispersion phase
behavior that is similarly pH-dependent. At lower pH values,
because each particle occupies a smaller volume, it is expected
that pNIPAm-AAc particles will assemble into colloidal
crystals or glasses at higher weight fractions than observed at
higher pH values, where the particle volume is greater. This is
clearly seen in Figures 8 and 9, which illustrate the progression
of phase behavior at pH 3.0 (Figure 8) and pH 5.0 (Figure 9)
as a function of polymer (microgel) weight fraction following
∼30 days of aging. Figure 8 presents the double-logarithmic
plot of MSD vs τ for pNIPAm-AAc microgels at pH 3.0 and
20 °C with increasing concentration. As the concentration of
particles is increased, the dispersion progresses through a typical
fluid f crystal f glass transition.4 At 0.5 wt %, the microgel
dispersion remains in the fluid phase even after aging, where �
≈ 1, indicating diffusive motion. When the microgel concentra-
tion reaches 1.5 wt %, the microgels form a crystalline phase,
and the MSD reaches a plateau after an initial increase,
indicating that the microgels are caged in fixed lattice sites.
When the particle concentration is raised above 4.0 wt %, the
microgels are compressed together in a confined arrangement
and tend to form a random glassy phase. Under these conditions,
microgel diffusion is too frustrated for an ordered crystalline
lattice to form. Note that polycrystalline and crystal/glass
coexistence phases are observed in some high-concentration
samples; for simplicity, we refer to samples that are largely
frozen in a disordered configuration as “glassy”.

Figure 7. Hydrodynamic diameter of pNIPAm-AAc microgel
particles measured by video microscopy at 0.01 wt % in buffers with
pH values ranging from 3.0 to 6.0 at 20 °C.

D ) d[MSD(τ)]
dτ

/2d (5)

D )
kBT

dπσηs
(6)

σ )
2kBT

πηs
d[MSD(τ)]

dτ

(7)

Figure 8. Concentration-dependent phase behavior of microgels at pH
3.0 and 20 °C, approximately 30 days after sample preparation. The
double-logarithmic plot of MSD vs τ is shown in the top panel, and
the weight concentrations are indicated in the legend. The bottom panels
contain trajectories of microgel assemblies over ∼10 s of observation
for weight percentages ranging from 1.0 to 4.5 wt %. Scale bar ) 5
µm.
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Analogous phase transitions are observed for microgel
dispersions at pH 5.0, albeit at very different concentrations.
As shown in Figure 9, at 0.5 wt %, the sample is in a fluid
phase, as was observed for the pH 3.0 sample. However, the
trajectories at pH 5.0 show less mobility than those observed
at the lower pH, as illustrated by the fact that the MSD values
are significantly smaller than those observed at pH 3.0. Also, a
subtle curvature is observed in the 0.5 wt % MSD plot at long
lag times, suggesting that the microgel motion is slightly
subdiffusive. At 1.0 wt %, the particle motion slows, the MSD
plot shows more pronounced curvature, and the trajectories are
clearly less diffusive than those for the 0.5 wt % sample.
Increasing the concentration to 1.2 wt % results in the assembly
of the microgels into a crystalline phase in which the MSD
reaches a plateau after an initial increase. A further increase in
microgel concentration to 1.4 wt % results in a partially
disordered glassy/crystalline sample. The data presented in
Figures 8 and 9 are representative of the expected phenomenon:
swelling of microgel particles with increasing pH results in
transitions to crystalline and glassy states at lower weight
percentages.

To place these observations in an experimental framework
commensurate with previous work on hard-sphere packing,40 it
is necessary to express the microgel concentration in terms of
volume fraction, which is the typical control parameter used
for hard spheres. Because of the extreme amount of solvent
swelling observed in pNIPAm-AAc microgels, it is difficult
to directly determine the volume fraction from the weight

fraction, given that the density of the individual microgels varies
with concentration and pH and is difficult to measure directly.3

