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Crystallization Kinetics and Morphology in Phase Separating and Sedimenting Mixtures of
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The crystallization of sedimentating silica spheres in the presence of silica-coated boehmite rods in low-salt
dimethylformamide is studied by means of confocal scanning laser microscopy. As expected, addition of
rods gives rise to a net attraction due to the depletion effect. Upon increasing rod volume fractions, below a
predicted equilibrium binodal, crystalline ordering of the spheres takes place faster but gives cause for more
grain boundaries. Addition of rods at volume fractions in the theoretically predicted two-phase region gives
rise to aggregation and glasslike sediments. We explain these results on the basis of the different gravitational
lengths and sedimentation rate of both species: higher rod concentrations drive the system quicker into the
two-phase region of the predicted phase-diagram.

I. Introduction

The stability of suspensions such as coatings, containing
spherical pigments, can change drastically when rodlike par-
ticles, frequently used as rheology enhancers, are added.
Mixtures of rods and spheres may also arise naturally in the
synthesis of pigments. Their phase behavior may greatly
influence the way the pigments can be processed in, e.g., color
filters or fillings. The mutual asymmetry of the colloids alone
may already induce a net attraction between alike particles by
the so-called depletion effekt? The closer the hard spheres
are together, the more volume is available to the rods. In this
manner, the system may gain more conformational freedom and
hence a higher, more favorable, entropy. This depletion effect
has been well-established both theoretically and experimentally
for bimodal mixtures of colloidal spherés;olloidal mixtures
of spheres and polymePglatelets and polymefs# and rods Figure 1. An unbalanced pressure between two spheres arises since
and platelet§-11 the rods that are closer to a sphere than half their length cannot rotate

When a rod enters the gap between two hard spheres thafreely. This creates a net attraction between the spheres.
are nearer than the length of the rod, the former can no longer ) )
assume all conformations, as illustrated in Figure 1. This limits, i.e., low density and relatively small rodk ¢ o), eq
unfavorable loss of entropy can be overcome by depleting the 1.1 has been confirmed experimentafty’
rod from the gap thereby gaining orientational realization  For certain rod concentrations, the net attraction of the spheres
probabilities. When outnumbered, the consequent lower densitymay be large enough to induce phase separation. This has been
of rods between the spheres may give rise to an unbalancedPredicted by means of the free-volume thé8rgpplied to
osmotic pressure amid the spheres and forces the latter togethespheres and roés?°and has indeed been observed in colloidal
The strength of this “attraction through repulsion” or depletion Mixtures of spheres and ro#ls?* All these experimental studies

potentialW reads up to first order in the rod density2-14 observe the depletion interaction “as is”. However, the kinetics
in these phase-separating systems in relation to sedimentation
W(h) 1 Lo h\3 has not been studi.ed yet but.is n.everthele.ss of great importance
H =— 3 o, DD (1 — [) (1.1) to the above-mentioned applications. In this paper, we therefore

have a closer look on the kinetics and the final sediments of

) ] ) phase-separating sedimenting colloidal spheres in the presence
Hereh is the face-to-face distance of the spheres of diameter of colloidal rods.

o, wheread. represents the length of the rod dndks diameter,
as indicated in Figure la. Moreovekg is the Boltzmann II. Experimental Section
constant andl the absolute temperature. In the appropriate
We prepare silica spheres and silica-coated boehmite rods.

