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We have designed and studied a new experimental colloidal system to probe how the weak shape
anisotropy of uniaxial particles and variable repulsive (Coulombic) and attractive (van der Waals)
forces influence slow dynamics, shear elasticity, and kinetic vitrification in dense suspensions. The
introduction of shape anisotropy dramatically delays kinetic vitrification and reduces the shear elas-
tic modulus of colloidal diatomics relative to their chemically identical spherical analogs. Tuning
the interparticle interaction from repulsive, to nearly hard, to attractive by increasing suspension
ionic strength reveals a nonmonotonic re-entrant dynamical phase behavior (glass—fluid—gel) and a
rich variation of the shear modulus. The experimental results are quantitatively confronted with re-
cent predictions of ideal mode coupling and activated barrier hopping theories of kinetic arrest and
elasticity, and good agreement is generally found with a couple of exceptions. The systems created
may have interesting materials science applications such as flowable ultrahigh volume fraction sus-
pensions, or responsive fluids that can be reversibly switched between a flowing liquid and a solid
nonequilibrium state based on in situ modification of suspension ionic strength. © 2011 American

Institute of Physics. [doi:10.1063/1.3509393]

Il. INTRODUCTION

Great excitement has been recently generated by com-
puter simulation studies which reveal unique clustering ar-
rangements and the possibility of novel forms of long range
order based on particles with anisotropic shape and/or in-
teraction potentials.'™ In parallel, there have been numer-
ous reports of the synthesis of nonspherical nanoparticles
and colloids.*!> Simulations suggest that when chemically
heterogeneous or “patchy” particles experience a limited
number of attractive interactions there is a large reduc-
tion of the critical temperature for liquid-gas type of phase
separation.! In addition, microscopic theory and simulation
find particle shape anisotropy can strongly modify the on-
set of nonequilibrium glassy states including a striking non-
monotonic dependence of the vitrification volume fraction
on the degree of anisotropy of dumbbells,'®2° triatomics,?'
spherocylinders,?"-?? ellipsoids-of-revolution,??* and more
complex shapes.>>2° Similar nonmonotonic variation has
been observed for the jamming packing fraction of hard
granular ellipsoids and spherocylinders.””~>° Going beyond
the hard particle paradigm, there has also been experimental
and theoretical work on kinetic arrest in soft spherical par-
ticle systems such as many-arm star polymers,*” crosslinked
microgels,’' 33 and block copolymer micelles.>*

At the moment, simulation and theory are well ahead
of experimental studies in advancing understanding of sus-
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pensions of structurally and/or chemically anisotropic parti-
cles. Experimental advances have been limited by two major
hurdles. First, synthetic methods for producing large quan-
tities of uniform anisotropic colloids or nanoparticles are in
their infancy. Because the synthetic methods result in parti-
cles that are not uniform and/or are relatively scarce, explo-
ration of the large array of configurations and bulk properties
associated with shape and interaction energy anisotropy have
been limited. Until methods are developed that consistently
produce uniform particles with reliable anisotropy in large
quantities, progress will be slow. Second, even when such
particles can be synthesized in large quantities, methods for
characterizing the strength of the anisotropic interactions are
poorly developed.

Progress in developing a predictive theoretical under-
standing requires accounting for shape and/or interaction en-
ergy anisotropy in ways that are mathematically tractable.
Recent advances have been reported for the slow glassy dy-
namics aspects of the problem based on the microscopic
ideal mode coupling theory (MCT) framework!” for shape
anisotropic, but chemically homogeneous, hard particles.
Specifically, MCT has made predictions for the influence of
aspect ratio on the ideal kinetic glass transition of uniaxial
hard core particles that accounts for both center-of-mass (CM)
and orientational degrees of freedom.'®2%23 Quantitative re-
sults are possible due to the availability of theoretical methods
to describe equilibrium structure of isotropic fluids. However,
the full ideal MCT of nonspherical particles'®?? is sufficiently
complex that it has seen limited application to the vast array
of particle shapes and pair potentials now possible to realize
experimentally. Moreover, at high enough volume fractions,

© 2011 American Institute of Physics
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the long time dynamics is not properly described since the
MCT nonergodicity transition is an artifact of neglecting non-
perturbative, large amplitude hopping processes which restore
ergodicity.!7-3-38

The rare activated processes not captured in ideal MCT
are accurately described by the nonlinear Langevin equa-
tion theory (NLE) for spherical particles where ergodicity
is restored via barrier hopping.’>3%#! If hopping is ignored,
the NLE theory reduces to a conceptually and mathemati-
cally simplified (and cruder) “naive” version of ideal MCT
(NMCT)**4%:42 which also predicts an ideal glass transition
at a critical volume fraction ¢.. However, ¢. does not denote
literal arrest but rather a dynamic crossover to an even slower
form of dynamics controlled by activated barrier hopping. Re-
cently, the NLE and NMCT theories have been extended to
treat coupled translational and rotational glassy dynamics of
uniaxial particles within an interaction site representation.?’
However, this approach is not yet able to predict mechani-
cal properties. The only theory presently available that has
addressed nonspherical shapes, variable repulsive and attrac-
tive pair potentials, and shear elasticity is the CM versions
of the NMCT and NLE approaches.'®-2!-22:2:26 Physically,
the CM theory assumes translational motion controls confin-
ing force relaxation and cage escape, a simplification that has
been shown to be reliable for the modestly anisotropic parti-
cles of present experimental interest.”%*3

