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Crystallization kinetics of polydisperse colloidal hard spheres: Experimental evidence
for local fractionation
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We present the crystallization kinetics for two polydisperse hard-sphere particle stocks with differing particle
size distributions. One of the latexes had a relatively symmetrical distribution, the other had a more polydis-
perse distribution, which was highly skewed to smaller sizes. The emerging Bragg reflections from the crys-
tallizing samples were measured using a technique that provides improved statistical averaging over our
previous methods. It was observed that, for the more polydisperse particles, the onset of nucleation was
delayed by up to an order of magnitude in reduced time, and displayed qualitatively different growth behavior
compared to the particles with the more symmetric size distribution. Based on these measurements and time
lapse photographs, we propose a growth mechanism whereby crystallization occurs in conjunction with a local
fractionation process near the crystal-fluid interface, which significantly alters the kinetics of crystallite nucle-
ation and growth. This fractionation effect becomes more significant as polydispersity or skewness increases.
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[. INTRODUCTION tem, which exhibited many crystallites analogous to an
atomic crystalline powder. This work introduced the basic
Over half a century ago Kirkwooid] speculated that sys- methods which subsequent experiments follo&@—18.

tems with purely repulsive potentials would undergo a freezThese experiments all showed an initial period of rapid con-

ing transition. Subsequent computer simulations by Hooveversion of fluid to solid, followed by a decrease in the con-
and Ree[2] showed that a system of hard spheres has ¥€rsion rate at later times.

solid-fluid transition with the now accepted freezing and  This led to work by several authors to study crystalliza-

melting volume fractions of 0.494 and 0.545, respectivelylion kinetics, particularly on hard-sphere systems. Despite

More recently, it was observed by Pusey and van Md@g&n the apparent simplicity of these systems, results from inde-

that colloidal particles used as model hard-sphere systent%elnde(;‘t ex?e?ments on samplfts tr_nade from dllffelr?er}t par-
exhibit the predicted phase behavior. Colloidal particles icles do not always agree quantitativéfgr example, Refs.

manufactured with a diameter of about QS and a refrac- 110,14,13 were studies performed under slightly different

tive index close to that of the suspending fluid, provide ancondmons and there are distinct differences among the re-

: . - L - sulty. It has been suggested that some differences are due to
ideal system for studying phase transitions, with visible Ilghtthe effects of gravitational settling, and consequently time

being the appropriate experimental probe. The size of the.qoed measurements have been made under microgravity
colloidal particles ensures that their motions are slow enOUQEonditions[12,15,16,19 These measurements, as well as
to study in real time, and makes practical measurements Qfther result§20], show that gravitational forces on the crys-
the crystallization kinetics, with colloidal crystals generally 1315 do indeed influence the crystal structure. Comparison of
taking anywhere from a few minutes to several days to growkinetic data for a sample with and without the effect of grav-
The crystalline phase observed in colloidal hard spheres igy [16] shows that gravitational forces influence the growth
spectacularly opalescent, due to the presence of Bragg r@ the number and size of individual crystallites in a crystal-
flecting planes having spacings comparable to the waveizing sample. However, the total rate of conversion from
length of visible light. The planes have a stacking that isfluid to solid within the sample shows no change in growth
similar to a face-centered cubiécc) or hexagonal close- rates or characteristic crossover times when the influence of
packed(hcp) structure with a high number of stacking faults gravity is reducedsee Fig. 3 of Ref[16]). Thus gravity
[4]. alone is not sufficient to explain the significant quantitative
There are two main spectroscopic methods that have bedatifferences between the data in Rgf$0,14,19 and the re-
used to measure the kinetics of solidification. Small anglesults presented in this paper.
light scattering[5—7] that measures the density fluctuations There is evidence from computer simulations and experi-
in the crystallizing sample, and Bragg crystallography. Clarkment that polydispersity has a significant influence on crys-
et al.[8] first made time resolved Bragg measurements frontallization kinetics[21]. Monte Carlo simulations of Kofke
a single body-centered cubibcg crystal of charged colloi- and Bolhuis[22] calculated a coexistence phase diagram for
dal particles. Subsequently Dhoet al. [9] measured time crystallization in polydisperse systems, which showed frac-
resolved Bragg scattering in a slightly charged colloidal systionation as a possibility. In the phase diagram produced, the
polydispersity in the crystal never exceeds a value-6f%o,
indicating the presence of an upper limit to the polydispersity

*Electronic address: stephen.martin@uni-konstanz.de tolerance in a single hard-sphere crystal. Experimentally, col-
"Electronic address: gary.bryant@rmit.edu.au loidal samples of binary mixturegadius ratio 0.85 mea-
*Electronic address: bill.vanmegen@rmit.edu.au sured by Hendersdi23], suggest a preference for larger than
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TABLE |. Description of particles used in this study. In the text, samples will be referred to by their series
label (X or W) followed by the sample volume fraction in brackets.

