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ing over (, a process known as “water-
filling” (2). This case can also be handled
within our framework.
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Direct Observation of
Dynamical Heterogeneities in

Colloidal Hard-Sphere
Suspensions

Willem K. Kegel® and Alfons van Blaaderen'?

The real-space dynamics in a model system of colloidal hard spheres was
studied by means of time-resolved fluorescence confocal scanning microscopy.
Direct experimental evidence for the presence of dynamical heterogeneities in
a dense liquid was obtained from an analysis of particle trajectories in two-
dimensional slices of the bulk sample. These heterogeneities manifest them-
selves as a non-Gaussian probability distribution of particle displacements and
also affect the onset of long-time diffusive behavior.

Many liquids can be transformed into a glass,
a solid phase without long-range positional
order, by cooling them rapidly below their
freezing temperature (/, 2). The change in
molecular relaxation processes upon ap-
proaching the glass transition continues to be
the subject of much experimental and theo-
retical work [for a recent review see (3)]. This
change reflects the increase of correla-
tions of the particle movements upon ap-
proaching the glass transition. However, such
relaxation processes are not only of inter-
est from a fundamental viewpoint: The na-
ture and time scales of these processes deter-
mine the (kinetic) stability of a glass (relative
to the crystalline state) and its mechanical
properties.

An important observation in many molec-
ular glass-forming liquids is a nonexponential
decay of (ensemble-averaged) time correla-
tion functions [see (4) and references there-
in]. Both computer simulation and indirect
experimental evidence [for example, (5)]
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suggest that a superposition of different re-
laxation processes, or dynamic heterogeneity,
underlies this nonexponential behavior. Mo-
lecular dynamics simulations have given di-
rect evidence for dynamical heterogeneities
(6, 7), and a Monte Carlo simulation of hard
spheres, which focused on three-time corre-
lations of single particles (8), also indicates
(albeit indirectly) that dynamical heterogene-
ities occur.

In recent studies on colloidal systems, the
dynamics of tracer particles was investigated by
optical microscopy (9) and by dynamic light
scattering (/0). In both studies, deviations of the
displacement distribution function from Gauss-
ian behavior were observed. However, dynam-
ical heterogeneities were not observed directly
in these experiments. Colloidal systems may be
regarded as collections of “superatoms” in
which the interaction potential can be tailored
(11), for example, by changing the solvent qual-
ity. During the past decade, they have also been
used as model systems to study the glass tran-
sition (/2).

Here, we investigated the nature of dy-
namical heterogeneities for the simplest pos-
sible experimental (model) system of inter-
acting particles: hard colloidal spheres. We
used fluorescent confocal scanning laser mi-

Gx + m where x is the transmitted vector and m is
the noise vector. Thus, the channel is defined by
p({Gy}lx) = p(G)p(¥I{G.x}) where p(G) = exp[~n/
2S Tr(GT-'G'R=")] gives G the proper statistics
as defined by Eq. 1, and p(y|{G.x}) > exp(—1/
2Ny — Gx[?) describes independent noise of
average power N in each component of m. The
capacity as shown in Eq. 3 is then the mutual
information /({Gy};x) maximized over all possible
p(x) transmitted.
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croscopy to obtain time series of digital im-
ages of the colloidal particles, in slices in the
bulk of the sample. The data from these
images enable us to address the question of
how these heterogeneities are manifested in
(real-space) correlation functions.

Colloidal particles that could be observed
directly by microscopy were developed in our
laboratory. They are of a core-shell nature
and can be matched for (mass) density and
for refractive index (/3). The particles consist
of a core of silica with a fluorescent dye
(fluorescein isothiocyanate) (/4), 450 nm in
diameter, covered with a large shell of poly-
methylmethacrylate (PMMA) with a steric
stabilizing layer (~10 nm thick) of 12-poly-
hydroxystearic acid (PHS) that is covalently
linked to the PMMA (75, 16). The particles
were dispersed in a mixture of tetralin, deca-
lin, and carbon tetrachloride in which the
particles are almost matched with respect to
refractive index and density. In this solvent
mixture, the diameter of the particles is 1.40
wm and the size polydispersity is ~6%. This
relatively large polydispersity inhibits crys-
tallization (above the freezing volume frac-
tion of 0.494) considerably: Months elapsed
before crystallites formed. From the location
of the coexisting fluid-crystal volume frac-
tions and from light scattering studies, it
could be concluded that the particles behave
as hard spheres. This conclusion is corrobo-
rated by the shape of the pair correlation or
radial distribution function (see below) and
by the independence of the location of the
first peak on the volume fraction of the
spheres.