Here we report results of a coordinated experimental
and theoretical study of kinetic arrest and shear elasticity of
dense suspensions of weakly anisotropic particles composed
of fused spheres of equal size (“dicolloids”) and their spheri-
cal analog. By controlling suspension ionic strength, the in-
terparticle forces can be tuned from repulsive to a system
with weak or relatively strong attractive forces. This allows
us to address the following questions: (1) How does particle
shape modify the kinetic arrest volume fraction as a function
of ionic strength? (2) Does the dramatic glass-to-fluid-to-gel
dynamic “re-entrancy” phenomenon observed for mixtures of
hard sphere colloids and nonadsorbing small polymers**+
also occur for more complex spherical particles as a func-
tion of ionic strength? (3) How does nonspherical particle
shape modify the re-entrancy phenomenon? (4) How does the
shear modulus of hard and sticky spheres and dicolloids vary
with volume fraction and interaction potentials, and what is
the role of particle shape? (5) Can any universality be iden-
tified for the shear elastic response? (6) Is there a connection
between the onset of activated dynamics at ¢, and the jam-
ming volume fraction ¢gcp? These questions have been very
recently studied by us in a brief Letter focused on colloids
that interact solely via repulsive forces.** In this article, the
repulsive particles are studied in greater depth, and the new
question of the role of variable attractive forces is addressed
in detail.

The remainder of the article is structured as follows. The
CM-NMCT and NLE theories are briefly reviewed in Sec. II.
The experimental aspects, including particle synthesis and
characterization, computation of pair potentials, and rheolog-
ical measurements, are the subject of Sec. III. Section IV
presents our experimental results and their quantitative com-
parison to theoretical predictions, and discusses the physics.
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The paper concludes in Sec. V with a brief summary and fu-
ture outlook.

Il. THEORY

The dynamical theory we apply has been developed
recently'®?? and is discussed in depth in the literature. Here
we summarize only the elements relevant to our present work.
Rigid, nonspherical particles are described in the interaction
site model representation.'®# The intermolecular site—site
pair correlations and static structure factors are the key input
to the dynamical theory and are computed using the reference
interaction site model (RISM) of Chandler and Andersen.*
For rigid objects composed of symmetry-equivalent units
(such as homonuclear dicolloids) a single scalar integral equa-
tion describes packing structure which in Fourier transform
space is given by

hs(k) = e (k) Cos(k)wss (k) + pswes(k)Cos(K)hgs (k). (1)

Here p; is the site number density, hg(k) is the Fourier
transform of the intermolecular site-site total correlation
function hg(r)=gss(r)—1, Css(k) is the Fourier transform of
the intermolecular site—site direct correlation function, and
wss(k) the intramolecular structure factor. We employ the site—

site Percus—Yevick (PY) closure approximation:*%-+7

Css(r) = (1 — Y D)g(r), 2)

where U(r) is the noncontact interparticle site—site potential
and B=(kp T)’1 is the inverse thermal energy. Equation (2)
applies outside the distance of closest approach between two
sites (D), and inside the hard core the exact impenetrability
constraint is enforced: g.(r)=0, r<D. The site—site total den-
sity fluctuation structure factor is
1

5! (k) = psCas(k)
Its CM analog, which is the key input to the dynamic theory
employed in this article, is'”

Sss (k) 1

=1+ phemk) = ————  (4)

wss (k) 1 — pCem(k)

with p=p,/N (N=2 for dicolloids, N=1 for spheres) and

Sss (k) = wgs(k) + pshss(k) = 3

Scm(k) =

Com(k) = Nog(k)Cys(k), ©)]
hem(k) = Lh (k) (6)
™ B wgs(K) e

The intraparticle structure factor of a sphere is unity, and for
arigid dicolloid (bond length b): wy(k)=1 + (kb)~! sin(kb).

The CM-NLE theory describes the scalar displacement
of a particle from its initial position, r(f), which obeys the
following closed nonlinear stochastic equation in the over-
damped limit:3#!

or(t)  dFes — (r(1))
ar ar(r)
where ¢ ,=kpT/Ds is the short time friction constant, the ran-

dom thermal force satisfies (6f (0)5f (1))=2kpT¢ ;6(¢), and Dy
is the CM short time self-diffusion constant. The latter is well

+8f (1), O

N
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understood for hard sphere suspensions,* but not for dicol-
loids. The key quantity in Eq. (7) is the dynamic free energy,
Fe(r(f)), which describes within a local equilibrium dynamic
density functional framework the effect of the surrounding
particles on a tagged particle. In terms of CM variables it is
given in units of kg7 by*40

dk  pC2y (k) Scm(k)
Q27) 1+ Soh(K)

Fee(r) = =3In(r) —

k22 1
X exp {_T(l + SCM(k))} . ®)

Minimization of Eq. (8) with respect to r can be shown to be
equivalent to solving the NMCT self-consistent equation for
the ensemble-averaged long time limit of the particle mean
square displacement, known as localization length, 1o, given
by3%:42

-2 _ 1 dk k>C2 (k) Scm(k)
Moo = =
loc 9 (27_[)310 CM CM
X ex —% 14+ S=1k 9
p 5 (14 Sem®) ¢ )

which relates the tendency for localization to the strength of
the mean square forces exerted on a particle by its surround-
ings; the latter are determined by material-specific structural
correlations and interactions.*® As volume fraction increases,
Toc discontinuously changes from infinity (a fluid) to a finite
value at a critical volume fraction, ¢., which defines the on-
set of transient localization (crossover to activated dynamics)
and a qualitative change of F.¢(r) to a form characterized by
a localization well and barrier.

