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Abstract We study the onset of a yield stress in a
polymer microgel dispersion using a combination of
particle-tracking microrheology and shear rheometry.
On the bulk scale, the dispersion changes from a pre-
dominantly viscous fluid to a stiff elastic gel as the
concentration of the microgel particles increases. On
the microscopic scale, the tracer particles see two dis-
tinct microrheological environments over a range of
concentrations—one being primarily viscous, the other
primarily elastic. The fraction of the material that is
elastic on the microscale increases from zero to one as
the concentration increases. Our results indicate that
the yield stress appears as the result of jamming of
the microgel particles, and we infer a model for the
small-scale structure and interactions within the dis-
persion and their relationship to the bulk viscoelastic
properties.
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Introduction

The bulk mechanical properties of any complex fluid
derive from its small-scale structure, but it is often
difficult to make clear connections between the mi-
crostructure and the bulk behaviour. Particle-tracking
microrheology (Mason and Weitz 1995; Mason 2000;
Valentine et al. 2001; Wong et al. 2004; Waigh 2005;
Gardel et al. 2005; Oppong et al. 2006; Oppong and de
Bruyn 2007; de Bruyn and Oppong 2010) is a recently-
developed technique which allows determination of the
micron-scale linear viscoelastic properties of a complex
fluid from analysis of the thermally driven diffusive mo-
tion of suspended tracer particles. When the tracer par-
ticles are much larger than the characteristic structural
length scale of the fluid, microrheology will simply mea-
sure the bulk rheological behaviour, but if the particles
are small compared to any structure, microrheological
measurements probe the local environment in which
the particles move. Particle-tracking microrheology has
been used to study several different kinds of complex
fluids, including a variety of gels (Oppong et al. 2006,
2008; Oppong and de Bruyn 2007; Gao and Kilfoil 2007;
Caggioni et al. 2007; Houghton et al. 2008).

In this paper, we use particle-tracking microrheology
and shear rheometry to study the viscoelastic properties
of aqueous dispersions of Carbopol (Noveon 2002), an
important commercial product that is used extensively
as a rheology modifier. Carbopol is a polymer micro-
gel which forms a transparent yield-stress gel at very
low concentrations (Piau 2007). Microgel dispersions
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consist of small particles of cross-linked polymer mole-
cules suspended in a solvent. Individual microgel par-
ticles are porous and deformable, with a size which
can depend dramatically on their physical or chemi-
cal environment. For example, the size of a microgel
particle can be tuned by changing the polymer—
polymer and polymer—solvent interactions, the pH, or
the temperature (Saunders and Vincent 1999; Pelton
2000; Lyon et al. 2004; Das et al. 2006). The in-
teresting structure and thermodynamic properties of
well-characterized microgel materials such as poly-N-
isopropylacrylamide (poly-NIPAM) have been exten-
sively studied (Senff and Richtering 1999a, b; Levin
et al. 2002; Denton 2003; Wu et al. 2003; Gottwald et al.
2004; Gottwald et al. 2005; Crassous et al. 2006). Dilute
suspensions of microgel particles display rheological
behaviour similar to that of dilute hard-sphere colloidal
suspensions (Borrega et al. 1999; Cloitre et al. 2003a,
b), but at higher concentrations they are viscoplas-
tic with a concentration-dependent yield stress (Piau
2007). Industrial microgels such as Carbopol are less
well characterized than model materials such as poly-
NIPAM, but it is nonetheless important to understand
their microstructure and properties.