* To whom correspondence may be addressed. E-mail: m.oversteegen@VVhen dispersed in dimethylformamide (DMF), the van der
chem.uu.nl. Waals interactions between the spheres are negligible since the
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refractive indices of silica and DMF are closely matched. (typically 1 kg/n®), and the titration is carried out under
Although DMF does not match with boehmite, the interactions ultrasonication and vigorous stirring to prevent aggregation of
of the silica-coated rods may in a good approximation consid- the particles. Moreover, the pH of the dispersion is kept between
ered to be hard, in analogy to previous stud®®.Residual 9 and 10 by adding a resin. This also prevents dissolution of
charges are screened by the addition of little salt. Moreover, the silica. After titration, the dispersion is dialyzed for 9 days
since the refractive indices of the silica (coated) particles and against demineralized water to remove excess silicate. When
DMF are close to each other, the mixtures are very suitable to dialysis is prolonged, eventually silica will be removed from
be examined in real space by means of confocal laser scanninghe boehmite particles. The silica-coated boehmite rods have
microscopy (CSLMY® To be able to do so, we incorporate a been analyzed by TEM, yielding a length of the rodd.of
dye in the core of the spherical particles. An uncolored silica 118 nm and a diameter ob = 13.9 nm both with a
shell is synthesized around this core to have silica interactions polydispersity of about 30%.
only and to distinguish individual particles in the analysis of B. Sample Preparation.The particles are transferred from
the CSLM pictures. This two-step synthesis method has first the Stder mixture into DMF with 1 mM LIiCl, suppressing the
been successfully developed by van Blaaderen and?¥/rij. double layer to about 10 nm thickne$g? by repeated

In section IIA, we first describe how the spheres and rods centrifugation. By means of an Anton Paar DMA 5000 density
are synthesized and analyzed. Subsequently, we specify howmeter, the densities of the solvent and particles were determined.
the samples are prepared in section IIB. The density of the solvent (DMF 1 mM LiCl) is close to the

A. Synthesis and Analysis. FITC-Labeled Silica Spheres. ~ One in the literature for pure DMF, 948 and 944 k§/m
Before preparing the core, fluorescein isothiocyanate (FITC) is réspectively. However, both the measured (viscosity-corrected)
chemically bound to 3-(aminopropyl)triethoxysilane (APS) densities of the_prepared core/she_ll silica-spheres (2099
where the latter acts as a coupling agent between silica andk9/m®) and the silica-coated boehmite rods (25624 kg/n)
FITC. The number of FITC molecules per sphere must comply S€em slightly too high. The systematic higher values may be
with two requirements. On one hand, the number of dye due to some little contamlnat|on_|nthe density meter left from
molecules must be sufficient to make the particles visible using Previous measurements. We will nevertheless use the values
CSLM, whereas on the other, a too high dye concentration mayfo.und as their mfluencg on the position in the phase diagram
give rise to autobleachirfj.Both requirements are met when ~ Will not change dramatically.
typically 16° FITC/APS dimerd2°are build in into each core By drying and weighing known amounts of the stock
following the well-known Stber synthesi using tetraethoxy-  dispersions of the spheres and rods, we determined the respective
silane (TEOS). The size of the core of a base-catalyzébeBto volume fractions from the previously measured densities. The

synthesis can be chosen by adding the appropriate amount oftock solution of the core/shell silica spheres in DMF/1 mM
ammonia, as indicated in Appendix A. LiCl looks clear and orange and fully sediments within a day.

fThe dispersion of the rods is slightly turbid and very viscous.
In both dispersions, the particles are stable against flocculation
after two years since they easily redisperse after sedimentation.
This suggests that the van der Waals attractions may indeed be
neglected.

Samples of desired volume fractions were weighed from the

prevents us from taking very small spheres. Both requirementsStOCk, dispersions and solve_nt in a test tube. After vigorous
shaking on a vortex, approximately 1 mL of the sample was

come toward each other by taking 9.8 vol % of 25% aqueous o . ;

ammonia in ethanol. The synthesized cores were analyzed usingg/ansferred by a Pasteur pipet into a vial from which the bottom
transmission electron microscopy (TEM). By analyzing 162 part- ss re_pllaced by a m|crosc?pe cl:over slip of 0.11 mm thickness.
icles from TEM micrographs, we find 676 nm cores in diameter. zi—n\?er\;fd) v:na}ir ossucbos;gliJr?rf]Itu)grgsi:ceendceomg dg ti:ﬁz ;(3128 ’\rl;lr;w
o iu dbessei!ﬁeu degitlz)g a}r?',;];rglrllés '?r:gvf:/\gSrrggr?gt;h:rﬁcr)i?\?roedecg (r)eSsAr/Kr laser and an 10& oil objective with a nun",lerical aperture
is added. The final particles were analyzed by means of both ?;kéf'wﬁuigogr:zci ég]: o?((atso a([((a) Elgtfng)M 512 pixels and
static light scattering (SLS) and TEM. From SLS data gathered P '