It is also difficult to measure the diameters of microgel particles
precisely in situ through direct microscopic imaging because
of the diffraction limit.48 We and others3,5,9 have previously
addressed this issue by extrapolating packing fractions from shift
factors obtained in the dilute regime through rheological
measurements on dispersions. However, this approach is likely
to be valid only in the case of purely repulsive hard spheres,
which, given the results presented above, clearly is not an
appropriate assumption for the system under study. Therefore,
we used only the rheology method for samples that remained
in the fluid regime after aging, in which the volume fraction
can be estimated by multiplying the weight fraction by the
appropriate shift factor for each pH.3 In the crystalline and glassy
phases, the volume fraction is represented as the ratio of the
average microgel center-to-center distance (a) in concentrated
dispersions to the microgel hydrodynamic diameter in dilute
dispersions (σ, see Figure 7). The average center-to-
center distance (a) was obtained from the first peak in the radial
distribution function g(r), which was obtained from analysis of
the microscopy images. From these data, one can determine
the effective volume fractions in the crystalline and glassy
phases, as it is known that the volume fraction for closest
packing is 0.740 (21/2π/6) in a face-centered cubic (fcc) or
hexagonal close-packed (hcp) lattice. If we assume that the
crystalline packing of microgel particles is fcc, the effective
volume fraction of microgels (Φeff) will scale with a/σ by

Therefore, for hard spheres, the freezing transition at Φf ) 0.494
corresponds to (a/σ)f ) 1.14, whereas the melting transition at
Φm ) 0.545 corresponds to (a/σ)m ) 1.11. It is critical to note
that, for hard spheres, a/σ can never be less than 1, as rigid
particles cannot be compressed, whereas for soft spheres such
as pNIPAm-AAc microgels, a/σ can have values much less
than unity because of the intrinsic compressibility of microgels.
Thus, by the above treatment, the “effective” volume fraction
of microgels can be greater than 0.740 when a/σ < 1, equivalent
to compression of all microgel particles. It is also noteworthy
to mention that, for random closest packing, as would be found
in a Bernal glass, the maximum volume fraction is 0.64.49,50

Therefore, for systems that either are completely glassy or
display glass/crystal coexistence, the volume fraction will lie
between 0.64 and 0.74, and eq 8 will overestimate the effective
volume fraction. Furthermore, we have never observed any
evidence of particle deformation from a spherical shape; the
actual close-packing limit is therefore not be expected to be
much higher than 0.74.

Given this approach, the experimentally determined phase
diagram for pNIPAm-AAc microgel suspensions following
∼30 days of aging is displayed in Figure 10, in which the left
vertical axis represents a/σ and the right vertical axis denotes
the effective volume fraction Φ. At each pH value (with constant
ionic strength), a series of microgel dispersions with increasing
weight fractions were prepared, and the microgel dynamics were
recorded as described above to construct the phase diagram. In
line with the more detailed data in Figures 8 and 9, the phase
diagram shows that a decrease in a/σ (increase in volume
fraction) at a fixed pH is accompanied by a fluid f crystal f
glass transition, similar to the phase behavior for repulsive hard
spheres40,51 and simple pNIPAm colloids.3,4 However, the

Figure 9. Concentration-dependent phase behavior of microgels at pH
5.0 and 20 °C, approximately 30 days after sample preparation. The
top panel is a double-logarithmic plot of MSD vs τ. The bottom panels
contain trajectories over ∼10 s of observation for microgel assemblies
at weight percentages ranging from 0.5 to 1.4 wt %. Scale bar ) 5
µm.