Beyond ¢, the mean first passage or barrier hopping time
in the high friction overdamped (diffusive barrier crossing)
limit follows from Kramers theory:*’

T e (ﬁ> (10)
Ts /EOEB kBT ’

where t,=D? ¢/kpT (site diameter D), Fp is the barrier height,
and K, and K p are the absolute magnitudes of the well and
barrier harmonic curvatures in units of kz7/D?, respectively.
The hopping time is closely related to the alpha relaxation
time of glassy materials,>> and we adopt here as a measure
of the experimental mean stress relaxation time. Quantitative
“prefactor” differences between the hopping and stress relax-
ation times are expected to result in very modest quantitative
shifts of computed kinetic glass transition volume fractions.
Note Eq. (10) depends on the ratio t,/t( which is greater than
unity due to short time dissipative dynamics (where t is the
dilute suspension limit elementary Brownian time). For ex-
ample, for hard spheres at a volume fraction of 0.5, t,/to~5.

NMCT in conjunction with a standard Green—Kubo for-
mula and projection-factorization simplifications allows cal-
culation of the glassy elastic shear modulus*-°

_ ksT ?

% d
G =— dk k% — In(Scm(k
60712,/(; { 7K n(Scwm( ))}

x exp {—k*rp. /3Sem(k)} . (11)
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The shear modulus is entirely determined by the CM lo-
calization length and structure factor. In principle, Eq. (11)
literally applies only in the ideal glass state of MCT. We em-
ploy it here as a sensible approximation of the physically rele-
vant intermediate time plateau of the stress relaxation function
associated with the transiently localized state which contin-
ues to exist even in the presence of activated hopping at long
times.

lll. EXPERIMENTAL
A. Synthesis and characterization

Particles were synthesized using a modified version of
the seeded emulsion polymerization technique of Mock et al.’
The seeds used to make the spherical particles contained
no divinylbenzene (DVB) crosslinker, while the seeds used
for the dicolloids contained 2% DVB (Aldrich, 55% mix-
ture of isomers tech. grade) by weight. The seeds were
otherwise identical and synthesized by surfactant [sodium
dodecyl sulfate (SDS)] stabilized polymerization of styrene.
Both sets of seed particles were synthesized in 5 1 round bot-
tom flasks immersed in a constant temperature water bath. A
poly(tetraflouroethylene) coated blade attached to a rotating
glass bar was used for stirring. Initially 3.75 g of SDS was
dissolved in 3000 ml of deionized water. The water was al-
lowed to reach a steady state temperature of 80 °C and 350 ml
of styrene monomer (Sigma-Aldrich, 99% purity grade) was
added. For the dicolloid seeds, the DVB was dissolved into
the styrene added in this step. The solution was stirred at
80 °C for 1 h at a vigorous speed. Then, 11.7 g of potassium
persulfate initiator (Fisher Scientific 99.5% purity grade) dis-
solved in 560 ml of water was added, and the reaction was
allowed to proceed for 24 h. The resulting seed particles were
nearly identical: 210 nm in diameter (£3.2 nm) for the sphere
seeds, 211 nm (41.5 nm) for the dicolloid seeds.

The particles were then swollen with additional styrene
monomer at a mass ratio of 2:1 (swelling styrene to seed par-
ticle mass). For this swelling step, 880 ml of the seed parti-
cle solution was poured into a 5 1 round bottom flask along
with 620 ml of a 0.1 M potassium hydroxide (KOH) solution,
2.5 g of SDS, and 2.4 g of azobisisobutyronitrile dissolved in
130 ml of additional styrene. The flask was stirred at room
temperature for 24 h. When the swelling was complete, 5 ml
of methacrylic acid and 40 g of hydroquinone dissolved in
500 ml of the KOH solution were added to the vessel and the
temperature was elevated to 70 °C. The reaction proceeded
for 24 h.

The resulting final particles are shown in the inset of
Fig. 1. The spheres have a mean diameter of 270 nm
(£1.6 nm), while the dicolloids had a mean long axis length
of 330 nm (£2.2 nm) and a mean short axis length of
250 nm (2.1 nm) as measured by scanning electron mi-
croscopy (SEM Hitachi S4700). The aspect ratio of the di-
colloids, length divided by sphere diameter, is thus L/D=1.3.
In addition to SEM measurements, the particle diffusivity was
determined using dynamic light scattering (Brookhaven In-
struments bench top fiber optic quasielastic light scattering)
and found to be consistent with particles of the SEM size
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FIG. 1. Calculated particle pair interaction energies including full van der
Waals and electrostatic forces (solid curves), and their double Yukawa
fits (dashed curves). Inset: SEM micrographs of the sphere and dicolloid
particles.

indicating no aggregation occurred during processing. After
synthesis the particles are dialyzed against a polyethylene
glycol (PEG) (20 000 molecular weight, Sigma) in deionized
water solution with approximately 30-50 g of PEG and 3
1 of water to remove unwanted electrolytes and oligomers.
The dialysis process also concentrates the particles by draw-
ing water out of the dialysis tubes. Once the volume frac-
tion of particles in the tube reached approximately 0.35—
0.40, 15-25 ml portions of the solution were transferred to
a 50 ml centrifuge tube containing 0.338 g of the surfactant
C2E¢. The Ci;E¢ coats the surface of the particles and re-
sults in a bound steric layer approximately 4 nm thick.”' This
layer sets the minimum surface-to-surface separation where
the van der Waals forces from the polystyrene cores are op-
erative to be 8 nm. By working with particles of diameter
D=200-300 nm, the maximum well depth at contact of the
surfactant coated particles is estimated to be 1-5kgT. Fi-
nally, a bulk solution of either 0.1, 0.5, 1.0, or 5.0 M sodium
chloride (Fisher Scientific, crystalline) dissolved in deion-
ized water was added such that the final concentration of
C2E¢ was 0.03 M, the ionic strength of the solution var-
ied from 0.03 to 1.0 M, and the total volume in the tube
was 25 ml. The tubes were then centrifuged at 6000 rpm
(~4000 g) for 1 h intervals and the supernatant removed until
further centrifuge cycles produced no removable supernatant.
The volume fraction at this stage ranged from 0.55 to 0.65,
and served as the bulk solution to be diluted for rheological
experiments.