Preparation reference Polymer Match temperature  Mean core radiug Pmelting
(series label (nm)
XL60 (X) MMA 16.9%TFEA 9° 300 0.586  0.552
WVM7 (W) MMA 24.4%TFEA 24° 245 0.215 0.535

average size particles in the forming crystals. These expertwo latexes are shown in Fig. 1. Figurélshows latexX to
ments also show that the inclusion of only a slight amount ohave a slightly negatively skewed distribution, which was fit
a second component slows down the solidification procesgsing a Weibull distribution[31], with polydispersity o
[13]. Recent simulations and theory addressing this issue in~6.8%. For lateXW, a single skewed distribution was insuf-
clude work by Bartletf24], who has suggested that the frac- ficient, so a fit was made from a combination of two Gauss-
tionated crystal is the equilibrium annealed state in a polyian functiongFig. 1(b)]. One withR,, =245 nm,c=4, and
disperse hard sphere system, Evans and Hol28k who
predict that the mean size of colloidal particles incorporated
into a crystal is smaller than that predicted by equilibrium
calculations, and Auer and FrenKgl6], who have demon-
strated that the presence of polydispersity leads to a maxi-
mum in the probability of formation of critical nuclei as the
supersaturation is increased. There is a need for more experi-
mental work to address the issues raised by these and related
works.

In this paper we present qualitative observations from
time lapse photographs and detailed static structure factor
measurements from two different latexes with differing par-
ticle size distributions. We then present data from time re-
solved Bragg scattering measurements on each latex. We de-
scribe a mechanism by which local fractionation of the fluid
can account for the slowing down of the solidification pro-
cess. We explain our observations by providing a model by 0 ‘ ‘ ‘ ‘
which solidification proceeds in polydisperse colloidal 0 100 200 300 400 500
samples via a fractionation procd&¥]. Some of the struc- particle radius (nm)
tural data has been presented elsewh28

120 (b)

R,y=245nm, u=4.0%

120 (a)
R,=300nm, u=6.7%
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number of particles (arbitrary units)
8
|

IIl. METHOD

The particles used in this study consist of a copolymer
core of methylmethacrylate(MMA) and tri-fluoro-
ethylacrylate TFEA). Different concentrations of TFEA give
different refractive indices of the particle core. The amount
of TFEA in the particles can then be adjusted, during manu-
facture, to allow the particle cores to have the same refrac-
tive index as the suspension solventjs-decalin (n
=1.483@25°C), at a practical range of temperatyiz<s.

The two latexes described hdiabeledX andW) were made

so that their refractive indices match the solvent at tempera-
tures of 9 °C and 24 °C, respectivelgee Table )l To pre-
vent coagulation of the particles, a stabilizing barrier of poly- 0 ' ‘ ! T
12-hydroxystearic acid,~10 nm thick, was chemically 0 100 200 300 400
bonded to the surface. Samples will be identified by their particle radius (nm)

latex type, followed by the sample volume fraction in brack- g 1. particle size distributions from fits to dynamic and static
ets (I_.e., X[0.55] denotes a sample of latex at a volume  easurements of dilute suspensions of late@eX and (b) W. At
fraction of ¢=0.55). least two fits were possible for laté¥, both of which consisted of

The mean particle core radius and polydispersity werey distribution around 245 nm and some component of much smaller
determined by the analysis of measurements of the scattergged particles. From other investigations of these part[@gk the
intensity and apparent radii as functions of the angle as dezontinuous fit shown here is the most likely one to represent the true
scribed by Bryanet al.[30,31. The size distributions for the distribution within the sample.

o]
o
|

number of particles (arbitrary units)
3
1
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ring captures about 400 times as many crystal orientations as
the (more conventionalplanar spectrometer. Of course, this
additional averaging over orientations could be achieved
more easily by rotating the sample about the vertical axis.
However, due to the extreme fragility of colloidal crystals, it
is not desirable to rotate the sample. This method also allows
for the observation of any systematic variations that might
exist around the Debye-Scherrer ring. The apparatus has a
facility for tumbling of the samplén situ, minimizing tem-
perature gradients and allowing data collection at the earliest
> < possible times. A detailed description of the apparatus has
aser been published elsewhef#7,18. A limitation of the appa-
ratus is that the detectors can only be positioned to an accu-
FIG. 2. Bragg scattering apparatus. Laser light is collimatedracy of ~1°. To reduce the absolute uncertaintygjrintro-
shaped, and aligned before being incident on the sample containgf],ced by this positional error, the maximum of the peak in a
in a hemispherical glass vat. The hemisphere focuses the scatterﬁmy crystallized sample was measured, and this value was
light to two charge coupled device detectors, mounted at OppOSit§ompared to the angle measured from the same sample in the
ends of a rotating arm. The detectors are set at a desired scatteriBq;an(,ir goniometer(previously used by Harlan§10] and
vectorg, _relative to the optical axis of the SYSte@Ot'da?Q’h lin: Hendersori23]), which has a more accurate angle measure-
.The rotating arm is free to rotate around the optical ﬁmgle“’). ment scale. Calibration of the data this way gives accuracy in
in order to collect the full scattering from the Debye-Scherrer rlngs.angle of ~+0.1° (corresponding togR uncertainty of
+0.01 within the range of the detector window centered on
?ﬁe main Bragg reflection

