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Kinetic vitrification, shear elasticity, and the approach to jamming are investigated for repulsive

nonspherical colloids and contrasted with their spherical analog. Particle anisotropy dramatically

increases the volume fraction for kinetic arrest. The shear modulus of all systems increases roughly

exponentially with volume fraction, and a universal collapse is achieved based on either the dynamic

crossover or random close packing volume fraction as the key nondimensionalizing quantity. Quantitative

comparisons with recent microscopic theories are performed and good agreement demonstrated.
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Colloid and nanoparticle science has historically been
based on spherical particles that interact via diverse attrac-
tive and repulsive forces [1]. Recently, the field has begun
to undergo a paradigm shift towards nonspherical and/or
chemically heterogeneous (e.g., Janus) particles of modest
shape anisotropy [2–4]. A qualitatively new feature is the
effect of particle shape on slow dynamics and mechanical
properties which is relevant to both dense colloidal sus-
pensions and molecular liquids. Hence, achieving a funda-
mental understanding of the consequences of breaking
particle spherical symmetry is of broad significance in
the glass physics field.

Both ideal mode coupling theory (MCT) [5–10] and
simulations [11–13] find shape anisotropy deeply modifies
kinetic arrest and the glassy shear modulus. For uniaxial
hard objects, a remarkable nonmonotonic variation with
aspect ratio of the ideal glass transition volume fraction,
�c, is predicted byMCT [5,6] and verified by simulation in
a dynamic crossover sense [11]. For symmetric dicolloids
composed of two overlapping hard spheres (diameter D)
separated by a bond length lb (sphere center-center sepa-
ration), �c is predicted to exhibit a ‘‘maximally fluidic’’
state when the aspect ratio L=D ¼ 1þ ðlb=DÞ � 1:4 [6,7].
Intriguingly, a similar nonmonotonic variation of the jam-
ming volume fraction of granular ellipsoids and spherocy-
linders has been discovered [14,15].

Despite significant theoretical progress, systematic ex-
periments that probe the slow dynamics of nonspherical
particles which critically test predictions are largely non-
existent. This Letter presents the first quantitative measure-
ments of kinetic arrest and elasticity in suspensions of
tunably repulsive nonspherical colloids, and compares
the results with their chemically identical spherical ana-
logs. Much prior work has been performed on the latter
systems, and many aspects of model hard sphere colloid
glassy dynamics are well described by ideal MCT based on
continuous cooperative motions [16,17]. Significantly,
however, confocal microscopy [18] and simulations [19]
find particle trajectories display intermittent large ampli-

tude hopping events, and the MCT nonergodicity transition
is avoided due to rare activated processes not captured by
ideal MCT. Moreover, recent experiments [20] have estab-
lished the apparent dominance of activated dynamics
above an empirically deduced �c (larger than the theoreti-
cal �c [19,20]) but well below random close packing
(RCP). These latter phenomena are not captured in ideal
MCT but are accurately described by the nonlinear
Langevin equation (NLE) theory where ergodicity is re-
stored via activated barrier hopping [21] and �c is a
dynamic crossover volume fraction. In this Letter, a kinetic
vitrification volume fraction, �g, is determined as when a

relaxation time exceeds a threshold value. New colloidal
systems have been designed to test recent theoretical pre-
dictions and address four issues: (i) the role of modest
shape anisotropy on �g, (ii) particle shape dependence of

the modulus, (iii) possible universality of elasticity, and
(iv) possible connection between �c and �RCP.
Surfactant-based emulsion polymerization methods

