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Small changes in particle-size distribution dramatically delay and enhance nucleation
in hard sphere colloidal suspensions
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We present hard-sphere crystallization kinetics for three samples with small differences in polydispersity. We
show that an increase in polydispersity of 1% is sufficient to cause dramatic changes in the crystallization

kinetics:

Crystallization is delayed by almost one decade in time and quantitative and qualitative changes in

the crystallization scenario are observed. Surprisingly the nucleation rate density is enhanced by almost a
factor of 10. We interpret these results in terms of polydispersity limited growth, where local fractionation

processes lead to a delayed but faster nucleation.
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Hard sphere colloidal suspensions are an important model
system for the experimental study of crystallization and the
glass transition [ 1]. The time scales of both the dynamics and
kinetics of crystallization are accessible using light scattering
techniques [2,3]. This is partly due to their large size (hun-
dreds of nm), and the Brownian nature of their motion. How-
ever, an important contributor to the slowing of crystalliza-
tion is the fact that colloidal particles are always
polydisperse. This polydispersity, fortuitously, allows the de-
tailed study of crystallization in real time; however, it also
complicates the interpretation of crystallization measure-
ments, something which is only now being fully appreciated
[4-6].

Experimental studies of the effects of polydispersity on
crystallization have been limited to comparing different par-
ticles with different particle size distributions (PSDs)[4,7], or
creating bidisperse mixtures of particles with (slightly) dif-
ferent particle sizes [8,9]. Theoretical work is even more
scarce, and has largely concentrated on the equilibrium phase
diagram [10,11]. The only study of the effects of polydisper-
sity on crystallization kinetics is a computer simulation study
of nucleation kinetics in hard spheres as a function of poly-
dispersity [12], where it was found that crystal nucleation is
suppressed by polydispersity.

We recently demonstrated [6] that the nucleation process
in colloidal hard spheres occurs in two stages. The first, pre-
cursor stage, is characterized by the growth of clusters with
long-lived nonequilibrium structures. The second stage is the
delayed, primary nucleation process. We suggested that poly-
dispersity limited growth is responsible for the precursor
stage, and leads directly to the delay in primary nucleation.

Experiments with binary colloidal hard spheres [9]
showed that the PSD has an influence on many parameters
such as the induction time, average crystal size, crystal
growth velocity, crystal conversion rate, and the equilibrium
phase diagram. In addition, the crystal structure factor is af-
fected which makes a quantitative analysis more difficult.

However, to date no experiments have systematically
studied nucleation kinetics as a function of the polydisper-
sity. In addition, nothing is known about how polydispersity
in a one component system affects the time trace or magni-
tude of the nucleation rate density during crystallization, nor
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about the influence polydispersity has on crystal morphology.

In this paper, we present the first systematic study of the
effects of small, controlled changes in the PSD in a one
component system on the crystallization kinetics of hard
spheres to obtain a comprehensive picture of the crystalliza-
tion process. We present measurements for identical particles
with three different, carefully characterized, polydispersities
in the range of 4.8% to 5.8%. These small changes in the
PSD allow us to compare the time dependent crystalline
structure factors. From these, we investigate the effect of
polydispersity on crystallinity, crystal volume fraction, char-
acteristic times, crystal sizes, and nucleation rates. We find
that increasing the polydispersity by ~1% leads to dramatic
qualitative and quantitative changes in the crystallization
scenario. Specifically, crystallization is significantly delayed,
but nucleation is enhanced, with consequent changes to the
crystal morphology.