another very broad Gaussian encompassing particle siz

=250 nm. It should be noted that this highly skewer Time is expressed either in real time, or in units of the
even pseudobimodatiistribution found for lateXV is not a Brownian timg “R2D. whereR s the’avera e particle
unique fit[31], but the results of both light scattering and radius of the Ia’t;b bein orr’1eas red dndis the frege F;rt'cle
sedimentation studies suggest this to be the most likely dis-: us ex being ured @ i e part
tribution. d|ﬁu§|on coefficient. The Brownian times are given in Table
These particles have phase behavior compatible with tha{t Prior tofn:elazuretmenr:, each ‘T’f:?]ple was ltumAt;Ited atfa fre-
of a simple hard-sphere systdi3]. The hardness of the in- qqentcy Of:h‘ zt_o stﬁar me | N sampde. erha ew d
teraction has recently been confirmed by direct measurdlNUtes of this action, the samplé appeared amorphous an
ments[32]. From sedimentation experiments, the apparen howed no gwdence of Bragg reflections. In order to ensure
melting and freezing volume fractions are identified and the hat no residual crystals were present, all samples were

scaled to an effective hard-sphere volume fraction by scalin mbled muc? IAofr:gert thabr;_th(severatl hour)dsprlo;t;)heach |
the measured freezing volume fraction to the theoretical easurement. Alter tumbling was stopped, an € sampie
value of 0.495. The effective melting volume fraction was locked into a vertical position, 30 s were allowed for the

dbrmering CAN then be determind@,33) (see Table )| shear flows within the sample to dissipate. After this time,
melting y X

The spectrometeiFig. 2) consists of a sample situated in W€ define timer,=0, as the start of the experimental run.
a hemispherical glass vat, which contagisdecalin to pro- Measurements of the scattered intensity were taken at regular

vide index matching with the sample. The sample is i”umi_intervlals ;p to %Ttime'f (colrrespr?nding }?; 60 E) for e_acrt\h
nated with collimated laser light\(=532 nm), which is sample. beyonary, samples showed 1itie change In the

shaped through an aperture then aligned along the opticgpattered intensity. Moreover, up tp there was no evidence

axis of the system by two adjustable mirrors. The hemi_of sedimentation(see Sec. Il for a discussion of gravita-

spherical vat, containing the sample, acts as a lens that f(j.i'—or_}f';‘]l effecttr;s.d d to isolate the B flection f th

cuses the scattered light onto two diode array cameras placed € method used lo isolate the bragg reriection from the
on opposite sides of the hemisphere, at the focal point, an attered intensity is the same as that outlined by Harland
set at an angl®. In this work the angle was chosen so that 10}, and subsequently adopted by a number of other authors

the detector window captures the interlayBragg reflec- [14,15. The Bragg reflection being studied is that due the

; : : king of hexagonal pland# crystallographic notation

tion between close-packed planes. This reflection occurs %ac .

gR~3.6, whereR is the average particle radius agds the ge fed11Y) orfhc;itQOZ) frt:;‘llectlor)l. The sdtrtjhcturet.fatl:tor'

scattering vector given by (¢,9,7), as a function of the angle around the optical axis,
¢, scattering vectorg and timer can be expressed as

4mn
q=——sin (¢,9,7)

|
S(QD,q,T):WSp—y(q,T), 2

4
ik 1)

wheren is the refractive index of the solvent. The detectors

are mounted on an arm that can be rotated about the opticalherel is the scattered intensity aig}.,(q,7) is the Percus-
axis of the systenishown by the angle in Fig. 2). At qR  Yevick structure factor. From E@2), the contribution to the
~3.6, for the particles used here, each detector spams astructure factor from the Bragg reflecting plan8g,¢,q,7),
range of~3 um™ 1. Integration over the full Debye-Sherrer is isolated using
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S(QD,q,T):S((,D,q,T)_ﬁS((,D,q,O), (3) 10 20
) 0 (@ 2 (d)
where B8 is a scaling factor. The final structure factor peaks i i
are fitted with Gaussian functions, from which the area under 8 _ | £
the peak, peak width, and peak position are determined. For £ £
more details about the analysis see REES,17). = >
Results presented are based on the averad¥ ©fq, 7) 1 71
around the Debye-Scherrer cone, i.e., by integrating gver O e e O+ T
The area under the main reflectiof(r), hereafter referred 82 2-3 40 32 2‘3 4.0
to as the crystallinity, is proportional to the amount of sample 10 20
in the scattering volume that has been converted to a Bragg - b) | 7
Sea e z (b) | (e)
reflecting solid phase: g c
> >
L 2101
><<T>=f Si(a,7da. ) 5° 8"
_ _ = ©
No attempt was made to normaliz& 7), which was calcu- o &
i i i i 0 T T T T T T T T T 0 T T T T T T T T T
lated from the widtho(7) of the Gaussian fit via 32 36 0 %o 36 20
2 R R
X(7)= _ (5) A1o Azo
a(7)? 2 ) z (f)
5 5
The average linear dimension of the crystalér), is given 5 5
by 5 57 7107
L3 L1
e T
L(7)= e (6) d d A
(_)'\2|n2 03.2| L |3i6| L |4.0 032| T T |316| T T |40
aR aR

where K=1.0747 is the Scherrer constant for a spherical
shaped crystal34]. When the Bragg reflection is from the  FIG. 3. Structure factor peaks at times (thin line) and =
close packed planes, then the position of the peak maximurthick line) for latex X at volume fractionga) 0.53, (b) 0.54, (c)
Omax 7) gives the volume fraction of the crystal phagg 7)  0.55 and for latexV at volume fractiongd) 0.53, (¢) 0.54, and(f)
0.55. At 7, the sample is still entirely in the fluid phase. At the end