[22,23] are employed to create four particle shapes: sphere
(S) with D� 270� 4 nm, symmetric homonuclear dicol-
loid (sDC) of aspect ratio �1:3 with D� 250� 5 nm,
heteronuclear dicolloid (hDC) of aspect ratio �1:1 and
sphere diameter ratio �1:2, and a tricolloid (TC) com-
posed of three equal size overlapping spheres of dimen-
sions D� 300� 25 nm with lb � 0:45D. The synthesis is
achieved by swelling crosslinked polystyrene seed parti-
cles (D� 211� 3 nm) with additional styrene monomer,
and polymerization of added styrene [22]. Phase separation
results in the formation of nonspherical particles closely
described as overlapping spheres (Fig. 1). We define a
characteristic colloid volume V� as D3 (S), D2L (hDC),
DL2 (sDC), and Dbh (TC) where b and h are the base and
height of a triangle inscribing the particle.
The physical behaviors of these suspensions are com-

pared at constant chemistry. Interactions were rendered
repulsive and short range by stabilizing particles suspended
in aqueous electrolytes (NaCl salt) with a monolayer of
the nonionic surfactant C12E6 at ionic strengths of
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½I� ¼ 0:03 M, 0.05 M, and 0.1 M. Classic Derjaguin-
Landau-Verwey-Overbeek calculations were performed
using a Hamaker constant of 3.1 kT with a minimum
polystyrene intersurface separation distance of 8 nm (twice
the C12E6 surfactant thickness, 2�) and electrophoretically
derived electrostatic surface potentials [22,23]. The result-
ing intersphere potentials are shown in Fig. 1. An effective
hard diameter, Deff (and corresponding effective volume
fraction [24]), is estimated as the distance at which the
repulsion is 1 kT. The hard particle model is a good
approximation since the total increase in particle diameter
is only �� 14:00 nm at 0.03 M, 11.55 nm at 0.05 M, and
9.85 nm at 0.1 M (where �� 2�þ �D and �D ¼ Debye
screening length), and hence the range of the soft electro-
static repulsions is very short (�=D � 1).

Oscillatory shear mechanical measurements were em-
ployed to determine the frequency-dependent elastic (G0)
and viscous (G00) moduli in the linear response regime.
Volume fractions are determined by measuring the mass
fraction of polystyrene in a portion of each sample and
using reported densities of materials to convert to volume.
The experiments are challenging due to limited sample
volume and the need to complete measurements before
solvent evaporation. In the generalized Maxwell model
spirit, a relaxation time,�, is defined as when G0 ¼ G00,
which correlates closely with other measures of glassy
relaxation such as the single particle relaxation time on
the cage scale. As illustrated in Fig. 2, a kinetic arrest vol-
ume fraction, �g, is determined based on data at 1 Hz, i.e.,

�ð�gÞ � 2� s. Because of experimental uncertainties in

measuring �, and the necessity of extrapolating G0 and G00
values, �g is determined to within �0:01. The choice of

1 Hz to define kinetic vitrification represents the best
compromise between measurement accuracy and the de-
sire to probe low frequencies. We verified for selected

systems that the absolute value of�g is very weakly depen-

dent on this definition, and the reported trends are not tied
to using 1 Hz. For example,�g for the 0.03 M spheres does

not change (to 2 significant digits) over the frequency
range of 0.1–4 Hz and G0 is nearly frequency independent.
Table 1 presents the kinetic glass volume fractions at

several ionic strengths. For the most repulsive system
(½I� ¼ 0:03 M), �g increases from 0.48 for the sphere to

0.61 for the tricolloid, with the homonuclear and hetero-
nuclear dicolloids in between, thereby showing a large
delay of kinetic vitrification from increasing shape anisot-
ropy, qualitatively consistent with theory [5–9]. For fixed
particle shape, �g generally increases with ionic strength,

but [I] is a secondary variable that does not modify the
overall consequences of nonspherical shape. The main
panel of Fig. 2 shows the corresponding dimensionless
elastic moduli (G0� ¼ G0V�=kT) as a function of� at fixed
½I� ¼ 0:03 M. The raw data demonstrate kinetic vitrifica-
tion is strongly particle shape dependent and G0 grows
roughly exponentially with volume fraction.
How can one understand these observations? The only