The combination of bulk and microrheological mea-
surements used in the work reported here allows us
to compare and study correlations between bulk and
microscopic material properties. In previous microrhe-
ological studies on Carbopol (Oppong et al. 2006;
Oppong and de Bruyn 2007), we showed that the
dispersions were inhomogeneous on the microscopic
scale, and that the suspended tracer particles could be
separated into populations which experienced different
rheological microenvironments. We also speculated on
the connection between the microscopic material prop-
erties and the bulk yield stress (Oppong and de Bruyn
2007). In the present paper, we extend our previous
work to study the microrheology of Carbopol as a
function of concentration, ranging from extremely low
concentrations at which the dispersions are viscous, to
higher concentrations at which they are stiff gels. We
link Carbopol’s microscopic behaviour, as probed by
our microrheological measurements, with the bulk be-
haviour probed by shear rheometry. The combination
of the two techniques allows us to develop a physical
picture for the microstructure of this material. We show
that the onset of yield-stress behaviour results from
jamming of the swollen microgel particles (Lally et al.
2007; Prasad et al. 2003), and we are able to follow the
progress of the jamming transition on both bulk and
microscopic length scales.
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Experiment

We study aqueous dispersions of Carbopol ETD 2050
(Noveon 2002) for concentrations ¢ in the range
0.01 wt.% <c<1.0 wt.%. This form of Carbopol
was chosen because it produces gels which are par-
ticularly clear. Our samples were prepared by adding
Carbopol powder to continuously stirred deionized wa-
ter containing 5 x 107 by volume fluorescent latex
microspheres with a diameter 2a = 1.0 um. The dis-
persion initially had a pH around 3. NaOH was added
to raise the pH to 6, at which value the bulk rheo-
logical properties of Carbopol do not depend strongly
on pH. The dispersions were mixed with a propeller-
blade mixer for up to 8 h to ensure homogeneity
(Tabuteau et al. 2007) and uniform distribution of the
tracer microspheres. We verified that the presence of
the microspheres did not affect the bulk rheology of the
material.

Carbopol consists of particles of cross-linked
poly(acrylic acid). Observations with an optical micro-
scope indicated that the particles are roughly 1 um
in diameter when dry and on average about 2 um in
diameter, and significantly polydisperse, when initially
dispersed in water. When the pH is neutralized the
molecules become charged, and the osmotic pressure
of the counter-ions causes the particles to swell sub-
stantially (Cloitre et al. 2003a, b). They also become
invisible under the microscope.

The thermally driven motion of the fluorescent
tracer particles in the Carbopol was tracked using a
CCD camera on an inverted fluorescence microscope
with a x 40 objective. Images with a spatial resolution
of 0.33 um/pixel were recorded at a rate of ten frames
per second for about 10 s, the length of the recording
being limited by the memory of the computer system
used. Each image included roughly 50 tracer particles.
The particle trajectories were determined using the im-
age analysis software described in (Crocker and Grier
1996; Crocker and Weeks 2008). This software locates
particles in each image and tracks their motion from
one image to the next. The microscopic viscous and
elastic moduli of the material were calculated as a
function of frequency w from the mean squared dis-
placement <r2(1 / a))) of the tracers using the fluctuation—
dissipation theorem and a generalized Stokes—Einstein
relation, as described in detail in (Mason and Weitz
1995; Mason 2000; Valentine et al. 2001; Gardel
et al. 2005). If the tracer particles were moving purely
diffusively, (r*(1/w)) would increase linearly with time.
In contrast, if the particles were confined in a purely
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where kp is the Boltzmann constant, 7' the temper-
ature, a the radius of the tracer particle, and T" the
Gamma function. The viscous modulus G” is then
given by

G () = |G(w)| sin (”“2(“’)> &)
and the elastic modulus G’ by
G (@) = |G(w)| cos (mz(w)) . (4)

Bulk rheological measurements were made using an
Ares RHS strain-controlled rheometer with a 50-mm
diameter cone-and-plate measuring geometry. Fine
emery paper was glued to the tools to prevent wall slip.
The bulk viscous and elastic moduli were determined
by applying a small-amplitude oscillatory shear to the
material and measuring the response. Yield stress was
determined from steady shear experiments, in which
the steady state stress is measured as a function of strain
rate. All measurements were performed at 25°C.