. 2[Amax(T) R]? of the experiment;r;, crystals have formed producing Bragg re-
be(7)= 2 (7 flections within the experimental window.
9\/§7T
The scattering volum¥ (typically 600 mn? but varying for U _2ApR29 10
each run, andX(7) along with the average linear dimension °" 9y (10

of the crystals can be used to calculate an estimate of the

number of crystallites in the scattering volunmgr): where Ap is the difference in density between the particle

X(1)V and solventg is acceleration due to gravity, angl is the
n(r)= ] (8)  solvent viscosity. For latexeX and W the particle Pecle
L(7)3 values are 0.04 and 0.01, respectively. For a volume fraction

o . ~ of =0.5 we scale the sedimentation velocityU, by 0.05
The number of crystallites in the sample is expressed in re(from Fig. 8 of Ackersoret al.[35]) and scale the long time

duced units of number density(t), given by diffusion D/D, by 0.01 (from Fig. 8 of van Megeret al.
(7R3 [36]). The Peclevalues atp~0.5, Pe(0.5), are=6x10"°
N(7)= (9)  forlatexX and~10"* for latexW. In other words the effects

v of gravity are insignificant compared to the dynamics of the

particles, so we can ignore the presence of gravity during the
Ill. RESULTS crystallization process. However, as mentioned previously,
gravity has been shown to have a significant effect on the
structure of grown crystals, so we also need to quantify the
Samples will be referred to by their series labEdble ) effects of the stress from viscous flows, through crystal sedi-
followed by their volume fraction in brackets. We will begin mentation.
by addressing the gravitational issues. The particle Pecle In consideration of this, we have used the same equations
value is given by Pe 75/ 7,, whererg is the time for a free  as Zhuet al. [12] for calculating the critical radiug.,;; at
particle to sediment one radiug,=U,/R, whereU, is the  which viscous stresses applied by the fluid on a sinking crys-
dilute sedimentation velocity given by tal start to exceed the yield stress of the crystal and cause it

A. Effects of gravity
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¢ £ § & 5 88

5 8lgls g = o 2|

I ~ (O~ - - | o|x
g 10000000 FIG. 4. Scattered intensity over accessible
; range for (thin line) X[0.54] and (thick line)
g W[ 0.54]. All other volume fractions that under-
g went crystallization were similar. The vertical
= lines show possible Bragg reflections, labeled
a with both hcp and fcc notation. As can be seen,
E 1000000 - latex X crystallizes with a random stacking of
=2 close planes. The main peak for latéklies be-
- tween the peak from close-packed planes

[fcc(111)] and the hcfil01) peak.
100000 |-
T T T T T
2 3 4 5 6 7 8
qR

to break apart. We have used the result from 2hal. and B. Direct observations

rescaled it for our values of particle radius, solvent density, Tpere are upper and lower limits on the volume fraction
and A ¢= bireezing~ Pmelting (from Table ) to obtain esti-  pheyond which crystallization studies of the present samples
mates of critical radii for our suspensions. The results give &re no longer practical. The lowest volume fraction studied
critical radius of~9.5h for latex X and ~20h for latexW  for both the samples wag=0.52. ForW[0.52] crystallites

(h, the characteristic gravitational length of the particles,were visible, but there were too few crystals to obtain reli-
being~9 um for latexX and~19 um for latexW). This  able averaging of the time dependent parameters. This places
leads to an approximate size limit due to gravity of B8 a lower limit on ¢ for this study. Neither latex showed
for latex X and 380um for latex W. Until observed crystal- growth of crystallites atp>0.56 over the experimental time
lites start to approach these sizes in our samples, we cérame. However, subtle shifts in the structure factor peak at
neglect the effects of crystal sedimentation from our analysigate times showed evidence of restructuring taking place in
of the growing crystallites. the fluid in latexX. Note that the latex used by HarlaftD]

-

S(q.t )

S(qv'[ f)
S(qvt f)

N
a

A

R (©) | R (d)