The volume fraction of the particles where
no movement was observed (except for a few
“rattlers,” trapped particles that are not im-
mobilized) was set at 0.66. This density co-
incides with the volume fraction at random
close packing of 6% polydisperse hard
spheres (/7). All volume fractions are de-
fined relative to this point. Because of the
core-shell character of the particles, time-
dependent coordinates of their centers could
be obtained with high accuracy using proce-
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dures similar to those described in (18).

The thickness of the slices that were ana-
lyzed is ~0.5 particle diameters, which leads
to errors in the in-plane structural correlation
functions at distances comparable to this
thickness (19). We avoided this situation by
reducing the slice thickness if the correlation
functions were evaluated at small distances.
This reduction in slice thickness was
achieved ' by discriminating particles that
were too far from the focal plane on the basis
of their fluorescence intensity. We checked
this procedure by comparing the in-plane pair
correlation function, g(#), with the full three-
dimensional (3D) pair correlation function of
the same system [using the method in (20)].
Very good agreement was observed.

The positions of the centers of the spheres
over 100 time steps are plotted in Fig. 1, A to
D, for several volume fractions. As shown
experimentally in (21), hard spheres undergo
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Fig. 1. Positions of particle centers in the bulk,
in the (xy) plane (at ~30 particle diameters
away from the wall of the sample holder), over
100 steps with time increments of (A) 0.621
(& = 0.45), (B) 3.107 (¢ = 0.57), (C) 3.107
(& = 0.60), and (D) 6.214 (b = 0.64). (E) The
in-plane pair correlation function, g(r), of the
system with & = 0.60. Note the split second
peak of this function, which reflects local crys-
tal-like order (20, 22).
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a freezing transition at volume fraction ¢ =
0.494. For 0.494 < ¢ < 0.545, crystal and
fluid coexist, and above ¢ = 0.545, the ther-
modynamically stable state of hard spheres is
a crystal. At & =~ 0.57, a glass transition has
been observed. All samples studied here are
in a (metastable) fluid state. Here and below,
all distances are given in units of the diameter
D of the spheres, and time is in units of the
Brownian time, the time a sphere at infinite
dilution takes to diffuse over its own diame-
ter, T, = D*/6D, = 1.6092 s, where D, is the
(Brownian) diffusion coefficient at infinite
dilution. The systems with ¢ = 0.57 and ¢ =
0.60 clearly show regions of high mobility in
a “sea” of more slowly moving particles.
These high-mobility regions are narrow but
quite extended (that is, not compact), and the
trajectories qualitatively look like those
found in computer simulations of 2D liquids
(6). At later times, the high-mobility regions
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appear at different locations. We also show
the pair correlation function (being propor-
tional to the probability of observing a sphere
center a distance » away from a given sphere
center) of the system with ¢ = 0.60, which
shows typical features of dense fluids (Fig.
1E) (20, 22).

The dynamical heterogeneities are mani-
fested as a non-Gaussian self-part of the van
Hove correlation function, G (x,t). This func-
tion is the equilibrium, canonically averaged
probability distribution of displacements
(23):

GJx,7)

1 N
= N § 3[x + x,(0) — xi(T)]

N(x,T)
N

(1)

where x is the distance from a given particle
center along the x coordinate. Choosing a
radial distance would not add information.
N(x,T) is the number of particles that move a
distance between x and (x + dx) in a time
interval T, and N is the number of particles.
The angle brackets denote canonical averag-
ing. The function G (x,7 = 3.1) for the sys-
tem with ¢ = 0.55 clearly deviates from a
Gaussian (Fig. 2). The lowest order deviation
of G/(x,7) from a Gaussian is quantified by

(x*(7))
O
(24) with

1 2)

N

(xb(1)) = > x*(1)Gy(x,7)

i=1

3)

It is zero if G (x,7) is strictly Gaussian. To
improve statistics, we redefine (x?) as ((x®) +
(¥*))/2, where x and y are perpendicular axes
in a plane. We computed the values of «, for
all displacements and for the slowest and
fastest subsets of G,(x,7). These subsets al-
ways have a significantly smaller non-Gaus-

0.14

o001

1E-34

/D

Fig. 2. Self-part of the van Hove correlation
function, G_(x,1 = 3.1), for a system with ¢ =
0.55. The analyses involved.a total of 5 X 10*
displacements (O). The solid line is a Gaussian
fit to the data. The dashed line is a Gaussian fit
to the data that belong to a fast subset, defined
as absolute displacements larger than 0.175.
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Fig. 3. Mean squared displacement versus
Brownian time for systems with ¢ = 0.45
(©), & = 0.48 (1), & = 0.52 (O), ¢ = 0.55
(V), & = 0.57 (O), & = 0.60 (X), and ¢ =