Φeff )
0.740

(a/σ)3
(8)
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similarity to hard spheres is not quantitative when considering
the canonical phase transitions for that system. The typical phase
boundaries are superimposed on the experimental data in Figure
10 (Φf ) 0.494, Φm ) 0.545, and Φmax ) 0.74); by and large,
the observed transitions for the microgel dispersions are very
different from those found for hard spheres. For example, at
very low effective volume fractions (Φeff ) 0.40, corresponding
to a/σ ) 1.22) crystallization was observed at pH 3.0, 3.5, and
4.0 after aging. Conversely, dispersions remained fluidlike at
pH 5.5 and 6.0 even above the close-packing limit (a/σ ) 1).
These values are also very dissimilar from those measured for
simple pNIPAm colloids, for which crystallization has been
observed for Φeff ) 0.56-0.63.3,4 The general trend displayed
in Figure 10 is that the pNIPAm-AAc microgels apparently
crystallize at much lower Φeff values under acidic conditions
(pH < pKa) and are too compressible to form crystals at higher
pH values (pH > pKa), along with fluidlike mobility at high
packing fractions. As we suggested above and in previous
publications,5,6 one possible explanation for this odd phase
behavior centers around the AAc moieties in the pNIPAm-AAc
microgels. For example, in the case of pH 3.0, only 5% of AAc
moieties are ionized, and the Coulombic repulsion and internal
osmotic pressure of microgel particles are thus much smaller
than at higher pH values. Because of the moderate ionic strength,
which was kept constant at 10 mM in all samples, the
Debye-Hückel screening length is rather short, with an
estimated value of ∼3 nm. Under these conditions, acid-acid
and acid-amide hydrogen bonding between particles should
be maximized, thereby potentially resulting in a net attractive
interaction at short particle separations. Conversely, as the pH
is increased, the degree of AAc ionization increases (see Figure
7 and the Supporting Information), causing not only microgel
swelling but also an increased Coulombic repulsion between
particles, at least over short distances. Apparently, under these
conditions, crystallization is frustrated, and the dispersions
remain fluid up to very high volume fractions. Similar effects
were observed for highly charged, ultrasoft microgels by Weitz
and co-workers.52 In those experiments, mechanical particle
deformation was invoked as the main mechanism by which the
particles diffused by each other in concentrated dispersions.
Whereas we cannot precisely determine whether this is occurring
by microscopy because of the limited optical resolution of our

apparatus, we do not see strong evidence for this behavior from
microscopy. It might be the case, however, that transient
deformation is occurring that permits particle motion to be
diffusive even at high concentrations.

As with the aging experiments described above, thermosta-
bility measurements of pNIPAm-AAc microgel colloidal
crystals provide additional information regarding the nature of
the interactions as a function of pH. Figure 11a shows the
maximum Lindemann parameter (γL

max@42°C) measured at a
temperature of 42 °C for pNIPAm-AAc dispersions as a
function of pH. Note that this temperature represents the upper
limit for our objective heater; direct microscopic observation
of melting in all samples with accurate temperature control is
not possible with our current equipment because of this
limitation. In this figure, we show the results obtained for
dispersions with weight fractions near the lower limit for
crystallization at each pH value. Thus, these data represent the
“weakest” assemblies formed at each pH. The thick red line
represents the critical Lindemann parameter for fcc latticce
melting, γL

c ) 0.16. We observe that the γL
max@42°C values for

pNIPAm-AAc crystals from pH 3.0 to 5.5 are well below the
critical Lindemann parameter for melting. The only sample that
melts below 42 °C is the one formed at pH 6.0, for which
melting of the pNIPAm-AAc assembly and formation of the
fluid phase is quantitatively confirmed by the Lindemann
parameter of 0.23 at 42 °C. The time-dependent Lindemann
parameters of dispersions at different temperatures in pH 3.0
and pH 6.0 buffers are shown in Figure 11b,c, respectively. For
colloidal crystals at pH 3.0, the particle motion remains caged
even at temperatures much higher than the intrinsic volume
phase transition temperature (VPTT) of pNIPAm-AAc micro-
gels at this pH (∼32 °C). As was discussed above, the marked
thermostability of the pNIPAm-AAc colloidal crystals suggests

Figure 10. Phase diagram of pNIPAm-AAc microgels as a function
of pH after ∼30 days of aging. The volume fraction of microgels in
suspension is scaled by the ratio between the center-to-center distance
between microgels (a) and the dilute solution diameter of the microgels
(σ) as a function of pH. Red circles represent the fluid phase, blue
diamonds represent the crystalline phase, and magenta squares represent
the glassy phase. The red, blue, and magenta horizontal lines represent
the hard-sphere freezing, melting, and maximum-packing volume
fractions, respectively.