FIG. 5. Structure factors measured for samp#es<[ 0.53], (b) W[ 0.53], (c) X[ 0.55], and(d) W[ 0.55] at 32 segments around the optical
axis ¢ at time 7y .
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(which had ~ 5% polydispersity showed homogeneous 5.00 L e e L S
nucleation up tapy,~0.575. But, for¢> ¢, larger(hetero- —~ 450} (a) T
geneouscrystals formedas shown in Ref37]). These ob- a 400 100600°°0° 06 7%6*® 06%004]
servations, combined with those of Hendersairal. [38], S - 9000000° _
show that crystallization of colloids ap near ¢4 is ex- > 350 - + v e §
tremely sensitive to polydispersity. © 200, **, topr, o T W
Samples of latexX and W show qualitatively different E 250} ++ ' j
modes of crystallization, and time lapse photographs can be S 200 POO00000m0000X XXM X
viewed onling[39]. We give a brief description here. In latex — T
X at early times a large number of small crystallites appear £ 180r 7
uniformly distributed throughout the sample. As time X 1,00 {8 PAOAngaos Panea o)
progresses, these same crystals grow in size at approximately 0.50 ORI e L S S
the same rate to fill the entire sample volume. In |atéxat 0 45 90 135 180 225 270 315 360
early times, fewer small crystal regions are seen, scattered 0 (degrees)
randomly throughout the sample volume. These initial crys- 0.08 —— 7T T T
tallites continue to grow rapidly to some maximum size —_ (b) .
(within 2-3 h. After this initial burst of crystallite gr_ovyth, B 000000900 1o go. * osoc]
more regions of small crystals are seen to form within the g 0.06 - . . g0° 0 °y000,000"0
sample, which then also continue to grow. Other volume > t., AN . ¢‘ R
fractions show similar behavior. o 004 Por, ety W *y
oyt B o 1
C. Final structure factors 'g w""xx""vﬂxx’&x’“"!x*x"x!x‘xi
Figure 3 shows the structure factors in the detector win- T 002 PP roerfiePopapd P
dow at timer, (sample still fluid and 7 (at the end of the 36' .
experimenk In latex X three distinct peaks are observed and
the main reflectiorifrom the close packed planesppears at, 0.00 —
or to the left of, the fluid peak. The interlayer spacing in the 0 45 B0 135 180 225 270 315 360
crystallites is thus equal to or greater than the average spac- s (degrees)
ing of particles in the metastable fluid. The results of latex . 3e2 — T T T
can be interpreted in terms of random stacking of hexagonal L aert (C) 4
planes[4,28], i.e., a mixture of hcp and fcc. By contrast, g 180 N
latex W shows only a single peak within the detector win- > 380 __°°’o°0°oooo°°oo‘°oomw“°““‘
dow, positioned at greatey than the fluid peak. The emer- S . .
gence of only one very strong reflection in tké samples S 388 7, . JUUR Y
indicates that the solid phase is ordered in one direction only. £ a7t L T Lt * .+ "
Both latexes were also studied on a planar crystallization L assp <, .
spectrometer with greater angular range, and the results are 3 158 wwmnmwxxn?‘w
shown in Fig. 4. Changing the parncle—so_lvent contiist X a4l i
means of temperature .contmilt(_ers Fhe pa_rtlcle form factor. g 263 :’ummmcnmanm%amog
This was used to highlight or hide intensity peaks by chang- o .

ing the position of the minimum in the particle form factor. 382 bt
. -t . 0 45 90 135 180 225 270 315 380
At no contrast were other reflections visible near the primary
peak in theW samples. At higher anglesgjR>5), some Y (degrees)
small reflections were seen, but were randomly scattered and
could not be indexed to any specific crystal structure. Note
that this spectrometer integrates over orlt° in ¢, so the
data is necessarily much less reliable than the data in Fig. 3. FIG. 6. The variation in the peak parametéss X(;), (b)
The main peak for lateXV lies between the peak from ¢ (7;), and(c) gma{7;) around the optical axisp, for; X[0.55]
close-packed plandgécc(111)] and the hcfl0l) peak. As a (x), X[0.53] (squares W[0.55] (diamond$, and WO0.53] (+).
pure hcp structure is never observed in colloidal systemd)atasets are offset on the vertical axis for clarity.
and there are no other ordered reflections, it is concluded that
the main peak is from a stacking of close-packed planes, b, o, andq,,.x for the same samples as a function of the
is at highergR than the expected value due to the lack ofposition of the detectokp. From both graphs it can be seen
registration of the planeffor more detail see Martiet al.  that for latexW there is considerable variation with angle
[28]). From studying similar data for repeat runs on the same
Figure 5 shows the final crystal structure factors for bothsample, it was determined that the variation was random.
latexes at two different volume fractions for the 32 angularThis contrasts with systematic variations as a result of struc-
segments around the Debye-Scherrer cone. Figure 6 showsral symmetry in the crystals that has been observed by

061405-6



CRYSTALLIZATION KINETICS OF POLYDISPERE . ..

PHYSICAL REVIEW E 67, 061405 (2003

0.00 0.25 -
A X[0.52] /
0 X[0.53] /
1 O X[0.54] 020 - m — o B s
X X[0.55] 7]
& W[0.53] S /
-1.004 % W[0.54] g /
— o W[O.ss]**ﬁg £ 0151
G £
< X s
=3 . X
D % ﬁ? . g 0.10
3 % % -
-2.00 A ) s
: 2 0051
h T
4 0.00 I r : T
0.0x10° 25x10' 50x10*  7.5x10° 10x10* 1.3x10*
3 4 5
Log, FIG. 8. Graphical representation of the measurement of the
crossover timer, for the crystallinity dataX(7). Linear fits are
0 made to the early rapid growth stage and the later, slower growth
] stage. The crossover time is defined as the point where the two fits
cross. Equivalent characteristic times can be determined from plots
-0.5 of the average linear dimensidnvs time.
both Bragg(e.g., Ref[11]) and small angle scattering.g.,
§ -1 Ref.[6]). The period of rapid conversion has been attributed
X, | to nucleation and growth, and the late stage slow conversion
> to ripening. The crossover timeé< between these two re-
S s gimes is determined as shown in Fig. 8. Both the crossover
time and the time at which crystallites are first obser{teéd
i first data points for each series in Fig, decrease with in-
21 creasing volume fraction in lateX. For latexW, the cross-
over time gets smaller fromV[0.53] to W[0.54], and in-
1 creases again at the highest volume fraction, 0.55. In
o5 addition to these features, fox[0.55 and all threeW
438
FIG. 7. Crystallinity X(7) as a function of reduced time. The
peak area in th& samples has been normalized to the final value of 18- A X[0.52]
the peak arex([0.55]. The data for the lateXV samples has been O X[0.53]
similarly normalized to the final value of th&[0.54] sample. Due O X[0.54]
to the normalization, the absolute valuesX{fr) for the X latexes X X[0.55]
cannot be compared to thoseWflatex. Figure ) shows latexw —_ 1 % W[0.53]
data on an expanded scale. g * W[0.54]
- < W[0.55]
Heymannet al.[14]. The large variation in the Bragg reflec- 0 13-
tions of latexW (compared to the same volume fraction for S
latex X), combined with the observation of only one Bragg 9
reflection, confirms the picture of latew forming a solid
phase consisting of unregistered planes. In a more ordered 1 x
structure such as lateX crystals, there are more close X X%
packed planes for a given volume of crystallite, leading to
the reduced noise seen in Fig. 5. 0.8 ‘ ‘ ‘ ‘
3 4 5 6
D. Time resolved quantities Logl[d
Results for crystallinityX(7) are shown in Fig. 7. Quali- FIG. 9. Average linear dimensions versus time. Errors are ap-