Results

From the trajectories of the tracer particles deter-
mined by the image processing software, we calculate
the one-dimensional mean squared displacement of
the tracer particles, averaged over all particles and
all independent starting times ¢, given by (x* (7)), =
(Ix (¢ + ©) — x (t)|*) where 7 is the lag time. This quantity
is plotted in Fig. 1 for Carbopol concentrations ranging
from 0.01 to 1.0 wt.%. (x? (7)), is approximately de-
scribed by a power-law dependence on t over the range
of lag times covered in our experiments, i.e. (x? (1)), ~
7 for a given c. Careful examination of Fig. 1 shows

Fig. 1 The one-dimensional ensemble-averaged mean squared
displacement (x2 (r))e of the tracer particles for several different
values of the concentration c¢. From top to bottom, ¢ = 0.01,
0.02, 0.035, 0.05, 0.075, 0.10, 0.15, 0.2, 0.3, 0.5, and 1.0 wt.%.
Inset a shows the power-law exponent « as a function of ¢. The
dotted line is o« = 1. Inset b shows the viscosity relative to that of
water for the lowest concentrations. The line is a fit to Einstein’s
equation for the viscosity of a suspension of hard spheres

that the data have a slight curvature, i.e. the power-
law exponent « varies slightly over the experimental
range of 7. At a fixed value of 7, (x* (1)), decreases
with increasing concentration. Inset (a) of Fig. 1 shows
the mean power-law exponent « as a function of c,
determined by averaging the t-dependent exponents
obtained from fitting to consecutive triplets of data
points in the range 0.2 < v < 5 s. The standard devi-
ation in these exponent values is typically less than
+0.05. For ¢ £ 0.035 wt.%, we find that « = 1 within
experimental uncertainties, indicating that at these low
concentrations, the tracers diffuse in an environment
that is purely viscous within the precision of our mea-
surements. At higher concentrations, however, « de-
creases as the material becomes viscoelastic. At ¢ =
1.0 wt.%, a drops sharply and (x* (7)), becomes almost
independent of t, indicating that at this concentration
the tracer particles are strongly confined in a predomi-
nantly elastic environment.

At concentrations low enough that the Carbopol
dispersion behaves as a dilute suspension of hard
spheres (Cloitre et al. 2003a, b) and the microgel par-
ticles move diffusively, we can use the Stokes—Einstein
relation to determine the viscosity from (x?(r)),. The
results are plotted in inset (b) of Fig. 1. The viscosity
n, of a suspension of colloidal particles relative to
that of the background fluid (here water) is in turn
given by Einstein’s equation, 1, = 1 +2.5¢ (Einstein
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Fig. 2 The mean squared displacements of the individual par-
ticles tracked at ¢ = 0.3 wt.%. The particles are labelled as fast
or slow on the basis of their value of o =dIn(x?(1))/dInz,
evaluated for 0.3 < t < 0.5 s. Solid lines indicate particles in the
fast population, and dashed lines, those in the slow population.
The straight dotted line has a logarithmic slope of 1

1906), where ¢ is the volume fraction of the particles.
Fitting this to the viscosity data plotted in Fig. 1b, we
can extract a relationship, valid at low concentrations,
between ¢ and ¢ for our Carbopol dispersion. We find
¢ = (4,300 £ 500)c. Using this result and taking the
density of the dry Carbopol particles to be 1.47 g/cm?
(Piau 2007), we calculate that they swell by a factor of
18 in diameter in the neutralized dispersion relative to
their size when dry, or by a factor of nine in diameter
(a factor of 790 in volume) relative to their size at a
pH of 3. This is likely an overestimate because the
Carbopol particles are porous rather than being hard
spheres (Yu and Kaloni 1988), but nonetheless this sim-
ple result suggests that when neutralized, the Carbopol
particles expand greatly, and so must consist of a very
extended, tenuous network of polymer chains with a
diameter of roughly 20 pum.