B. Interaction potentials and physical regimes

To perform a quantitative, no adjustable parameter com-
parison between experiment and theory, the particle interac-
tion potentials are required. Standard Derjaguin and Landau,
Verwey and Overbeek (DLVO) calculations were performed
using a van der Waals Hamaker constant of 3.1k7 with a min-
imum polystyrene (PS) intersurface separation distance of §
nm (twice the C,E¢ surfactant thickness), electrophoretically

J. Chem. Phys. 134, 014503 (2011)

derived electrostatic surface potentials of —20, —16, —12 and
-8, -3, and -1 mV for [1]=0.03, 0.05, 0.1, 0.3, 0.5, and 1.0
M, respectively, and a Debye—Huckel screening length set by
[I]. Surface potentials were taken to be independent of particle
shape. The resulting site—site potentials are shown in Fig. 1.
An effective hard diameter (and corresponding effective vol-
ume fraction?) is estimated as the distance at which the re-
pulsion is 1k7T. By varying ionic strength, the potential can
be tuned from very short range repulsive (nearly “hard”) to a
“mixed” potential at [I]=0.3 M which has an attractive non-
contact minimum of ~1.5kT, to a relatively strongly attractive
at contact system with a ~3kT well depth at [[]=1.0 M.

Of course, there must be some quantitative uncertain-
ties in the potentials of Fig. 1 which can arise from multiple
real world sources such as: surfactant and solvent dielectric
constant mismatch, thin solvation layers of water around the
particles, and uncertainty of surfactant layer thickness due to
nonideal structure. These effects are expected to have little
consequences at low ionic strengths where the particles are
strongly repulsive, the regime studied in prior work.** How-
ever, at high ionic strengths the depth and form of the at-
tractive component of U(r) is more sensitive to these com-
plications, especially surfactant layer thickness and structure.
This limitation should be kept in mind when theory and ex-
periment are quantitatively compared in Sec. IV since attrac-
tive forces can have dramatic consequences (e.g., gel versus
glass™).

By varying ionic strength, very different physical
behavior is expected to be accessed. At low ionic strength
(<0.01 M), the surface charges are not significantly screened
and the particles experience long range repulsive forces.
These conditions prevent dense packing and can encourage
crystalline ordering at low concentrations. The (slightly) soft
repulsion also blurs the differences between the two particle
shapes.”® Our goal is to investigate particles that interact via
nearly hard core repulsive plus variable attractive interactions
where shape differences will be accentuated. This motivated
our choice to work at higher salt concentrations. At ionic
strengths of 0.03-0.1 M, the surface charges are moderately
screened. The Debye screening length is ~1-2 nm, and the
resulting pair potentials resemble those of hard particles but
with slightly larger dimensions than the surfactant coated par-
ticles. At ionic strengths near 0.3 M where the Debye screen-
ing length is 0.5 nm or smaller, a weak attractive minimum
in the pair potential emerges. At the highest ionic strengths
(>0.5 M), essentially all surface charges are screened and an
attractive well depth of 2-3kT is present resulting in rapid
particle aggregation and, at high enough volume fractions,
physical gelation.

Confirmation that we have reached approximate “hard”
conditions at 0.03 M is made by measuring the suspension
viscosity of spheres and dicolloids as a function of ionic
strength at a volume fraction of 0.3. Figure 2 shows the re-
sults, and one sees that at low to moderate volume fractions
(below ¢.) where transient localization does not occur, re-
pulsions and attractions will both increase viscosity above
the hard interaction values.’* Above ¢, the attractions have
been shown to result in viscosities below the hard interac-
tion values.” We view the viscosity minimum in Fig. 2 as



014503-5 Re-entrant kinetic arrest

102 . .

—— @

0.01 0.10
(11 (M)

FIG. 2. Low shear rate viscosities of suspensions of sphere (blue) and di-
colloid (red) particles at ionic strengths from 0.01 to 0.5 M and ¢ ~ 0.30. A
minimum is reached at ~0.02-0.05 M indicating approximately hard core in-
teractions. Hard sphere viscosity at ¢=0.3 is shown as a dashed line (Ref. 65).

indicating when the particles are optimally hard, which
occurs [1]=0.02-0.05 M.

For computational convenience in the theoretical analy-
sis, we have fit the numerically determined interaction pair
potentials with a double Yukawa function:

o ==Pee (-2 (5-1))
+Br—D exp (—ICD (% - 1)) , (12)

where A is the contact value of the truncated van der Waals
attraction (2.3kT) and 1,=0.025D. The parameter B is set at
the contact value of the electrostatic repulsion based on the
zeta potential as measured by electrophoresis, and the screen-
ing length is 1/k where « is the Debye—Huckel parameter. The
parameters used in the calculations are listed in Table I. The
accuracy of the Yukawa fits is illustrated in Fig. 1.

C. Rheological measurements

Rheological measurement of viscosities and frequency-
dependent storage and loss moduli were obtained using a
Bohlin C-VOR rheometer with a cup and bob geometry. The
bob is made from roughened titanium with a diameter of
14 mm and a gap size of 0.7 mm with a sample volume of
3 ml. Temperature was maintained with a constant temper-
ature water bath at 3040.5 °C. This temperature was main-
tained during preparation steps and was chosen in order to
stay above the freezing point of the surfactant (27 °C).