We must meet two opposite demands for the desired size o
our cores. Because of the relatively large density of porous silica
(~2 x 10 kg/m?®) as compared to DMF~0.9 x 10° kg/nm®),
the spheres will sediment fast. By taking small sizes, the sedi-
mentation can best be followed in time using the microscope.
However, the optical resolution of the microscope300 nm),

on a FICA 50 photometer thermostated at°®5 we obtained [ll. Results and Discussion

a diameter of 723 36 nm. We finally found from 136 particles By use of free-volume theor#;2°we calculated the phase
on TEM micrographs the spheres to be 7044 nm in diagram using the experimental values for the dimensions of
diameter. the particles, i.eg = 700 nm,L = 118 nm, and = 13.9 nm.

Silica-Coated Boehmite RodsThe rods are synthesized by  The predicted phase diagram is shown in Figure 2. The slanted
coating boehmite rods with silica. For the boehmjte((OOH) tie lines connect the coexisting fluid (F) and crystal (C) phases
synthesis, we adopted the method as developed by Buining etof the spheres. Because of the double layer around the particles,
al3132in which the size of hydrothermally grown fibrils can  the effective sizes may differ. Although this 10 nm may be
be tuned. Aluminum alkoxides are dissolved in acidified double- negligible compared to the length of the rods and the diameter
distilled water and treated at 15C. of the spheres, it is substantial relative to the diameter of the

The coating of the boehmite particles with silica is realized rods. However, it can be shown that this only has a minor effect
here by titrating the dispersion of pH 5—6 with a 3 w/w% on the phase diagram. It is seen from eq Il= (1/4)D2L)
solution of sodium silicate (pH= 11)33735 The negatively that this indeed is a second-order effect. The shape of the phase
charged silica particles (isoelectric point (IEP) of 2.0) deposit diagram is very reminiscent to that of the sphere/polymer
on the positively charged surface of the boehmite rods (IEP of mixtures®36 albeit that the binodal for rods is lowered 1 order
9.2) until a monolayer is formed. The deposition of the silica of magnitude as compared to polymers.
particles then stops because of repulsion of the negatively To be able to follow the crystallization due to sedimentation
charged silica particles. The boehmite dispersion is very dilute of the colloidal spheres, the initial volume fraction, that means
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0.03 e e e experimental values, we find for the sphete= 3 x 107" m/s

and for the rods; = 6 x 10710 m/s. After 1 h, the spheres

D have traversed typically a millimeter, something the rods have

NS 7 overcome after one month.

. l The height of the vial used is approximately 0.01 m. Hence,

™ the spheres will gradually sediment, whereas the rods will to a

0.02 | NN F+C ) good approximation remain distributed over the whole sample

N ; during the scope of the experiment. When we focus on a

¢ C N particular height in the sample, the solvent with rods will be
r NS replaced by the sedimenting spheres. To a very good ap-

I NS ] proximation, the relative volume available to the rods is given

0.01 | % - by*®

_______ Vfree_ _ 3L ¢
T N | ACIOL: B e i (3.5)

A F C where ¢ is the local volume fraction of spheres. When the
(') 02 04 : 06 ' : 08 spheres start to crystallize _due to sedimentation at a certain
: ) ’ : height, say ap = 0.5, according to eq 3.5, 38% of the initially
¢ available space is still accessible to the rods. The local volume
Figure 2. Calculated phase diagram for a mixture of spheres=( _fra?ti_o_n of rods has hence decrea_sed to approximately 38% of
700 nm) with spherocylinders (= 118 nmD = 13.9 nm). The slanted 1S initial value. That is, at that particular height the sample will
tie lines connect coexisting volume fraction of spheggsand rods, move through the equilibrium phase-diagram upon sedimenta-
¢r, in the fluid (F) and crystal (C) phases. The dots labeledDA tion almost along the slanted arrows as indicated schematically
indicate the position of the selected samples in the phase diagram priofin Figure 2. It is believed that the underlying equilibrium free-
to sedimentation. The dashed arrows point in what direction the volume apergy Jandscape may indeed serve as a template for the
fractlons in the samples_change through_the the_oret]cally predicted dynamic systerd?
phase-diagram upon sedimentation at a given height in the sample. The first sample considered, A, only contains spheres. After
prior to sedimentation, has to be taken rather low. In analogy Vigorous shaking, the sample is placed on the confocal
to previous experiment$;3” we prepared all samples with an  microscope. By looking 1@m above the bottom of the sample,