The experimental methods and analysis used here are de-
scribed elsewhere [6,7]. The particles are a copolymer core
of methylmethacrylate and trifluoroethylacrylate stabilized
by an ~10 nm thick layer of poly-12-hydroxystearic acid,
and are suspended in cis-decalin. Full details of the fraction-
ation and characterization process will be published else-
where [13]. Briefly, the original stock suspension (XL65-A)
was fractionated in two steps using centrifugation tech-
niques, yielding two new samples XL65-B and XL65-C with
different PSDs. Figure 1 shows the PSDs determined by
electron microscopy of about 1000 particles for each sample.
Starting with a skewed distribution with a polydispersity of
5.8% (XL65-A), in the two fractionation steps the width and
the skewness of the distribution is reduced leading to a
skewed distribution with 5.3% (XL65-B) and finally to an
almost symmetric distribution with 4.8% (XL65-C). The
polydispersities, defined as o(a)/{a), were confirmed using
static and dynamic light scattering. A detailed comparison of
particle sizing using electron microscopy, form factor analy-
sis, and dynamic light scattering will be the topic of a forth-
coming article. To our knowledge, there is no study in which
the PSD of one component hard sphere systems have been
characterized in such a comprehensive way. The hydrody-
namic radius is Ry=(320+10) nm which leads to a Brown-
ian time 13=R*/Dy=0.5 s, where D, is the free particle dif-
fusion coefficient.
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FIG. 1. PSDs of the three fractions used. (a) XL65-A,
0=5.8%, skewed; (b) XL65-B, 0=5.3%, skewed; (c) XL65-C,
0=4.8%, symmetric.

The particles behave as near perfect hard spheres [1]. The
effective hard sphere volume fraction was determined by
comparing the equilibrium phase diagram of the least poly-
disperse sample, XL65-C, to the known freezing volume
fraction of hard spheres with a 5% polydispersity [10], giv-
ing a freezing point of 0.505 and a melting point of about
0.538. This scaling factor was used for all three samples.
With regard to the experimental uncertainties we find the
same freezing and melting volume fractions for the three
fractions, which is in agreement with the simulations of Bol-
huis and Kofke when varying the polydispersity between
4.8% and 5.8%.

Crystallization kinetics were measured using time re-
solved laser light Bragg scattering averaging over the whole
Debye-Scherrer cone to allow access to data at early times
[14]. The angular resolution of the detector is A#=0.02°,
giving a resolution around the main peak of about Ag=35
X 107 nm~'. Scans can be done in time intervals of 60 s. To
our knowledge, there is no other experimental setup moni-
toring crystallisation kinetics in colloidal model systems pro-
viding a comparable performance. Crystal growth is charac-
terized from the structure factor S(q,7), as a function of the
scattering vector g and elapsed time ¢. The crystalline struc-
ture factor Sy,(q,1)=S(g,1)—B(t)Suiq(g.t) is obtained by
subtracting the fluid background B(7)Spuig, Which is mea-
sured 60 s after stopping the shear melting process [15].

From the crystalline structure factor, we extract: (i) The
crystallinity, X(r)=c [ Sy1(q,1)dg, determined by integrating
over the area of the main Bragg reflection, normalized by
the parameter ¢ obtained from the equilibrium phase
diagram; (ii) the crystalline volume fraction ¢y (7)
=2[¢umax(VRT/9v3 72, determined from the peak maximum,
Gmax(?); (iii) the average linear dimension of the crystals,
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FIG. 2. (Color online) Crystallization parameters for
$=0.527: Filled blue crosses XL65-A; open red circles XL65-B;

filled black squares XL65-C. From top to bottom: Crystallinity,
crystalline volume fraction, average linear dimension, absolute
number of crystals, and nucleation rate densities.

(L(1))=2mK/ 8¢(t), determined from &¢(z), the full width at
half maximum of the peak, where K=1.0747 is the Scherrer
constant for a spherical crystal [16]; (iv) the number of crys-
tals in the observed scattering volume: Nyy ()
ZX(t)Vscatt/<L3(t)>=X(Z)Vscan/a<L(t)>3’ where Vieatt is the
volume illuminated by the laser, and a~1.25 [17] connects
the average crystal size cubed with the average crystal vol-
ume; and (v) the nucleation rate density, defined as the rate at
which crystals appear in the liquid free volume:

1 d 1

d B d X(1)
Vfree(t) dtNXtal(t) -

[1 = X()] dr (L3(0)

J() =

Figure 2 shows the time dependent behavior of these five
parameters extracted from the crystalline structure factors for
each of the three samples in coexistence at a volume fraction
of 0.527. The first point to note is that relatively small dif-
ferences in polydispersity (Fig. 1) lead to dramatic differ-
ences in the kinetics. For example, the main nucleation event
is delayed by almost an order of magnitude with a 1% in-
crease in polydispersity.