TABLE 1. Parameters used for analytic Yukawa fits of the numerically
computed pair potentials.

Tonic strength B K
M) (kg T) (1/A)
0.03 79 0.06
0.05 32 0.07
0.1 14 0.08
0.3 3.6 0.093
0.5 1.1 0.1
1.0 <0.1 0.2

J. Chem. Phys. 134, 014503 (2011)

The protocol employed for the viscoelastic experiments
is as follows. First, 3.2 ml of the highly concentrated bulk
suspension in the centrifuge tube is transferred to the rheome-
ter cup. Then 0.2 ml is removed and the mass measured in a
20 ml scintillation vial. The vial was then placed in an oven at
110 °C to remove water from the solution. The dried
weight was measured after 24 h and the weight fraction of
polystyrene was calculated (taking into account remaining
salt in the vial). This was converted into a volume fraction
using reported densities of polystyrene (1.05 g/ml), and mea-
sured values of water containing NaCl. The remaining 3 ml of
sample in the cup was used for the mechanical experiments.
A solvent trap is placed around the shaft of the bob limiting
water evaporation and volume fraction increases during ex-
periment runs. However, even with the solvent trap in place,
total experimental time longer than 30 min for any one sam-
ple was avoided as changes in mechanical properties were ob-
served after this length of time. The sample is presheared at a
rate of 50 s~! for 2 min and data collection began 10 s after
the preshear step. The elastic and viscous moduli were mea-
sured as a function of applied stress at a frequency of 1 Hz for
the first experiment for each sample. The modulus measured
in the plateau of this stress sweep is the value reported for
each volume fraction in the figures of Sec. IV. Plateau mod-
uli were found to be reproducible, within experimental error
and accounting for increases in volume fraction due to solvent
evaporation, by occasionally repeating experiments at the end
of each run.

After the first set of experiments at a specified ionic
strength, the bob was cleaned and any sample remaining on
the bob discarded. However, the sample remaining in the cup
was kept in order to conserve material and allow an adequate
number of volume fractions to be studied. Approximately
2.5-2.8 ml of the previous sample typically remained in the
rheometer cup after this initial experiment. To this, an addi-
tional 0.1 ml of a solution containing 0.03 M C|,E¢4 and dis-
solved NaCl (at the same ionic strength as the sample already
in the cup) was added. Finally, a small amount of the bulk
particle solution from the centrifuge tube was added until the
total volume in the cup again reached 3.2 ml. The process for
measuring volume fraction was repeated for this sample. The
effect of this material-conserving dilution process was that the
volume fraction for the new sample decreased by about 0.01—
0.02% from the previous sample. The entire process was then
repeated again, lowering the volume fraction each time, until
a plateau in the elastic modulus could not be observed at even
the lowest stresses of the stress sweep experiment discussed
below.

IV. RESULTS AND DISCUSSION

For each ionic strength, a stress sweep is performed at
fixed oscillation frequency and the elastic and viscous moduli
(G, G") are measured. Unless stated otherwise, all results are
based on an oscillation frequency of 1 Hz. At small stresses, a
constant linear response modulus is observed. All subsequent
G’ and G” refer to this linear response value which is used
to determine the quiescent relaxation time and kinetic arrest
diagram.
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FIG. 3. Procedure for determining ¢¢. G'(¢) (solid points) and G”(¢) (open
points) are plotted for S (blue) and sDC (red) at ionic strengths of 0.03 M
(circles) and 0.3 M (triangles) and 1 Hz.

A. Relaxation times and kinetic arrest

In the Maxwell model spirit, a relaxation time is defined
from the condition G'=G". For the larger volume fractions
studied, this relaxation time is longer than the experimental
time and the system displays solidlike properties. As a result
we use this as the criterion for determining the experimental
kinetic glass transition volume fraction (¢,). The procedure
for locating the volume fraction where G'=G” at 1 Hz (cor-
responding to a relaxation time of 2rs) is outlined in Fig. 3
where G’ and G” are plotted at ionic strengths of 0.03 and
0.3 M. The G'(¢) and G"(¢) data are fit to exponential func-
tions and (mildly) extrapolated to the condition G'=G". Lim-
ited frequency sweeps were made to investigate the frequency
dependence of the modulus. As shown in Fig. 4, the elas-
tic moduli are indeed solidlike, being nearly independent of
frequency over the range probed. For all values of the elas-
tic modulus reported below, the experimental frequency of
1 Hz falls within the glassy or gel-like plateau.

Figure 5 shows the experimental nonequilibrium phase
diagram in the representation of ionic strength versus volume

FIG. 4. G'(w)for spheres at 0.03 M and volume fractions >¢, demonstrating
observance of a glassy plateau in the frequency range near 1 Hz. Inset shows
G (w).
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FIG. 5. Dynamical state diagram showing ¢, for S (blue filled circles) and
sDC (red filled diamonds). Experimental ¢ is shown as points. NMCT the-
ory calculations of ¢, shown as dashed curves. NLE theory calculations of
the kinetic ¢, are shown using T=1 s (dash-dot), 27s (solid), 50 s (dot).