We have also performed small-angle light scattering
experiments on pH-neutralized Carbopol (Lee et al.
2011). Although the details of this work will be reported
elsewhere, the results of these experiments indicate the
presence of objects with a length scale of approximately
0.5 wm, independent of pH, and also a much larger
length scale on the order of 20 um (Lee et al. 2011).
This larger length scale is consistent with the size of
the microgel particles inferred from the viscosity data
discussed above.

The data plotted in Fig. 1 were obtained by averaging
over all recorded tracer particles. Carbopol gels are
known to be heterogeneous on the micron length scale,
however (Oppong et al. 2006; Oppong and de Bruyn
2007), in which case different tracer particles will see
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different material properties. To get information on
the small-scale rheological environments probed by the
individual tracer particles (Valentine et al. 2001; Liu
et al. 2006; Oppong and de Bruyn 2007), we examine
their individual mean squared displacements (which in
this case are averaged over all starting times for a single
particle). The results obtained at a concentration of
0.3 wt.% are shown in Fig. 2. The mean squared dis-
placements appear to the eye to separate naturally into
two distinct populations, plotted as solid and dashed
lines in Fig. 2. The group of particles represented by
the dashed lines exhibits a relatively slow increase in
(x? (1)), with a logarithmic slope significantly less than 1,
over most of the range of r. We refer to this group
as the slow population of particles. In contrast, the
mean squared displacements of the particles shown by
the solid lines are significantly larger and show a near-
linear increase with 7 up to r & 0.5 s. We refer to this as
the fast population. At higher t the behaviour of (x* (7))
for the fast particles becomes significantly sublinear as
the motion of the tracer particles becomes restricted by
the microstructure of the material, as discussed in detail
in (Oppong et al. 2006; Oppong and de Bruyn 2007). To
analyse these data, we determine the logarithmic slope
of (x? (1)), over a limited range of r from 0.3 to 0.5 s.
In this range, the fast particles in Fig. 2 move essen-
tially diffusively, while the slow particles are strongly
subdiffusive.

Figure 3 shows the distributions N(«) of the power-
law exponents obtained from similar data for several
concentrations. We find that for low ¢, N(«) shows a
single peak close to o = 1, indicating that all particles
see a viscous and essentially homogeneous environ-
ment over the range of t being considered. At ¢ =
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Fig.3 The distribution N(«) derived from the squared displace-
ments of the individual tracer particles for ¢ = 0.01, 0.15, 0.30,
and 1.0 wt.%
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0.15, a second peak at @ < 1 appears. As c is increased
further, the histograms show two peaks—the peak near
o = 1 remains, while the second peak moves to smaller
values of & as c increases. The presence of two peaks in
the distribution indicates the presence of two distinct
microscopic environments within the dispersion: the
tracers for which @ ~ 1 are moving in a viscous fluid
over the relevant time scale, while the others see an
increasingly viscoelastic environment. Finally, at ¢ =
1.0 wt.% the peak at @ = 1 disappears and the distribu-
tion has a single peak at a very low value of «, indicating
a homogeneous, strongly elastic environment.

Based on these results, we label the tracer particles
having « in the peak near o« =1 as fast, while all
others are slow. Figure 4 shows the mean values of
the diffusive exponents for these two populations as
a function of concentration: () for the fast particles
and (ay) for the slow. We find that {as) = 1.0 within
uncertainties, independent of c. The peak due to the
slow population first becomes distinguishable at ¢ =
0.15 wt.%, and (o) decreases from 0.6 to almost zero as
¢ increases. Concurrently, the fraction of the particles
in the slow population, shown in the inset to Fig. 4,
increases from zero to almost 100% at ¢ = 1.0 wt. %.