theoretical approach presently available that has addressed
dicolloid and tricolloid shapes, non-hard-core repulsions,
and elasticity is the center-of-mass (c.m.) version of
‘‘naı̈ve’’ mode coupling theory (c.m.-NMCT) and barrier
hopping NLE theory which are described in detail in the
literature [7–9]. Using the known colloid shape and parti-
cle interactions, the glassy modulus, �c, and mean barrier
hopping (Kramers) time, �, can be computed in a first prin-
ciples manner using the reference interaction site model
(RISM) theory [25] of equilibrium correlations as input; all
the required equations are in Ref. [7]. Calculations for both
the hard core potential and the specific soft repulsions in
Fig. 1 have been performed. Physically, the c.m. version of

FIG. 1. Pair potentials determined by summation of
van der Waals, electrostatic, and surfactant-induced interactions
for [I] of 0.03 M, 0.05 M, 0.1 M. The horizontal dashed line is
drawn at 1 kT, and defines the distance used for � and Deff .
(Inset) SEM micrographs of the four particle shapes studied:
S (a), hDC (b), sDC (c), and TC (d).

FIG. 2 (color online). Dimensionless elastic modulus, G0�, as a
function of the volume fraction at an ionic strength of 0.03 M
[S—blue (darkest), hDC—green (dark grey), sDC—orange
(light grey), TC—yellow (lightest)]. (Inset) Method used to
determine experimental kinetic glass transition volume fraction.
Experimental data for G0ð�Þ (closed points) and G00ð�Þ (open
points) are fit to an exponential and their intersection defines �g.

Data for S and sDC at 0.03 M are shown.
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the NMCT and NLE theory assumes translational motion
controls confining force relaxation and cage escape [8].
This simplification (which allows mechanical properties to
be determined [7]) is reliable for the modestly anisotropic
particles of present interest [10].

c.m.-NMCT calculations yield �c ¼ 0:432, 0.474, and
0.508 for the hard core sphere, homonuclear dicolloid, and
tricolloid, respectively. This ordering agrees with the ex-
perimental kinetic glass transition volume fractions (�g),

but the absolute magnitudes are significantly smaller as
expected [21]. The predicted ordering can be physically
understood as a consequence of the reduction of all mea-
sures of local order at fixed volume fraction as additional
single particle length scales enter [7–9]. Weaker dynamical
constraints then lead to an increase of �c in the order S !
sDC ! TC.

The main frame of Fig. 3 shows representative NLE
theory calculations of � using the potentials shown in
Fig. 1 and the a priori computed Brownian short time
scale of �s ¼ 0:1 sec. A supraexponential increase of �
with volume fraction is evident. Table I presents the theo-
retical �g values which follow the same ordering with

particle shape as �c. Good a priori (no fitting) agreement
with experiment is obtained for the shape and ionic
strength dependence trends; quantitatively, the theory over-
predicts �g.

Modulus calculations are presented in the upper inset of
Fig. 3 under hard core conditions. As discussed below, the
latter potential is used to test the effective hard core model
of repulsive particles and because knowledge of the theo-
retical scaling behavior [7,8] and jamming limit [26] is
only available for hard core potentials. Quickly beyond the
threshold region, G0 increases roughly exponentially with
volume fraction over the range studied, and the slopes are
weakly sensitive to particle shape, in accord with our ex-
periments. The exponential dependence should be viewed
as simply a good approximate representation of the nu-
merical G0 calculations. Physically, the � dependence is
determined primarily via the increase of local order (and
hence dynamical constraints) as volume fraction increases
[7]. The lower inset demonstrates G0 scales as the inverse
localization length squared [7,26], a testable prediction.