0.45

fraction for spheres and dicolloids at the five ionic strengths.
With the exception of the 1.0 M samples, the most obvious
feature is the dramatic increase of the kinetic arrest volume
fractions for the dicolloid. Both spheres and dicolloids show
a nonmonotonic variation of the kinetic glass volume fraction
with ionic strength, the signature of “re-entrancy.**43-36-8
Specifically, the kinetic arrest transition boundary first shifts
to higher volume fractions with increasing ionic strength,
which is partially a consequence of a reduced effective hard
core diameter as Coulomb repulsion is better screened, and
partially a consequence of the increasing presence of weak at-
tractions. However, as ionic strength increases further, strong
attractive forces emerge in U(r) and the kinetic arrest vol-
ume fraction shifts to lower volume fractions. This behavior
is reminiscent of the re-entrant behavior seen in depletion at-
traction systems*** and suggests that the weak attractions
introduced by charge screening first results in greater mobil-
ity in dense suspensions of both particle shapes, but as the
attractions become strong enough the tendency for kinetic ar-
rest is enhanced corresponding to a gel or “attractive glass”
nonequilibrium state and enhanced shear modulus. Note the
very large reduction of the kinetic arrest volume fraction at
the highest ionic strength of 1.0 M where ¢,~0.36 for both
spheres and dicolloids. As is well known from prior theo-
retical and simulation studies (including our present calcu-
lations), the dense gel or attractive glass is characterized by
a very short transient localization length controlled to lead-
ing order by the range of the attractive potential, in contrast
to repulsive glasses where the localization length is larger and
controlled by steric caging.”

The qualitative change of increasing ionic strength on
colloid dynamics is signaled by the “nose” of the kinetic ar-
rest diagram corresponding to a maximal fluidic state. For
both spheres and dicolloids this occurs at [I]~0.3 M, and the
amount of enhancement of ¢, is ~0.04-0.05 for both types
of particles. Thus, although nonspherical particle shape dra-
matically delays kinetic arrest relative to the sphere, the effect
of ionic strength on the interparticle interactions is similar for
the two colloidal shapes.

We now employ the a priori computed interaction po-
tentials in the CM version of the NMCT and NLE theo-
ries with RISM structural input to predict the behavior of
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FIG. 6. 7(¢) from NLE theory for S (blue) and sDC (red) at ionic strengths
of 0.03 M (solid), 0.1 M (long dash), 0.5 M (short dash), and 1.0 M (dash-
dot).

our experimental systems. The ideal MCT transition, or dy-
namic crossover, volume fractions, ¢., are shown in Fig. 5
as the dashed curves, and numerical values are listed in
Table II. The theoretical ¢. display all the same qualitative
behavior as the experimental ¢,’s, including the large en-
hancement for the nonspherical colloid and the nonmono-
tonic re-entrant behavior. Quantitatively, the computed ¢, are
systematically smaller than their experimental kinetic arrest
analogs. This trend has presumably two distinct origins. First,
NMCT underpredicts ¢, compared to more sophisticated
ideal MCT.?*%° Second, and we believe more importantly, ¢,
indicates only an onset or crossover volume fraction signaling
the emergence of barriers and activated dynamics.?>3%40

The NLE theory at the CM level is now applied to com-
pute the mean barrier hopping time, 7. Figure 6 shows the
results as a function of volume fraction for spheres and di-
colloids at four ionic strengths. Based on the known solvent
viscosity, temperature, and particle size, to is computed to
be 0.03 s for our system. For all the calculations we employ
7,=0.1 s as a reasonable value that acknowledges the fact
that 7,/t¢>1. Physically sensible adjustments of this value
only shift computed kinetic volume fractions by ~0.01-0.02
at most since it enters as a prefactor. For all curves in Fig. 6,
note the stronger than exponential growth of the relaxation
time with ¢. At fixed volume fraction, the barrier hop-
ping time is much smaller for dicolloids than for spheres,
and for both shapes varies nonmonotonically with ionic
strength.

The kinetic arrest volume fractions, ¢,, are now com-
puted using the results in Fig. 6 and the experimental criterion

TABLE II. NMCT calculations of ¢, for the sphere (S) and symmetric
dicolloid (sDC).

Ionic strength (M) ¢S ¢ sDC
0.03 0.410 0.454
0.05 0.427 0.472
0.1 0.440 0.487
0.3 0.456 0.503
0.5 0.449 0.462
1.0 0.419 0.412

J. Chem. Phys. 134, 014503 (2011)

t=27s; analogous calculations are performed based on relax-
ation time criteria of 1 and 50 s in order to illustrate the sen-
sitivity of the predictions to the arrest criterion adopted. The
theoretical kinetic arrest boundaries are shown in Fig. 5. The
agreement between experiment and theory is good (especially
considering there are no adjustable parameters), and better for
dicolloids, except for the highest ionic strength of 1.0 M. The
theory predicts moderate particle shape anisotropy dramati-
cally delays kinetic arrest, as well as the re-entrant form of
the nonequilibrium boundary as the interparticle interaction
changes from repulsive to attractive. Qualitatively, the kinetic
arrest and dynamic crossover (NMCT) boundaries agree, al-
though the “nose” feature is more developed for the latter. The
theory strongly overpredicts the kinetic arrest volume fraction
under high ionic strength conditions where attractive forces
are likely dominant and possible quantitative errors in the at-
tractive branch of U(r) in Fig. 1 (discussed in Sec. III B) will
have the largest consequences.

It should be noted that while particle polydispersity, sur-
face roughness, and slight variations in experimental protocol
may also contribute to the differences between experimental
results and theory predictions, we have worked hard to create
a system that conforms to the models used. Within our ability
to characterize the system it appears to us that we have smooth
hard core particles experiencing short range electrostatic re-
pulsion and weak van der Waals attractions. The largest po-
tential complication in comparing theory and experiment is
likely quantitative inaccuracies of the interparticle potentials
required as input to the structural and dynamical theories.