Figure 11. (a) Maximum time-dependent Lindemann parameter
(γL

max@42°C) of pNIPAm-AAc microgels at 42.0 °C from pH 3.0 to
6.0. The weight percentage for each pH is 2.0 wt % for pH 3.0, 3.5,
4.0, and 4.5; 1.2 wt % for pH 5.0; and 1.1% for pH 5.5 and 6.0. (b,c)
Time-dependent Lindemann parameter [γL(τ)] of pNIPAm-AAc
microgels at different temperatures at pH (b) 3.0 and (c) 6.0. The
horizontal red lines represent the critical Lindemann parameter, 0.16,
which is the melting point of fcc or hcp-type crystals. Solid symbols
represent solid-phase samples, whereas open symbols represent fluid
phases.
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that significant enthalpic, attractive interparticle interactions exist
in these microgel assemblies. These attractions presumably can
be attributed to hydrogen bonding6 and/or hydrophobic interac-
tions at temperature above the VPTT.53 In Figure 11c, the time-
dependent Lindemann values are also shown for a caged
pNIPAm-AAc dispersion (1.4 wt %) at pH 6.0. In this case,
the assembly actually melts at a temperature of ∼40 °C, which
is lower than the intrinsic VPTT of pNIPAm-AAc microgels
at this pH (∼50 °C).54 This sub-LCST melting behavior is
typical for microgel crystals with purely repulsive interactions,
as described previously.5,8,9 Thus, in contrast to the other data
shown in Figure 11, the thermally induced melting of the
pNIPAm-AAc crystalline phase at pH 6.0 suggests that
repulsive interactions dominate at this pH, where hydrogen
bonding is frustrated by AAc deprotonation. The pH 6.0 results
mirror those previously obtained on purely repulsive, ther-
mosensitive microgel dispersions, where small amounts of
microgel deswelling resulted in melting of the crystalline phase.9

In contrast, the thermostable phases observed at lower pH values
cannot be explained by repulsive potentials; an additional
stabilizing force must be present in such assemblies. Together,
these data suggest that the pH tunability of these microgel
dispersions arises not only from particle volume changes, but
also from modulation of the interparticle interactions, which
evolve slowly, presumably as the result of a subtle competition
between inter- and intraparticle chain-chain interactions.

Conclusions

We have directly observed aging during the self-assembly
of pNIPAm-AAc microgel particles in a closed system. During
this aging process, the microgel dynamics slows; the microgel
diameters increase; and the mean interaction potential between
particles becomes more attractive, which stabilizes the thus-
formed colloidal crystals against thermal melting. Our results
also suggest that the crystallization process is convolved with
aging, where the slowing dynamics of the dispersion is
synergistic with crystallization because of an increase in particle
volume fraction with time. Additionally, although the molecular
origins of aging are not yet clear, our data suggest that microgel
dispersions evolve through a slow reconfiguration of the system
from one that is dominated by intraparticle (polymer-polymer)
interactions to one that is dominated by multibody interparticle
interactions. This effect is perhaps most clearly seen in Figure
5, where the microgels appear to be in a somewhat condensed
state immediately after sample preparation, which leads to fluid
behavior. Over time, however, the particles appear to swell, as
evidenced by the shift in the g(r) plot to larger values of r.
Thermostability experiments confirmed that this aging process
is accompanied by the evolution of attractive interparticle forces.

The phase behavior that evolves during aging also suggests
that attractive interactions are at work. When the pH of the
suspensionmediumis lower than theAAcpKa, thepNIPAm-AAc
microgel particles form colloidal crystals at volume fractions
as low as 40% (pH 3.0), which is probably due to hydrogen
bonding and/or multibody interactions between particles, as we
have described previously.6 Because of the delicate balance
between repulsive and attractive interactions between particles,
the formation of colloidal crystals becomes more favored when
the pH is close to the AAc pKa, at which point the volume
fraction for crystallization spans from 40% to over 100%
(indicating the compression of particles under dense packing
conditions). Finally, when the pH is above the AAc pKa, the
deprotonated AAc segments do not form hydrogen bonds
efficiently, thereby shutting down a source of attractive interac-

tions. It also appears that, under these conditions, the
pNIPAm-AAc particles are so deformable that crystallization
is frustrated and the dispersion prefers to remain fluid even at
very high packing fractions (>100%). Together, these results
illustrate the incredibly rich physics and dynamic nature found
in this colloidal system. Despite the extensive amount of
experimentation carried out in these studies, it is likely that we
have only scratched the surface and that deeper studies of these
phenomena will produce additional observations that speak to
the complex interplay between colloidal and polymer energetics.
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