Is there an underlying universal behavior of the modulus
data in Fig. 2? Prior theoretical work [7,8] for hard core
dicolloids suggests the answer is yes if G0 is nondimen-
sionalized by V� defined above, and the distance from the
dynamic crossover, ð�=�cÞ � 1, is adopted as the relevant
reduced volume fraction. The theoretical calculations in
Fig. 3 are replotted in this doubly reduced fashion in Fig. 4,
and an excellent collapse is obtained. Performing the same
replotting exercise for the experimental data using �eff

[24] also results in a remarkably good collapse as seen in
the main frame of Fig. 4 where �c follows from c.m.-
NMCT. Hence, the theoretical suggestion [7,8] that the
relevant fundamental stress level involves the single parti-
cle volume, and the relevant volume fraction is the distance
from the dynamic crossover, is well confirmed. This agree-
ment also supports our proposition that the particles can be
modeled as effectively hard. The quantitative difference
between theoretical and experiment slopes is not under-
stood, and may reflect quantitative inadequacies of the
RISM input.
Now consider the approach to jamming. For hard

spheres, it has been analytically predicted [26] G0 /
g2ðDÞ / ð�RCP ��Þ�4 as RCP is approached. This moti-
vates a double logarithmic plot of the experimental data
versus ð�RCP ��Þ�1. The inset of Fig. 4 presents results
for all particle shapes, including the hard sphere data of
Ref. [27] for which �RCP ¼ 0:66. The RCP volume frac-
tion of nonspherical particles was adjusted to achieve
maximum data collapse with the result �RCP ¼ 0:72 (di-
colloid) and 0.74 (tricolloid). The increase of �RCP with
particle asymmetry is physically reasonable. Figure 4

FIG. 3 (color online). Calculated activated relaxation time
based on the c.m.-NLE theory [7–9] as a function of volume
fraction for S [blue (darkest)], sDC [orange (light grey)], and TC
[yellow (lightest)] at ionic strengths of 0.03 M (solid) and 0.1 M
(dash). The horizontal line defines kinetic arrest at � ¼ 2�s.
(Upper inset) Corresponding modulus calculations under hard
core conditions. (Lower inset) Illustration of the generic con-
nection between G0 and the inverse localization length squared
for the three shapes (N ¼ number of sites per colloid).

TABLE I. Experimental and theoretical (based on the poten-
tials in Fig. 1) values of the kinetic glass transition volume
fraction of the four particle shapes.

Shape Ionic strength �gðexpÞ �gðtheoryÞ

S 0.03 0.48 0.545

0.05 0.48 0.558

0.1 0.53 0.564

hDC 0.03 0.55

sDC 0.03 0.59 0.601

0.05 0.58 0.614

0.1 0.60 0.618

TC 0.03 0.61 0.645

PRL 105, 055702 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
30 JULY 2010

055702-3



shows an excellent data collapse with an effective slope
well described by the theory [26].

Interestingly, we have shown above that all the modulus
data can be collapsed based on either �c (dynamic cross-
over) or �RCP ( jamming). This suggests a relation exists
between the two extreme limits of this glass physics prob-
lem. Using the experimentally deduced �RCP and the
c.m.-NMCT value for �c, we find their ratio is nearly
constant: �RCP=�c : 1:50� 0:04. This provides additional
support for a connection between the onset of activated
dynamics and granular jamming. The G0 calculations have
also been analyzed in the above fashion, and a good col-
lapse is obtained (not shown) with best fit values: �RCP ¼
0:66 (sphere), 0.72 (dicolloid), 0.76 (tricolloid), close to
those deduced from the experimental data collapse. We
note that prior ideal MCT studies of binary hard sphere
mixtures [28] and hard nonspherical particle systems
[7,13] also found a close connection between�c and�RCP.

In conclusion, we have performed the first combined
experimental-theoretical study of kinetic vitrification and
elasticity in dense suspensions of repulsive nonspherical
colloids. Modest shape anisotropy strongly delays kinetic
arrest. The modulus grows roughly exponentially with
volume fraction, and a theoretically inspired universal
master plot can be achieved for all shapes and repulsion
strengths based on either the ideal MCT crossover or RCP
jamming as the relevant measure of crowding. Our obser-
vations are in good accord with theoretical ideas.
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