0.64 (@). The solid line corresponds to un- 014 v Agwmg as 6.00°° ° v ]
restricted diffusion, where (x*(t = 1)) = « g BED T o o ggeEe
1/3. Dotted lines signify the long-time dif- V0011~ . e 3
fusion regime, where (x?(7)) = at. The val- L :

ues of a that were used, with increasing 18-3¢ : 1
volume fractions, are 0.025, 0.0105, el

0.0025, and 0.00026.

sian parameter o, than that of the full distri-
bution. This result reflects the observation
that G,(x,7) could reasonably well be de-
scribed by a sum of two Gaussians: a wide
one for the most mobile fraction of the par-
ticles, and a narrow one for the slowest frac-
tion. This behavior is illustrated in Fig. 2,
where we define the fast subset somewhat
arbitrarily as particles with absolute displace-
ments larger than 0.175 (corresponding to the
fastest 10% of the particle population). For
the full distribution, we find o, = 1.14 *
0.23, whereas for the fast subset we have
a, = 0.00 £ 0.17. The result of the Gaussian
fit to the fast subset is also shown in Fig. 2.
Thus, the particle population consists of sub-
populations significantly faster and significant-
ly slower than would be expected from a single
Gaussian distribution. A significantly smaller
non-Gaussian parameter was also found when
those regions where no apparent fast particles
were present in Fig. 1, B and C, were selected
and analyzed. This clearly demonstrates [as
also suggested by computer simulations; see for
example (6, 7)] that the non-Gaussian behavior
of the self-part of the van Hove correlation
function reflects the dynamical heterogeneities
present in the system and is not an “intrinsic”
property of the particles, nor is it caused by
statistical errors in the tails of the distribution.

At what stage in the relaxation process is
the non-Gaussian effect most prominent? We
studied volume fractions of the spheres from
& = 0.45 (below the freezing density) to & =
0.64 (close to random close packing). The
mean squared displacements as a function of
the time interval are shown in Fig. 3. Diffu-
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Fig. 4. Values of the non-Gaussian parameter
a, as a function of the mean squared displace-
ment. Symbols are as in Fig. 3. The uncertainty
in the values of a, is ~20%.
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sive behavior is defined by (x*(7)) = 2D,
where D is the self-diffusion coefficient. At
smaller values of 7 that are still large enough
so that many collisions with solvent mole-
cules have taken place, D, represents the
short-time self-diffusion coefficient. It be-
comes the long-time diffusion coefficient
when T — o« (25). The short-time diffusion
regime is not accessible with the scanning
technique because of the finite scanning
speed. The systems with volume fractions
from 0.45 to 0.55 show nondiffusive behavior
at (relatively) short times—this is the regime
where the particles experience “caging” (or
temporary localization) because of the pres-
ence of their neighbors—followed by an ap-
parent diffusive regime, indicated by a unit
slope in Fig. 3. The Brownian time at which
the onset of diffusion is apparent is compa-
rable to what was found by dynamic light
scattering (/0). The behavior of the systems
with ¢ = 0.57 is nondiffusive over all the
time intervals studied. This is approximately
the volume fraction of hard spheres where a
glass transition is found (27): It is where the
intrinsic system relaxation time crosses an
experimental time window.

A plot of the values of the non-Gaussian

parameter as a function of the mean squared
displacement (Fig. 4) enables us to compare
the systems when their particles move over
certain distances. It follows from Fig. 4 that
a, tends to pass through a maximum (which
does not seem to be reached in the more
concentrated systems) as a function of the
mean squared displacement, but except for
the system with ¢ = 0.55, the variation of «,
is hardly significant. Still, the results are
compatible with those found by dynamic
light scattering (/0) and computer simula-
tions (7); that is, the location of the maxima
is at a relatively late stage in the relaxation
process. The maximum value of o, in Fig. 4
significantly increases when the glass transi-
tion is approached, which is also in accord
with the studies referred to above. Moreover,
these results are in qualitative agreement with
recent predictions from mode-coupling theo-
ry (26) for hard spheres, although quantita-
tively the values found here are greater than
the predicted values by as much as an order
of magnitude. The increasing value of a,
qualitatively explains why diffusive behavior
(Fig. 3) is observed at decreasing values of
(x?) when the volume fraction is increased
(that is, a faster decrease than the decrease in
average particle distance): (x?) is particularly
sensitive to the most mobile fraction of
particles. Either this fraction or its mobility
relative to the mean mobility, or both, are
expected to increase with «, because this
parameter measures widening in the tails of
the displacement distribution. Our data indi-
cate increasing relative mobilities. Thus, the
apparent diffusive behavior of the sys-
tems with high volume fractions may only
reflect a property of a minority of the particle
population.