tatively similar results have been obtained in other work byproximately the size of the data points.
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FIG. 10. Relative number of crystals in samples. The number of FIG. 11. Position of the maximum of the main Bragg reflection
crystals is calculated from the crystallinity ddtags. (8) and(9)], in units qR.
so normalization precludes a direct comparison between the abso-
lute values of the two latexgsee caption Fig. )7 IV. DISCUSSION

The two latexes studied here show a range of different
samples, a period of a slower conversion precedes the rapisthaviors which need to be explained. In particular, we seek
growth stage. This is highlighted in Fig(j, which shows an explanation for the following.
data for latexW on an expanded scale. (1) Why does latexW show strong crystallite formation

Figure 9 shows the average crystallite dife’) as a func-  but no registration of plane&igs. 3 and ¥
tion of time. As with the crystallinity data, the crossover (2) Why does latexV show evidence of multiple spawn-
times 7> separating different growth regimes, are identifiedings of crystallites?
(superscriptL denotes crossover time for the linear dimen-  (3) Why is the onset of crystallization of laté) delayed
sion data. The striking qualitative difference between the relative to latexX (Fig. 7)?
two latexes is thak (7) increases monotonically for lateg (4) How can the slow initial conversion rate seen for latex
whereas for latexV, L(7) reaches a maximum, then starts to W (Fig. 7) be explained?
decrease. This decrease is more significant at lower volume We first look back onL(7) (Fig. 9 and the time lapse
fractions. From our earlier estimates of critical radius due tgphotographs for a view of what is happening. From the pho-
gravitational stresses, it is seen that the average crystallitographs of latexW, we observed multiple spawning of
sizes for all the samples are less tHanwith the exception populations of crystallites at various stages throughout the
of X[0.52], which reaches=R.. Thus, for this sample, the experimental time frame. This is consistent with what is ob-
undulations seen in the data at long times may reflect theerved with the maximum ib(7) seen for lateXVin Fig. 9.
effects of gravitationally induced breakup of crystals. The initial crystallites in the sample grow rapidly and con-
Figure 10 shows the number density of crystalliiésr) tribute to the increase in the average crystal size. These crys-
[Eq.(9)] as a function of time. The trend seen with lad¢is  tals eventually stop growing and further crystals begin grow-
that the number of crystals starts to increase, then slowlyng at later timegwhen log,r is between 5.5 and)6thus
declines after the sample sets into a “ripening” stage. Latexeducing the average crystal size. The behavior described
W on the other hand shows the samples undergoing a rapitere is most significant ik 0.53.
increase in the number of crystallites present. For X[0.52] the maximum linear dimension is approxi-
Figure 11 shows),,,,(7) for the samples as a function of mately equal to the calculated gravity limited critical radius.
time. The error bar on the final value gives the uncertainty inWe attribute the slight drop i.(7) at log,yr~4.8 to this
the absolute value off due to the angle calibration error effect. As the existing crystallites are unable to grow further,
(discussed in Sec.)llHowever, the noise on the data points there must be new spawning of nuclei in order to satisfy the
is insignificant. LatexX again shows behavior consistent equilibrium balance between the solid-fluid phases, leading
with that seen in previous studi¢$0], which indicate that to the small drop in average size. As these new crystals grow,
crystallites expand with time. Crystallites in all latdk  the average size returns to the critical value. For this reason
samples remain more compressed relative to lakex we excludeX[0.52] in the following arguments and limit
W[0.54] and W[0.55] also show an initial increase iQR  ourselves to the other samples that are not affected by gravi-
(i.e., the degree of compression decreases before increasitagion constraints.
again. We propose an explanation for our observed results, con-