0.00

initial overall volume fraction of spheres @f = 0.025. We i.e., five times the gravitational length, we saw the sediment
studied 15 samples of that volume fraction of spheres with an slowly filling up in a random fashion as shown in the left column
initial volume fraction of rods varying frong, = 0 to ¢, = of Figure 3. Apart from Brownian motion, the sample did not

0.03. Despite the very low volume fractions of rods, this change after 45 min, and we put it at rest for one month. It is
corresponds to an attraction up tke®, according to eq 1.1.  seen from the upper left picture in Figure 4 that the particles
Here, we will discuss only four of those samples that represent Were able to reorganize within one month and form a nice

the characteristics best. These samples are indicated i crystalline sediment containing some glasslike, disordered
Figure 2 on their initial position in the phase diagram, i.e., patches. By taking the Fourier transform of this picture, it is
immediately after redispersion. obvious that the system tends to form a single crystal given the

Immediately after redispersion, the particles start to sediment. 6-fold symmetry in the bottom row of Figure 4. _
A measure for the decay of the concentration as a function of Sample B, containing: = 0.75 vol %, is predicted to be in

height is the so-called gravitational length the one-phase region but nevertheless shows different behavior
than the previous one. The presence of rods first manifests itself

ksT by a higher viscosity, initially leading to slower sedimentation

/= Apv,g (32) (top row Figure 3). Despite the higher viscosity, the sample

rapidly forms densely packed structures as can be explained
whereAp is the buoyancy-corrected density of the partiee, ~ from the phase diagram, Figure 2. Because of the presence of
the particle’s volume, and the standard acceleration of free rods, the fluid-crystal equilibrium opens up, which drives the
fall. Applying the above experimental values, we find for the SPheres quicker into the two-phase region. After one month,
spheres a gravitational length 4= 2.0 x 105 m and for the there are more crystalline domains in the sediment, as shown

rods4 = 0.014 m. in Figure 4. However, there are also more grain boundaries
Another quantity of interest is the sedimentation rate present as it can be seen from the accompanying Fourier
transform. The “scattering” pattern is more powderlike than
KsT without rods.
v= 3 (3.3) These effects are even more pronounced in samplg € (

1.50 vol %) close to the calculated binodal. The even higher
Heref is the Stokes friction coefficient, which is for infinite  viscosity does not prevent the fact that crystalline patterns are

dilution given ag? formed already within half an hour, as displayed in Figure 3.
From Figure 4, it is seen that after one month no disordered
3nno spheres patches are found. The crystalline areas are nevertheless smaller
f= 3yl (3.4) and there are consequently more grain boundaries. This is also
In(L) 10315 rods ' reflected by the Fourier tranform that shows two full rings rather
D ’ than separate spots previously. The faster crystallization of

mixtures close to the binodal has also been observed in mixtures
wheren ~ 1073 Pas is the solvent’s viscosity. From the above of spheres with (short) polyme?&4°
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Figure 3. Confocal images of the samples-® (left through right, cf. Figure 2) 1@m from the bottom of the vial 5, 15, 30, 45, and 60 min (top
to bottom) after redispersion.