Figure 5 shows the mean squared displacements
(x* (D) ; and (x* (v)), calculated for the fast and slow
populations, respectively, for 0.2 < ¢ < 1.0 wt.%. The
inset shows the dependence of these quantities on
concentration at a particular value of the lag time,
7 = 1 s. For concentrations below 0.15 wt.%, only the
fast population is observable. In this range of ¢, (x* (7))
decreases steadily as ¢ increases. At ¢ =0.15 wt.%
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Fig. 4 The average diffusive exponent for the fast («y, filled
circles) and slow (a5, empty circles) populations. The error bars
are standard deviations. The inset shows the fraction of particles
in the slow population as a function of concentration
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Fig. 5 The population-averaged mean squared displacement
for the fast (filled symbols) and slow (empty symbols) particles
for several concentrations. The circles, squares, triangles, stars,
and diamonds represent ¢ = 0.2, 0.3, 0.4, 0.5, and 1.0 wt.%,
respectively. The inset shows the variation with ¢ of (x* (7)) f
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the slow population becomes evident. For 0.2 < ¢ <
0.5 wt.%, when the two populations are present, both
(x? (D) ; and (x* (v)), are independent of ¢ within the
experimental scatter. At ¢ = 1.0 wt.% only the slow
population remains.

Even the fast particles move at most 1 wm over
the time we track them, so the motion of each parti-
cle is determined by the viscoelastic properties of the
material in a small region that extends a distance of
order a from the particle. We calculate the micron-
scale viscous and elastic moduli G),,(w) and G,,(w) of
the fast and slow environments from the population-
averaged mean squared displacements (x* (7)) ; and

{x* (1)), using Eqgs. 3 and 4, as described in (Mason
2000). In these calculations, « is calculated numerically
from the data as a function of r. The results for three
representative Carbopol concentrations are plotted as
a function of frequency w in Fig. 6. For ¢ < 0.05 wt.%,
the viscous modulus G, dominates and the elastic
modulus is unmeasurable. This is illustrated by data
for ¢ = 0.01 wt.%, which are shown as circles in Fig. 6.
At higher concentrations some elasticity is observed, as
shown by the squares in Fig. 6 for ¢ = 0.1 wt.%. For
0.15 < ¢ < 0.5 wt.%, the fast population (triangles in
Fig. 6, measured at ¢ = 0.3 wt.%) probes an environ-
ment that is predominantly viscous, and G, > G, over
the accessible frequency range. In contrast, at the same
concentration the slow environment has G, > G, over
most of the frequency range (diamonds in Fig. 6), indi-
cating that the slow population of particles sees a solid-
like environment in which elastic effects dominate. In
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Fig. 6 The microscopic viscous and elastic moduli for Carbopol
concentrations of ¢ =0.01 wt.% (circles), 0.1 wt.% (squares),
and the fast and slow populations at 0.3 wt.% (triangles and
diamonds, respectively). The empty and filled symbols are G”
and G, respectively. For the 0.01 wt.% dispersion, G’ is too small
to be measurable and only G” is plotted

addition, the moduli of the slow environment are one
to two orders of magnitude larger than for the fast
environment at the same concentration.

We also measured the bulk rheological behaviour
of the Carbopol dispersions. As discussed above, we
performed small-amplitude oscillatory shear measure-
ments to determine the bulk viscous and elastic moduli
G} (w) and G), (w) of the samples used in the particle-
tracking measurements. Figure 7 shows the ratio tan§ =
G}/ G), as a function of w for Carbopol concentrations
between 0.04 and 1.0 wt.%. All of these concentrations
are above the threshold at which elastic effects are
detectable in the particle tracking data discussed above.
For ¢ < 0.05 wt.%, tan § > 1, meaning that the bulk ma-
terial is predominantly viscous, while for ¢ > 0.1 wt. %,
tand < 1 and the dispersions are primarily elastic. For
¢ =0.08 wt.%, tan$ ~ 1 and is essentially independent
of w over the range of frequencies covered. This indi-
cates a transition in the bulk material’s state close to
¢ = 0.08 wt.%. Both moduli show roughly a power-law
dependence on frequency at concentrations around this
value, and the frequency independence of the ratio tan §
indicates that both have the same power-law exponent
at the crossover. This behaviour is characteristic of a
bulk-scale jamming transition in our dispersion near
¢ = 0.08 wt.% (Prasad et al. 2003; Lally et al. 2007).