B. Additional theoretical analysis

A question of fundamental interest is the physical
origin of the theoretical re-entrancy phenomenon for the
present novel system of colloids interacting via soft Coulomb
repulsions and van der Waals attractions. All dynamical pre-
dictions are ultimately determined by structure, the two most
commonly discussed aspects being the static structure fac-
tor, S,s(k), and the pair correlation function, g (7). The dy-
namically relevant features of these correlations are on lo-
cal scales, in particular S (k=k") where k" is the wave vec-
tor of the cage scale maximum, and gm(rzr*), the “contact”
value of the site—site interparticle radial distribution func-
tion. For the soft repulsion systems of present interest, the
latter refers to the height of the first peak of the pair corre-
lation function which does occur very close to r*~D. This
quantity can be thought of as quantifying a “sticky collision”
rate or the strength/number of “physical bonds” between
particles.*®

Figure 7 presents calculations of these two structural
quantities for the sphere and dicolloid as a function of ionic
strength at two volume fractions, one representative of the
dynamic crossover regime (0.45) and the other higher value
representative of the kinetic arrest regime (0.6). The ionic
strength trends are qualitatively identical at both volume
fractions, and for both shapes. However, the contact value
[Fig. 7(a)] and cage peak intensity [Fig. 7(b)] follow quali-
tatively opposite variations. The contact value monotonically
increases with ionic strength, an intuitive trend since as at-
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FIG. 7. RISM theory calculations of (a) the contact value of the site—site
interparticle radial distribution function g(r=D) and (b) the site—site static
structure factor at the wave vector of the cage scale maximum S(k=k") for
S (blue) and sDC (red) as a function of ionic strength at volume fraction
$=0.45 (solid) and ¢=0.6 (dash).

tractions are introduced one expects more contact particle
clustering. However, Ses (k) monotonically decreases with
attractions, a trend previously emphasized in the context of
mixtures of nonadsorbing polymer and hard sphere colloids
as “disordering” of cage constraints due to frustration be-
tween repulsive and attractive forces in determining first sol-
vation shell coherence.*% Note that for polymer-colloid
depletion systems, Sgg (k") is a nonmonotonic function of at-
traction strength (polymer concentration), and hence dynam-
ical re-entrancy is interpreted at zeroth order solely in terms
of cage coherence. This simple interpretation does not apply
to our systems that interact via a more complex soft repul-
sion plus van der Waals attractions which are both modified
as ionic strength is varied. Hence, we suggest the competi-
tion between attractive and repulsive forces that gives rise to
the re-entrancy behavior reflects a competition between cage
coherence effects and short range attraction driven contact
aggregation.

The relaxation time calculations in Fig. 6 show a non-
exponential growth and strong variation with ionic strength.
A question of significant interest in both the thermal glass
forming liquids®® and colloidal suspensions®>-233:6! js how
“dynamic fragility” depends on particle shape and interparti-
cle forces. Fragility is a scalar quantification of how rapidly
a relaxation time grows with a control parameter, typically
temperature or volume fraction. Figure 8 replots the theoret-
ical results in Fig. 6 in a doubly normalized manner that de-
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FIG. 8. Fragility plot of the theoretical mean hopping time calculations for
S (blue), sDC (red). Ionic strengths: 0.03 M (solid), 0.1 M (long dash), 0.5 M
(short dash), and 1.0 M (dash-dot).

fines fragility. Overall, the fragility initially increases mod-
estly with ionic strength for both spheres and dicolloids in an
almost identical fashion, and then becomes roughly invariant
to [I] at the higher ionic strengths.

C. Shear elasticity

The mechanical experiments allow measurement of the
elastic shear modulus as a function of volume fraction, ionic
strength, and particle shape, which can be quantitatively com-
pared to NMCT predictions. Figure 9 shows the experimental
G’ (shear modulus rendered dimensionless by either D*/kT
in the case of spheres, or L?D/kT for dicolloids)'® as a func-
tion of volume fraction in a log-linear format. At each ionic
strength, G’ for the dicolloids lies below that of the spheres,
and shifts nonmonotonically with [I], as expected from the ki-
netic arrest diagram. All moduli grow roughly exponentially
with volume fraction, with slopes that weakly increase at
high ionic strengths, and which are always somewhat smaller
for dicolloids. Interestingly, the apparent shift in slope seems
largest for the ionic strength corresponding to the “nose” of
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FIG. 9. Measured low shear rate dimensionless elastic modulus of spheres
(blue) and dicolloids (red) at ionic strengths of 0.03 (circles), 0.05 (squares),
0.1 (diamonds), 0.3 (open triangles), 0.5 (plus), 1.0 (x’s). Lines are drawn to
guide the eye to each set of data at a single ionic strength. Solid lines/closed
points represent repulsive conditions, while dashed lines/open points repre-
sent attractive conditions.
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44,56

the nonequilibrium phase diagram where attractive and

repulsive forces are most balanced.

Previous theoretical work!®?"->? predicted that for uni-
axial particles experiencing hard core interactions, rescaling
the volume fraction based on the distance from the dynamic
crossover, ¢/¢.—1, and shear modulus based on the thermal
energy per colloid volume results in collapse of the modu-
lus data for different particle shapes. Since we cannot mea-
sure ¢, experimentally, the NMCT predictions for ¢, are em-
ployed. The experimental data in Fig. 9 are replotted in this
doubly normalized manner in Fig. 10, and the corresponding
theoretical calculations are also shown. The theoretical results
for spheres and dicolloids do nearly collapse, but onto curves
that change systematically with ionic strength. Experiments
behave in a similar manner for repulsive colloids, although
the apparent slope of the roughly exponential dependence is
larger than predicted. However, for attractive particles the col-
lapse fails, although the shear modulus is largest at high ionic
strengths in qualitative accord with theory. The origin of the
deviations between theory and experiment in Fig. 10 is not
clear, but errors incurred by the RISM structural input at very
high volume fractions, and possible quantitative inaccuracies
to the pair potential for strongly attractive particles, are two
plausible candidates.