With sample D, consisting af; = 2.00 vol % rods, we are The particle density has become too dense in this solvent to
immediately in the phase-separating region. Clearly the viscosity obtain a clear image 1@m into the sample. Therefore, we took
has gone up further as seen from the upper right picture in Figurefor each of the samples-AD four pictures in the sediment after
3. Nevertheless, aggregates of spheres are observed within @ne month at 5um above the bottom of the vial. A radial
quarter of an hour. These large structures tumble down fast andaverage of the intensities is taken from the Fourier transforms
form disordered structures. The system thus obstructs itself toof the sediments, starting in the center of the images in Figure
crystallize within one month. Only small crystalline areas can 4. These averages of intensitids,] are shown in arbitrary units
be found in Figure 4. This is again very reminiscent of the in Figure 5 as a function of the wavenumtxeFor the samples
sphere/polymer mixtures where in the two-phase region close A—C, two peaks are observed at the same spotskie.1.54
to the binodal reaction limited cluster aggregates are forthed, and 2.7lum™%, indicated by the dotted lines. The ratio of these
but they are not able to reorgani#&The disorder in the eventual  two values,~+/3, suggests these are thgo) = (¥2)0+/3 and
sediment is also seen from the Fourier transform, where no du1y = (¥2)o spacings, as depicted in the inset of Figure 5. Thus
bright spots or rings can be distinguished. we obtainc = 750 nm ando = 738 nm, respectively. The



18162 J. Phys. Chem. B, Vol.

$,=0.00%

108, No. 47, 2004

$.=0.75%

0.=1.50%

Oversteegen et al.

$.=2.00%

Figure 4. Confocal images of the sediments one month after redispersion 5om the bottom of the vial in real space (top) and Fourier space
(bottom). The samples AD, as depicted in Figure 2, are given from left to right.
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Figure 5. Radial averages of the intensitpf four Fourier transforms

of the sediments of which one is depicted in Figure 4 for the samples
A-D in Figure 2 (bottom through top). The first peak, indicated by
the dotted line, stems from théuo spacing, whereas the second
originates fromds). For the aggregating sample D, the structure factor
has vanished but the form factor is still clearly present.

In previous studie$>23the depletion effect was not observed
for ¢, > 0.6 vol %, presumably due to the size of the capillaries
used. Here, using 2 mL vials, we were able to prepare samples
of rod concentrations up t$, = 3 vol %. Above that volume
fraction, the rod suspensions became highly viscous or even
gelly. This prevented us from going deep into the two-phase
region, further from the binodal. In analogy to sphere/polymer
mixtures, one would expect diffusion-limited cluster aggregation,
forming open stringlike fractal structuré&*'With less material
than in sphere/polymer suspensions, the sphere/rod mixtures
would then be a nice and cheaper alternative in, e.g., coating
materials, since rods are rheological enhancers at the same time.

IV. Conclusions

On the basis of a combination of the equilibrium phase
diagram and the sedimentation rate, the influence of the presence
of rods on the sedimentation of colloidal spheres is studied.
From free-volume theory, we obtained a phase diagram that is
reminiscent to that found for sphere/polymer mixtures. However,
phase transitions are expected at very low rod concentrations,
which makes rods very effective depletion agents.

As with sphere/polymer mixtures, low volume-fractions of
the rods in the vicinity of the binodalp( < 0.015) promote
early crystalline ordering of the spheres. This, however, also
leads to more grain boundaries and more powderlike structures
due to the fact that intermediate rod concentrations force the
spheres quicker into the two-phase region of the phase diagram.

discrepancy between these two values is in the order of theln the calculated two-phase region (0.0%5, < 0.030), fast

polydispersity of the particles (22 nm). The deviation from the

reaction-limited cluster aggregation is observed and disordered

bare diameter (700 nm) possibly indicates the presence ofsediments are obtained. The structures are kinetically arrested,
residual charges. It has indeed been found that the thickness ofind this obstructs crystallization. Experimental limitations

the double layer is in the order of 10 A28

prevented us from observing open fractal diffusion-limit cluster

The peaks are not observed in sample D, but a step in theaggregates.
intensity can nevertheless clearly be found at those spots. This The Fourier transform of images of the sediments clearly

is due to the fact that the Fourier transform contains both a

shows the structure in the one-phase region. The tranforms may

structure and a form factor. Although the structure has vanishedprove to be a valuable tool to locate the two-phase region
in the sediment of sample D, the shape of the form factor must experimentally where only the form factor remains. This

still be present as the colloids touch in the disordered system

.reinforces our believe that the equilibrium phase-diagram may
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