We compare the viscoelastic properties measured on
the bulk and micron scales at a frequency of w = 1 rad/s
in Fig. 8. The bulk elastic modulus G is plotted along
with G|, for both the fast and slow populations in
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Fig. 7 tané, the ratio of the bulk viscous modulus to the elastic
modulus, plotted as a function of angular frequency. Circles,
¢ =0.04 wt.%; squares, 0.05 wt.%; upward-pointing triangles,
0.08 wt.%; stars, 0.1 wt.%; and downward-pointing triangles,
1.0 wt.%. At the lower concentrations, tan§ > 1 and the material
is predominantly viscous on the bulk scale, while at higher c,
tand < 1 and it is elastic

Fig. 8a. At the lowest concentrations, G, is too small
to measure with our technique. In the vicinity of the
bulk jamming transition, G, increases by two orders
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Fig. 8 Comparison of the bulk and microscopic viscoelastic
properties. a G'(w = 1 rad/s) for the fast (diamonds) and slow
(squares) populations and for the bulk (solid circles). The lines
are for clarity. b The corresponding values of G”(w = 1 rad/s).
¢ The yield stress o, determined from the bulk rheological
measurements
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of magnitude for only a factor of two increase in con-
centration. For ¢ > 0.15 wt.%, it increases much more
slowly. On the other hand, in the range of concentration
over which they can be measured, the micron-scale
elastic moduli of both the fast and slow environments
appear to be constant within the experimental scatter.
Both are significantly smaller than the bulk elastic mod-
ulus, which is an order of magnitude higher than the
microscopic elastic modulus for the slow population,
and about three orders of magnitude higher than the
corresponding value for the fast population.

The bulk and microscopic viscous moduli are shown
in Fig. 8b. At the lowest concentrations, the values
of G” measured on the two scales are similar, and
appear to be approaching each other as the concen-
tration decreases. Along with the fact that all of the
tracer particles have o ~ 1 at low concentrations, this
suggests that the material is homogeneous at the lowest
concentrations, as expected. Both the bulk and the
microscopic viscous moduli increase with ¢, but with
G} increasing more rapidly than Gj,. In the range of
¢ in which two distinct populations are observed, the
micron-scale viscous moduli for both populations are
again constant within the scatter, while the bulk viscous
modulus continues to increase slowly. In this range, G,
for the slow population is comparable with the bulk
value G}, while the viscous modulus for the fast pop-
ulation is significantly lower. The bulk and microscopic
moduli measured at higher concentrations are clearly
different. This, together with the bimodal distribution
of « values discussed above, is a clear indication of
heterogeneity of the material on the scale probed by
the tracers for ¢ 2 0.15 wt.%.

We also measured the flow curves, i.e. shear stress o
as a function of strain rate y, for our Carbopol disper-
sions. The data for each concentration were fit to the
Herschel-Bulkley model, o = o, + ky", to determine
the bulk yield stress o,. Here, k, n, and o, are treated
as material-dependent fitting parameters. o, is shown
as a function of ¢ in Fig. 8c. We find a measurable
yield stress for ¢ > 0.05 wt.%, approximately the same
concentration at which a measurable elasticity appears
in the particle tracking data and the concentration at
which the data for G) and G; indicate a jamming
transition.