061405-8



CRYSTALLIZATION KINETICS OF POLYDISPERE . .. PHYSICAL REVIEW E 67, 061405 (2003

T T T T T T T i 0.61
(a) annq 40
04+ 1
w ]
< s 0.59
> by {30 €
© n 2 melslalzt =
= L] —_— 1
= 4 £
% 02+ - L x -
E . i Latex X 7. = T, 2057 4
3 a 120 ’
= L 053 0912003
Fow™ 2 0.54 0.890.03 |
- 0.55 1.1910.03 1
o A X[0.52]
0.0 po® ) ) L L 1 L L . 10 0.55 - O X[0.53]
3.9 4.1 43 45 47 49 O X[0.54]
log,, [t] | X X[o.55]
T T T T T T T T
0.6 (b) ; 50 3 4 5 6
L X
& L Latex W 7, . T, - Fl Log1 O[f;;]
ot +
= . -
€ 053 =05 | ) ; .
>04l 0.54 0.6010.02 Bgq . ; 140 €
s 0.55 07403 = =
2 ¢ oF ;ﬁ‘ i = 0.60
o o !
02 = o 4 30
e me Ty Fi i
8 B‘g& By & ‘f
- ‘Pﬁg ) MW |
] L) i
0.0 ““f++++ﬁ*"”“l+ N | 1 | il 20 0.58
5.0 5.2 5.4 56 5.8 6.0 =

logy, [7] |

FIG. 12. CrystallinityX(7) and average linear dimensid7)
data for(a) X[0.53] [open squareX(7), filled squared.(7)] and 0.56
(b) W[0.53] [crossesX(7), squared crossdg 7)] over a decade in
reduced time. The crossover times for the crystallinity and average
size occur at approximately the same time for ¥j®.53] sample,

a trend seen in the other lat&samples. INW[0.53], the maximum

in average crystal size occurs at the start of the rapid growth stage 0.54 \ | | |
of the crystallinity. The inserted tables give the ratio of the cross- 3 4 5 6
over times in the average crystal size data to the crossover time in Log; [

the crystallinity data. Only an approximate estimate can be made
for W[0.53] as there is no linear region. The maximum is therefore
taken as the crossover time.

FIG. 13. (a) Volume fraction for the samples measured from the
position of the main Bragg f¢&11) reflection. The final error bars
show absolute error due to calibration of the detector positidms.
The apparent volume fraction of thé samples, allowing the par-
sidering the particle size distribution of the samples. We atticle radius to vary with timesee text

tribute the initial slow increase in crystallinityseen in

X[0.55] and all latexW sampleg to slow crystal growth In the following we discuss the differences in the crystal-
whose rate is limited by a fractionation process where thdization of the two latex species in terms of fractionation or
forming nuclei are “selecting” the particles to be included segregation of species. Figure(@2shows behavior typical
for further crystal growth. Qualitatively, one expects that theof latex X; X(7) andL(7) both increase monotonically with
greater the polydispersity, the more rearrangement of differs in a qualitatively similar manner. The ratia)t: Tff, of the

ent species is required to form a crystal with minimum strain.crossover times from rapid to slow change, is close to unity
This is merely a generalization of the idea of demixing of (see inset We infer that conversion to crystal is dominated
species upon solidification of a binary mixtuseze, e.g., Ref. by growth.

[24]). This expands on ideas introduced in earlier experimen- This behavior contrasts with that seen for laték[Fig.

tal studies on binary mixtures with slightly different radii 12(b)]. While X(7) still increases monotonically withr,
[13,23,38, and is consistent with previous simulation studiesL(7) exhibits a maximum. Moreover, the time of the maxi-
on such mixture$40], which show that the path to equilib- mum in L(7) approximately coincides with a minimum in
rium in these binary mixtures requires local fractionation ofN(7), at least fol]0.53] andW[0.54]. Thus, the growth of
species. the properties of the Bragg peak reflects what is observed
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directly; for 7<7) crystallization[i.e., the increase iX(7)] ~ 324-321 nm. Note that the starting value is somewhat arbi-
is dominated by nucleation or spawning of crystallites. trary, and what is important here is the chang®ineeded to
Equation(8), used to estimate the number of crystals inarrive at the correct final equilibrium volume fraction.

the scattering volume, requires that we have the average vol- These values of average radius needed to correctly predict
ume of the crystals, ai.3), approximating the crystallites to the final volume fraction support the fractionation idea. For
be cubic in shape. What we actually measure from the Bragg[0.55], most of the volume is expected to crystallize, there-
reflection is the average linear dimensigh,), so what is ~fore most of the particles will need to be used. The driving
used in Eq(8) is (L)2. If all the crystallites in the sample are force to crystallization is high, but the particles are closely
approximately the same siZas with the latexX samples, packed; so, under these conditions, there will be less frac-

the two different measures are approximately equal. If therdonation during crystallization—most of the particles in the
is a distribution of crystal size@s with latexW samples distribution will be forced into the crystal phase and so the

(L% can be up to two to three times greater than® [27]. average radius of particles in the crystallites will change little

For this reason. it is not appropriate to assian too much si with time. In the other latexX samples, the average particle
’ Pprop 9 radius must decrease with time to obtain the correct final

hificance to the subtleties of the data in Fig. 10. We_notg OnI3(/olume fraction. At these lower volume fractions, the form-
that for W[0.53] andW[0.54] the number of crystallites in- 4 crystallites have more room to exclude the smaller par-

creases by more than an order of magnitude, which is Siggcjes ‘at the early stages of crystallization, so the average
nificantly more than the estimated uncertainty in the quantityragius of particles in the crystallites is near the peak of the