Second, all three samples exhibit a two step nucleation
process, consistent with previous observations [6]—from the
earliest times when deviations from the fluid structure factor
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can be observed, the amount of solid material (X) grows
slowly while the size of the clusters (L,,) remains nearly
constant. The number of the crystalline precursors (N) in the
sample is increasing slowly, but there is limited growth of
these precursors. As a result the nucleation rate density (J) is
slowly decreasing at early times. It is noticeable that the
short time behavior is similar for the three samples, with no
significant qualitative differences being apparent.

The following characteristics are common to all samples.
The average crystal size rises sharply prior to the onset of the
main nucleation process, and approaches a maximum while
the crystallinity (X) remains low—i.e., only a small part of
the sample has crystallized. During this period the number of
crystals (N) declines sharply. In this region where N is de-
creasing, the nucleation rate density (J) is undefined. The
remainder of the growth is characterized by rapid growth in
the crystallinity (X), accompanied by a tenfold increase in
the number of crystals. In this main nucleation region the
nucleation rate density shows a significant increase before
reaching a maximum and decreasing to zero again. The
nucleation rate density of the main nucleation process is al-
ways smaller than the nucleation rate density of the precursor
nucleation. Finally, when the main nucleation process has
ended, all parameters (except J) plateau and no significant
ripening is evident on the time scale of these experiments.
After crystallization is complete, all samples have the same
crystal volume fraction, as determined from the fcc (111)
peak position.

Despite the similarities between the samples, there are
also distinct differences. The main nucleation process is de-
layed significantly for the more polydisperse samples, sug-
gesting that this process is triggered by the local fraction-
ation processes occurring since the quench. This is
highlighted by the behavior of the average crystal size,
which drops by almost a factor of 2 for the most polydisperse
sample during the later stages of the nucleation process. This
effect decreases as polydispersity is reduced. It should be
noted that this decrease in the average crystal size is accom-
panied by a sudden increase in the number (N) of small
crystals, rather than by a reduction in size of the existing
crystals.

Towards the end of the precursor stage, and at the begin-
ning of the main nucleation phase, the crystal volume frac-
tion exhibits nonmonotonic behavior. We interpret this as
being due to the structure of the crystallites changing from
early stage precursor structures into a random hexagonal
closed packed structure, as described previously [6]. This is
caused by local fractionation, so the average particle size
inside the crystalline regions is changing. As polydispersity
is increased the features of the volume fraction curve become
less pronounced, and are significantly delayed, as more frac-
tionation is required.

The differences in the time trace of the main nucleation
process are highlighted in the linear-log representation
shown in Fig. 3. At low polydispersity the nucleation rate
density has a low, pronounced plateau, indicating a region
where the nucleation rate is constant. This plateau is not seen
at the higher polydispersities, where the nucleation rate is
more peaked. Significantly, the nucleation process of the
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FIG. 3. (Color online) Nucleation rate densities of the main
nucleation process ®=0.527: Filled blue crosses XL65-A; open
red circles XL65-B; filled black squares XL65-C.

most polydisperse system is delayed by an order of magni-
tude, but the maximum in the nucleation rate density is al-
most an order of magnitude higher. As can be seen in the
time trace of the number of crystals N and from the error
bars in Fig. 2, these observations are statistically significant
and are not caused by numerical differentiation artifacts. One
might argue that the undercoolings of the three samples
could be different—however, to obtain an increase in the
nucleation rate density of one order of magnitude in the co-
existence region requires an increase of at least 0.6% in vol-
ume fraction [6,18] which is larger than the error in deter-
mining the volume fraction. The fact that we see a systematic
increase with polydispersity negates this argument. The re-
sults obtained are in sharp contrast to Monte Carlo simula-
tions [12,19], which imply that increasing polydispersity
leads to a reduction in the nucleation rate. They found that
the computed free-energy barrier for crystal nucleation in-
creases significantly by increasing the polydispersity at the
same undercooling. The absolute nucleation rate densities at
volume fractions around 0.535 show a more than tenfold
increase for a monodisperse system compared to a system
with 5% polydispersity.