Discussion

Our analysis of the viscosity of very low-concentration
neutralized Carbopol dispersions suggests that the mi-
crogel particles expand by a factor of order 10 in di-
ameter (10° in volume) on neutralization. This large

swelling factor, which is consistent with the light scat-
tering results of Lee et al. (2011), is no doubt a rea-
son for the effectiveness of Carbopol as a rheology-
modifying additive in consumer products. The Car-
bopol particles would be physically incapable of ex-
panding to this extent if all of their polymer chains
were heavily crosslinked, so a single expanded par-
ticle must mostly consist of almost-free, largely un-
crosslinked polymer chains. We therefore interpret this
result to indicate that at pH 6, the Carbopol particles
have a strongly inhomogeneous structure, consisting
of small, highly crosslinked regions (corresponding to
the pH-independent half-micron length scale seen in
the light scattering measurements) which do not swell
significantly, surrounded by a network of much less-
crosslinked polymer which does. We note that this
structure is somewhat different from that of some
other microgels that have been studied, which tend to
be more uniformly crosslinked (Saunders and Vincent
1999; Pelton 2000; Cloitre et al. 2003a, b; Lyon et al.
2004; Das et al. 2006), as well as from previously
published conceptualizations of the microstructure of
Carbopol (Roberts and Barnes 2001; Piau 2007). Our
tracer particles are much smaller than the size of the
expanded network, but slightly larger than the highly
crosslinked regions.

The inferred size of the microgel particles suggests
that the volume fraction they occupy becomes of order
1 for a concentration on the order of a few times
1072 wt.%. This is consistent with the concentration
of 0.035 wt.% at which the diffusive exponent « starts
to deviate from one, as seen in Fig. 1a, and also with
the concentration of about 0.05 wt.% at which the bulk
material becomes elastic and a measurable bulk yield
stress appears. These two phenomena—the appearance
of subdiffusive behaviour on the microscopic scale and
the roughly simultaneous appearance of a yield stress
on the macroscopic scale—indicate a jamming transi-
tion (Prasad et al. 2003) at which the Carbopol particles
become kinetically trapped by contact or other interac-
tions with their neighbours.

Based on our results, we can develop a picture of
the microstructure of the Carbopol dispersion (Roberts
and Barnes 2001; Cloitre et al. 2003a, b; Piau 2007)
and relate it to the changes in bulk properties that
accompany the jamming transition. At extremely low
concentrations, the Carbopol is a homogeneous viscous
fluid with similar properties on the bulk and micron
scales. In this regime, the dispersion of swollen mi-
crogel particles appears as sketched schematically in
Fig. 9a. It behaves essentially as a dilute suspension of
hard spheres (Cloitre et al. 2003a, b), and the tracer
particles move diffusively through it. At ¢ ~ 0.05 wt.%
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the motion of the tracer particles becomes slightly sub-
diffusive, while on the bulk scale the elastic modulus
becomes larger than the viscous modulus and the ma-
terial develops a yield stress. These phenomena all
signal the jamming transition, at which point the Car-
bopol particles become kinetically arrested and unable
to move through the dispersion. Since the individual
Carbopol particles are extremely swollen, they consist
essentially of water within an expanded network of
polymer chains. The jamming that we observe is pre-
sumably due to a combination of steric interactions,
entanglements, and possibly associative bonding in-
volving these networks. This state is illustrated
schematically in Fig. 9b.

The inhomogeneous structure of the individual mi-
crogel particles leads to heterogeneous dynamics of the
suspended tracer particles within this jammed material.

(@)

Fig. 9 A highly schematic illustration of the microstructure of
Carbopol, as inferred from our measurements. At a pH of 6,
the Carbopol particles are appear to consist of half-micron-
sized regions of heavily crosslinked polymer—represented here
by the black dots—surrounded by a highly expanded network
of polymer chains. At low concentrations, illustrated in (a), the
expanded Carbopol particles interact very weakly, if at all, and
the dispersion is primarily viscous. b At higher concentrations,
polymer chains from neighbouring Carbopol particles overlap,
leading to a jamming of the Carbopol particles and resulting in
a rheologically inhomogeneous microstructure