94(r,7)

Fig. 5. g,(r.,7) = Gy(r)/p, where Gy(r,7) is the distinct part of the van Hove correlation function,
versus r for ¢ = 0.52, at T = 9.3 (O), 74.6 (4), and 121.2 (X). The solid line is the pair correlation

function g(r) = g4(r = 0).
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This scenario is verified by the behavior
of the distinct part of the van Hove correla-
tion function:

Gd(r aT)

1 N
= 3 228l +7(0) - ()]

i#j
(4)

This function is proportional to the probabil-
ity of finding a particle i # j in a region dr
around r at time 7, provided that a particle j
was at the origin at T = 0. In Fig. 5, we
plotted g4(r,7) = Ggy(r,7)/p, where p is the
in-plane number density, for the system with
¢ = 0.52 at several times. Even at times
where diffusive behavior is observed (com-
pare with Fig. 3), there is a considerably
smaller probability of finding a particle in the
region 0 < r < 1 relative to finding it else-
where. The same trend was observed in the
other systems with ¢ < 0.52 (27). This result
demonstrates that the onset of the diffusive
regime reflects the behavior of the more mo-
bile fraction of particles: Diffusive behavior
is apparent even though the systems bear
significant memory of their local structure.

We have shown that a system in which
only excluded volume interactions operate
exhibits dynamical heterogeneities. These
heterogeneities manifest themselves in a non-
Gaussian self-part of the van Hove correla-
tion function and influence the onset of ap-
parent long-time diffusion.
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Formation of Cyclic Water
Hexamer in Liquid Helium: The
Smallest Piece of Ice

K. Nauta and R. E. Miller*

The cyclic water hexamer, a higher energy isomer than the cage structure previ-
ously characterized in the gas phase, was formed in liquid helium droplets and
studied with infrared spectroscopy. This isomer is formed selectively as a result of
unique cluster growth processes in liquid helium. The experimental results indicate
that the cyclic hexamer is formed by insertion of water molecules into smaller
preformed cyclic complexes and that the rapid quenching provided by the liquid
helium inhibits its rearrangement to the more stable cage structure.

The study of neutral water clusters holds con-
siderable promise for obtaining a molecular
level description of the properties of bulk water.
Through the investigation of progressively larg-
er clusters, it is becoming possible to systemat-
ically probe the various n-body terms in the
corresponding intermolecular potential. Intense
experimental (/—6) and theoretical (7—/0) work
has focused on the detailed characterization of
the water dimer, trimer, tetramer, and larger
clusters. The structural landscape associated
with the larger clusters is quite rich, and theo-
retical studies have revealed many different
local minima on the associated potential energy
surfaces that correspond to a range of structural
isomers. Many of these isomers are reminiscent
of transient structures that appear in liquid wa-
ter and the tetrahedral network of ice, which
suggests that their study can provide insights
into the bulk properties of water.

Despite this rich landscape, the current ex-
perimental studies of small water clusters have
revealed only a single (the most stable) isomer
for each cluster size, which greatly limits the
configuration space that can be explored in this
way. In the present study, we use superfluid
liquid helium as a growth medium to access a
different portion of the structural landscape and
in particular report the experimental observa-

Department of Chemistry, University of North Caro-
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tion of the cyclic water hexamer. The impor-
tance of this observation can be appreciated by
noting that the cyclic hexamer is one of the
prominent morphologies found in computer
simulations of liquid water and is the structural
motif for ice I, (11, 12). The ab initio structure
of the cyclic water hexamer (9, 13, 14) is
shown in Fig. 1, along with the cage isomer
characterized previously by Saykally and co-
workers (/, 2).

The apparatus used in the present study has
been discussed in some detail previously (15).
Helium droplets are formed by expanding ul-

trapure helium gas from a pressure of ~60 bar

through a S-pm-diameter nozzle that is cooled
to 19 to 22 K with a closed-cycle helium refrig-
erator. These droplets pass through the pick-up
chamber, which was maintained at a variable
water pressure to control the number of mole-
cules they capture. Cluster formation within the
droplet is ensured if more than one water mol-
ecule is captured because the interactions be-
tween molecules are far stronger than those
between water and helium.

Before discussing the experimental results,
it is important to consider how cluster growth in
liquid helium differs from homogeneous nucle-
ation in a free jet expansion and why the two
methods might be expected to give rise to dif-
ferent structures. In a free jet, nucleation occurs
early in the expansion, and the clusters subse-
quently cool by two-body collisions. This rela-
tively slow cooling (compared with that in lig-
uid helium) facilitates the annealing of clusters
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