It is clear from Figs. 2 and 3 that there are significant
differences between the three samples. In order to begin to
quantify the effects of polydispersity, in Fig. 4 we extract
some characteristic quantities, and plot them as a function of
polydispersity. Clearly we do not have a broad enough range
of polydispersities to make quantitative extrapolations, but
the trends observed are instructive.

The top panel shows the characteristic times derived from
the crystallinity: The induction time, determined from the
first crystalline features in the structure factor [6], and the
crossing time where crystallization stops [15]. Both charac-
teristic times show an increase of almost an order of magni-
tude as polydispersity increases—i.e., unsurprisingly the
least polydisperse suspension is much less delayed.

The second panel shows the maximum and final crystal
size, which both decrease significantly as polydispersity in-
creases. Clearly the maximum crystal size is limited by poly-
dispersity. The difference between the maximum and the fi-
nal crystal size also increases with increasing polydispersity.
For the higher polydispersities, a larger number of smaller
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FIG. 4. From top to bottom: —Induction time (closed circles)
and crossing time (open circles), maximum crystal size (open
circles) and final crystal size (closed circles), and average nucle-
ation rate density (closed circles) and maximum nucleation rate
density (open circles) as functions of polydispersity ®=0.527.

crystals are created at the end of the crystallization process,
thus leading to the large difference between maximum and
final average crystal sizes. Interestingly, the final and maxi-
mum crystal sizes extrapolate to zero at around 7% and 10%
polydispersity, respectively, consistent with most estimates
of the Ilimiting polydispersity for crystallization
[11,12,20,21]. While interesting, clearly this is an oversim-
plification, as the concept of a limiting polydispersity is com-
plicated by the extensive local fractionation which occurs
during crystallization.

The third panel shows the average and maximum nucle-
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ation rate densities for the main nucleation process. Interest-
ingly, although polydispersity significantly delays nucleation,
when it finally does occur, it occurs more quickly for the
more polydisperse samples—i.e., the nucleation rate in-
creases with polydispersity. It appears that the delay in nucle-
ation and the slowing down of crystal growth caused by
polydispersity leads eventually to an extremely fast final
crystallization. We interpret this as being due to the slow
rearrangement and local fractionation of particles in the fluid.
As polydispersity increases, this local fractionation takes
longer and is more local, so when nucleation finally does
proceed, the higher polydispersities produce a large number
of smaller crystals, leading to a higher nucleation rate.

The results presented in this Rapid Communication con-
firm our previous suggestion [6] that the length of the induc-
tion process and the delay time prior to nucleation are ap-
proximately linearly related to the polydispersity. This delay
is due to local fractionation of different sized particles, and
contributes to the observed increase in the nucleation rate
density with increasing polydispersity when nucleation fi-
nally occurs. This fractionation also ensures that when nucle-
ation does occur, it occurs in many places, producing a larger
number of smaller crystallites as polydispersity increases.
Thus for high polydispersities the average crystal size shows
a distinct temporal maximum, but the final average crystal
size is lower.

We conclude by noting that, previously, studies on hard
sphere crystallization have focused on volume fraction as the
only parameter. This work conclusively shows that polydis-
persity is equally critical in colloidal hard spheres, and it is
vital that comparisons between the results of different
groups, or between different techniques, take polydispersity
into account. Moreover, polydispersity can now be consid-
ered as an adjustable parameter, which may enable the opti-
mization of crystallization parameters for a wide range of
applications, as well as being a tool for better understanding
the fundamentals of crystallization.
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