@ Springer

The tracer particles can undergo restricted diffusion
in the solvent between the chains, even though the
microgel particles themselves are jammed. As the con-
centration increases, the individual microgel particles
are confined to a smaller volume and so are more
compressed than at lower concentrations. This com-
pression is manifested on the bulk scale by increases
in the yield stress and the bulk elastic and viscous
moduli. On the microscopic scale, it has been observed
that compressed microgel particles develop a faceted
shape (Cloitre et al. 2003a, b). Our particle tracking
results indicate the appearance of a strongly viscoelas-
tic rheological microenvironment as the concentration
increases. We interpret this to indicate that some of the
tracer particles—those in regions of the sample in which
contacts or entanglements between Carbopol particles
are more extensive, or where the microgel particles
are more strongly compressed—experience significant
elastic forces due to interactions with the polymer net-
work. These particles form the slow population we ob-
serve. The fast population, on the other hand, consists
of tracer particles moving through regions of the sample
in which the polymer chains are less compressed or en-
tangled. In these regions, the elastic effects of the poly-
mer network are weaker and the tracer particles diffuse
more freely. The decrease in slope at larger t of the
mean squared displacements of the individual particles
shown in Fig. 2 indicates, however, that the size of these
predominantly viscous regions is limited, and even the
fast particles eventually become somewhat confined by
the material (Oppong and de Bruyn 2007). In Fig. 9b,
the “slow”, more elastic regions are represented by the
areas where chains are shown as overlapping, while the
“fast”, more viscous regions are those where no chains
are shown. Figure 9 is of course highly schematic and
should not be taken too literally. The structure and
configuration of the microgel particles and the polymer
chains in both regions is no doubt far less simple than
drawn, but this basic structure is qualitatively consistent
with the behaviour shown by our tracer particles.

The compression of the microgel particles as the Car-
bopol concentration is increased leads to an increase in
the volume occupied by the elastic regions and a corre-
sponding decrease in the volume of the less-entangled
viscous regions. As a result, the number of slow tracers
increases while the fast population declines, as ob-
served. We also observe that the viscoelastic properties
of the two environments do not depend significantly
on concentration over the range that they coexist. This
suggests that only the relative sizes of the viscous and
elastic regions, and not their nature, change with c.

At ¢~ 1.0 wt.% the elastic environment occupies
essentially all of the sample. The abrupt change in
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properties observed at this concentration may corre-
spond to a bulk glass transition, although further work
i1s needed to characterize this state. Nonetheless, our
particle-tracking data suggest that at ¢ ~ 1.0 wt.%, the
Carbopol particles are more-or-less closely packed and
compressed to the extent that the tracer particles are
completely trapped within the polymer network. At this
concentration (and presumably at higher c), the mate-
rial is once again homogeneous on the micron length
scale. The primarily viscous (fast) regions have been
compressed out of existence, and the tracers are unable
to diffuse at all. As cis increased further, the yield stress
and bulk elastic modulus will continue to increase (Piau
2007), but any further changes to the microstructure
would take place on length scales smaller than the size
of our tracer particles and so would not be detectable
in our particle-tracking measurements.

The combination of microrheological and bulk shear
rheological measurements employed in this work has
allowed us to make strong connections between the
observed microscopic and macroscopic phenomena.
These connections help to clarify our picture of the
microstructure of Carbopol, and of how it changes
as the Carbopol concentration is increased. While an
understanding of microstructure and its relationship to
bulk behaviour is arguably the goal of any fundamental
study of soft materials, it is often difficult to achieve.
We believe that the work presented in this paper pro-
vides an illustration of how microrheology can help us
achieve this goal.

Conclusions

We have studied the micron-scale structure and rheol-
ogy of suspensions of microgel particles as a function of
concentration. We observe that the material undergoes
a jamming transition at a particular microgel concen-
tration. We have shown that two distinct micron-scale
rheological environments coexist over a range of con-
centrations, and have related this result and the bulk
rheological behaviour of the material to the structure
of and interactions among the microgel particles in the
vicinity of the jamming transition.
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