Since the sphere and dicolloid experimental data from
the three lower ionic strengths superimpose well, as pre-
dicted previously only for hard interactions,'”* these sys-
tems can be considered “effectively hard” colloids character-
ized by an effective larger diameter due to the electrostatic
repulsion. The latter is determined based on a surface-to-
surface distance, 8, where the particles experience a pair re-
pulsion of magnitude 1k7, and hence D.=D+3, L.g=L+35,
and ¢er=¢(1+38)>. The rescaled volume fraction of the ef-
fective hard core systems is then (¢er/ep? —1), where ¢ is
the dynamic crossover volume fraction. The result of replot-
ting the repulsive colloid shear modulus data in this manner is
shown in Fig. 11, along with the corresponding NMCT pre-
dictions for all hard dicolloids which are identical for spheres

10° : : : : .
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FIG. 10. G (G'"=G'D*/kT or G'L?>D/kT) as a function of reduced vol-
ume fraction for spheres (closed points) and dicolloids (open points) at ionic
strengths of 0.03 (circles), 0.1 (diamond), and 0.5 M (triangles). Curves indi-
cate the corresponding NMCT predictions for spheres (solid) and dicolloids
(dash).
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and dicolloids in this representation. Indeed, we find that all
data points fall nearly on the same curve thus confirming the
idea that our net repulsive colloids which interact via screened
electrostatic repulsions and truncated van der Waals attrac-
tions can be modeled as effectively hard.

In many ways the collapse of the shear modulus data
obtained by rescaling the volume fraction is similar to re-
sults from gel systems where data collapses are achieved by
scaling on the gel transition volume fraction.®’ However, in
the present case, the collapse is predicted by the theory as
a consequence of the direct connection between r,c, ¢/@.,
and the shear modulus as discussed in detail in Refs. 19
and 48.

D. Summary of experiment-theory confrontation

The new experimental results presented above confirm
four major predictions of the MCT and NLE theories: (1) the
re-entrant shape of the kinetic arrest diagram, (2) the strong
enhancement of the arrest volume fraction by modest col-
loidal anisotropy, (3) the effect of ionic strength on the elastic
shear modulus, and (4) the collapse of the modulus data under
effectively hard conditions when volume fraction is scaled on
(¢eff/¢f )—1. However, the dependence of G’* on (reduced)
volume fraction has not been confirmed, and the theory signif-
icantly underpredicts the slope of the exponential dependence
of the elastic modulus on volume fraction. Besides the issues
of the accuracy of the structural and dynamical approxima-
tions of the theory, and uncertainties in the computed inter-
particle potentials, we note the theoretical measure of relax-
ation is a mean barrier hopping time and the shear modulus
is computed under fully localized conditions. These latter two
idealizations presumably also incur some errors given the ex-
periments measure a mechanically determined relaxation time
from frequency dependent moduli. It would be interesting to
extend the shear modulus experiments to higher measurement
frequencies where the material is expected to better approx-
imate an ideal solid response, but this is not feasible due to
instrumental limitations.
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FIG. 11. G’ (G'"=G'D’/kT or G'L*D/KT) as a function of reduced effec-
tive volume fraction for only repulsive conditions: 0.03 (circles), 0.05 M

(squares), 0.1 (diamonds). All ionic strengths and particle shapes collapse
onto a single universal curve. Hard particle theory is shown as a solid curve.
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V. CONCLUSION

We have designed a new experimental colloidal system
to probe how the weak shape anisotropy of uniaxial particles,
and variable repulsive and attractive interparticle forces, im-
pact slow dynamics, shear elasticity, and kinetic vitrification
in dense suspensions. The introduction of shape anisotropy
dramatically delays the onset of glass formation, as predicted
theoretically. Tuning the particle interaction from repulsive,
to near hard, to attractive reveals re-entrant phase behavior.
While re-entrant phase behavior has been demonstrated for
hard sphere colloid plus nonadsorbing polymer entropic de-
pletion system,*** this is the first study of particles that
interact via attractive van der Waals forces and a soft electro-
static repulsion. Hence, our observations demonstrate the re-
entrancy phenomenon is more general and applies to spherical
colloids interacting via different forces, and also nonspherical
particles.

The systems created and studied in this work have po-
tentially several interesting applications in materials science
and engineering. For example, a practical new strategy is sug-
gested in the search for flowable, ultrahigh volume fraction
suspensions based on modestly nonspherical colloids that in-
teract via weak attractions, two features that combine to pro-
duce a remarkably large widening of the fluid state. Moreover,
such systems may find use as responsive fluids which can be
reversibly switched between a fluid and gel, or a fluid and
glass, states of highly diverse and tunable elasticity based on
in situ modification of the suspension ionic strength.

Interesting future directions include: (i) direct experi-
mental probe (perhaps by confocal microscopy®?) of the tra-
jectories of nonspherical particles under dense fluid, glass,
and gel conditions; (ii) the role of particle shape and coupled
translational-rotational dynamics on nonlinear yielding of
colloidal glasses and gels;63 and (iii) the structure, viscoelas-
ticity, and kinetic arrest of nonspherical Janus colloids®*
with controllable chemical heterogeneity. These problems are
presently under active experimental and theoretical study.
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