The apparent volume fraction calculated from Ef).is  distribution. At later times, in order to achieve equilibrium,
shown in Fig. 13. Figure 18 shows the volume fraction the smaller particle must be incorporated into the crystallites,
calculated assuming a particle radiuso# 320 nm for latex  so the average radius decreases.
X [note that we do not apply Eq7) to latex W, as the It must be noted that relatively small changes in the radius
crystallite structure is less cldaiThis value was determined can produce large changes in the apparent volume fraction
by letting X[ 0.55], which appeared to be the best behaveddata and it would be possible to manipulate the data almost
sample, remain undisturbed for a week. Then the angle of thin any way one desires. Despite this caveat however, the
main Bragg refection was measured and the effective hardesults of this analysis are suggestive. Combined with the
sphere particle radius was set so the volume fraction equalether data presented here, it strongly supports the idea that
0.55, as would be ideally expected for this sample. Using thi¢ocal fractionation is taking place within the crystallizing
value of R, the apparent final volume fractions of the fluid as suggested from recent simulatidi2sl]. However,
X[0.52-0.54 samples are of the order of 0.58, well above these results do not agree with the predictions of Evans and
the expected value of 0.545 in equilibrium. Holmes[25] that the crystal will be composed of smaller

In order to explain this, we note from E(7) that ¢, is than average S|z_ed partlples. It appears from. the results here
very sensitive toR. If we assume that the fractionation hy- that the crystallites b_egln the_lr formation with average or
pothesis holds, then we would expect the average radius dﬁrger than average sized particles, and smaller ones become
the particles incorporated into the crystal phase to changicorporated into the crystal structure only later in the crys-
with time. At early times, the value would be near the peakt@llization process. . o _
of the distribution, as particles with smallésr largej than Although it is inappropriate to conduct a similar analysis
average size are excluded. As the sample evolves, equilitior latexW samples, the observations on laitare consis-
rium would require that these particles must eventually bdent with the idea of fractionation of particles within the
included in a crystal phase, and so the average radius G@mPple in order to form crystals. Lat®is the most heavily
particles in the crystallites would change. To explore this Skéwed polydisperse particle used, so it takes more time for
Fig. 13b) shows the calculated volume fraction of the crys-2 nascent solid phase to select particles of .c_omp.auble size to
tal if the average radius used in the calculations is allowed t§tart forming crystals, hence the longer waiting times before
vary with time. The volume fraction is fixed at an initial and Observable crystals form. The particles that are excluded
a final value, and is allowed to vary with time between thesd"om these initial crystals will be redispersed in the region
values, proportional to the cube of the average linear crystdletween the crystals. It is possible that these excluded par-
size,L(7) (Fig. 9). The starting value is fixed ap=0.595 ticles may then start formlng crystals themselyes,_ but their
(chosen as it is the approximate average value of the initiagWth will likely be limited by the lower availability of
volume fractions of the crystal for all latox samples calcu- Particles. This would have the effect of reducing the mea-
lated from gma, With a radius of 320 ni The final value ~Sured average crystal sizes seen in Fig. 9 This effect is
was set at the expected crystal volume fraction from the ided0st noticeable inV[0.53], where there is less thermody-
hard-sphere phase diagram—0.545 for samples in coexisfamic drlve.to crystalllzatlpn, so the partlc;les ha\(e more
ence and 0.55 for the sample &t 0.55. Although the ex- time to fr_acno_nate, pro_ducmg a Iarger maximum size. The
perimentally measureg,, (Table |) differs from the theoret- fractionation, in turn, f||ter_s the ﬂum_l to some extent_ and
ical value, the theoretical values have been used here fd¥"oduces a further population of particles, which contributes
simplicity. The value chosen has little effect on the following © @ Smaller average size at long times.
analysis. For the fully crystalline sampb¢]0.55], the radius
used varied from 320-319 nrti.e., little change For X
[0.53 and 0.5% the average particle radius used varied from  The results shown here indicate that the limitation on the
320-314 nm, and forX[0.52] the radius varied from maximum crystal sizéwhen gravitational affects can be con-

V. CONCLUSION
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sidered insignificantand the presence of multiple popula- be not far away from a compatible nucleation site. This may
tions of crystals are due to fractionation of particles in poly-also explain the tendency away from a coarsening process in
disperse samples. This effect is enhanced where there isthe higher volume fraction samples; the crystals forming in
significant amount of skewness toward smaller than averagge local vicinity have average particle sizes different enough
sized particles in the distribution. Although the phase diato reduce the likelihood of combining with each other. Sim-
grams for samples with higher polydispersity or skewness, opjistic modeling of the apparent volume fraction data also

with lower volume fractions, require less total volume to gyggests a strong tendency for crystals to form from particles
crystallize, in order to form larger crystals, the local volumeat the larger end of the size distribution.

around the individual crystals needs to be filtered to a suit-
able size distribution. The higher volume fraction samples
grow smaller crystals, so less filtering is required. The higher
driving force for nucleation, and therefore the higher density
of initial nucleation sites in these samples, presumably al- The authors would like to thank Phil Francis for technical
lows for particle selection on a smaller local scale, and asupport. This work was carried out with the help of the Aus-
particle initially rejected from one nucleation site is likely to tralian Research Council, Grant No. A69701447.
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