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The depletion-induced phase separation in a mixture of colloidal partield#A-latex) and nonadsorbing
polymers[poly(styrene] in a solvent(mixture of tetralin,cis-decalin, and carbon tetrachlorideas investi-
gated in real space with confocal scanning laser microscopy in the initial, intermediate, and final stage. It was
found that the kinetics and the morphology of the phase separation strongly depend on the polymer concen-
tration, and thus on the strength of the depletion-induced attraction between the colloidal particles. At moderate
polymer concentrations, crystallization of tR&MA particles is enhanced. At higher polymer concentrations,
only aggregation is observed, resulting in amorphous sediments. The aggregation is diffusion-limited or
reaction-limited, depending on the polymer concentration. Digital image processing was used to determine the
dependence of the aggregation rate and the size of the clusters on the polymer concentration.
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[. INTRODUCTION odal, at a minimum concentration of depletion agents re-
quired for phase separation, a small region of optimal
Phase separation in colloid-polymer suspensions is atrystallization is observed. The addition of more depletion
tracting wide attention. The subject ranges from fundamentahgents increases the phase-separation rate, but does not lead
studies in colloid science and cell biology to industrial appli-to crystallization.
cations. It is now generally accepted that phase separation in First, the narrow crystallization slot was found by visual
mixtures of colloidal particles and nonadsorbing polymers isobservatior]10,12,13. Subsequently, light scattering experi-
induced by depletion interaction. The basic concept datements gave more insight into the kinetics and struct(ees,
back to 1954, when Asakura and Oosdiashowed that an  transient gel$10]) involved in the phase-separation process
effective attractive interaction is induced between two largeipf colloid-polymer suspension8,11]. With the development
particles in a solvent with smaller partiC|eS, because of a.rbf (Video) microscopy techniques and the Synthesis of model
imbalance in osmotic pressure due to depletion of the smalletg)ioidal systems, the study of aggregation and crystalliza-

particles from the region between the larger ones. This idegon on the particle level became possible. With optical mi-
was put forward and expanded independently by MJjin 1o5copy, two-dimensional aggregation on surfaces or in

1976. The range of the attractive interaction is set by the Siz@onfined geometries was studiéd4,15. More recently.

of the polymer and its strength depends on the osmotic P"€Sfuorescence confocal scanning laser microscopy came into

sure, which in turn is a function of the polymer concentra—use to study statick16] and dynamics of colloidal suspen-
tion. The phase behavior of colloid-polymer suspensions has: . o
been studied theoretically, experimentally, and with com->ONs: such as dynamical hete:-rp geneilid, structu.ral re-
puter simulationg3—9]. The topology of the phase diagram Iaxat_lon near the glass transltlc[r18]z and crystallization

of these systems depends on the size rafiglefined as the [19] in colloidal hard-sphere suspensions. The use of _fluores-
ratio of the polymer radius of gyration and the colloid radius.€Nce confocal scanning laser microscé®SLM) in prin-

The existence of fluid-fluid and fluid-solid phase transitionsCiPl€ enables imaging the three-dimensional process in real

has been predicted by thed§,4] and confirmed by experi- time and real space on a single-particle level, not only in the

ments[6,7]. initial stage but also at long time scales, which are generally
More recently, interest has been growing in the kinetics offot easily accessible with computer simulations.
these phase transitiori§,10,11. Glasses, gels, and amor- I this paper, we investigate the kinetics and morphology

phous structures were described in experiments with colloiof phase separation as a function of the strength of attraction
dal suspensions. An interesting observation is that in fluidbetween the particles. A colloid-polymer suspension is used
solid transitions, the solid phase is sometimes a crystal an@s @ model system and the use of fluorescence CSLM allows
sometimes an amorphous structure. In earlier studies, a na#s to study it in real space and real time on a “semisingle”

row window of crystallization was observed. Near the bin-particle level. The strength between the colloidal particles is
varied by the polymer concentration. The experiments are

carried out at low colloid concentrations, because the dynam-
*Corresponding author. Email address: ics are too fast at higher colloid concentrations to investigate
H.N.W.Lekkerkerker@chem.uu.nl the initial stage with the microscope used. The colloid con-
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centration in the samples is thus fixed, while the polymer

concentration is varied. _
The paper is organized as follows. In the experimental suspension

section, the system and the microscopy experiments are de- =

scribed. In the following section, the determined phase dia-

gram and the results of the microscopy experiments are

given. Subsequently, in the analysis the results of the digital-

image processing are presented. Then a discussion on the

experiments is given, followed by the conclusions.

Xy — Az

Il. EXPERIMENTAL SECTION glass
plate

A. System

The colloidal particles used weMMA particles(poly-
methylmethacrylateprepared by dispersion polymerization
at 80 °C, following the method of Anf{l20]. The particles
were labeled with the fluorescent dye 7-nitrobenzo-
2-oxa-1,3-diazol (NBD) bonded to a coupling agent repulsive potential arising from interpenetration of these
(4-methylaminoethylmethacryt7 nitrobeno-2-oxa-1,3-  polymer layers of different particles upon approach.
diazol, which was incorporated during the polymerization
reaction. The particles are stabilized by a layer of 10 nm of a B. Microscopy
graft copolymer consisting of a backbone of methacrylate _ . . .
and glycidyl methacrylate monomers in a weight ratio of A Leica confocal scanning Igser MICTOSCOpE 1N fluores-
10:1, and tails of pol12-hydroxystearic acjdare attached C€Nce mode was us¢i9], the objective was a 100oil lens
to some of the glycidyl methacrylate monomers. The stabiWith @ numerical aperture of 1.4, the wavelength of excita-
lizer is chemically bonded by a locking reaction at 130 oc tion was 488 nm, a filter block for detection of light of wave-
The synthesis of these particles is described elsewhere {gngths larger than 500 nm was used, and the time needed to
more detail[21]. The radius was determined with both take an image of 100mx100xm with 1024x 1024 pixels
CSLM and scanning electron microscopy, and was found tavas 3 s. The lateral resolution of the microscope is about 200
be 600 and 580 nm, respectively, with a polydispersity ofim and the axial resolution is about 600 nm. The sample was
3%. The polymer used is commercially available gsty-  contained in a small vialvolume of ~1 ml) from which the
reng; its molecular weight is 2000kg/mol M,,/M,  bottom was replaced by a microscope cover s$hance
=1.11), and its density is 1.11 g/ml. The viscosity of solu-Propper Ltd., West Mids, Englanaf 0.11-mm thickness.
tions of this polymer in the solvent mixture was measured ad he vial was filled with 0.3 ml of dispersion and sealed with
a function of the polymer concentration using a Contravegeflon. Images were taken at 26m from the lower wall, a
LS40 rheometer with a Couette geometry equipped with alistance that equals 20 times the diameter of the colloids.
vapor lock. The radius of gyration, determined from theseThe influence of the wall on the process is considered neg-
viscosity measuremen{®2], is 46 nm, which implies an ligible at this position. The three-dimensior{@D) process is
overlap concentration of 8.15 mg/ml. Here, the polymer vol-studied with CSLM in 2D cross sections of the sample. The
ume fraction is defined as (48RS, with n the number CSLM images shown in this paper are eithgrscans, i.e.,
density of the polymers anR, the radius of gyration. The cross sections perpendicular to the field of gravity,xar
solvent used was a mixture of tetralicis-decalin, and car- Scans, which are cross sections parallel to the field of gravity;
bon tetrachloride in volume ratios of 36%80.3 wt.%,  see Fig. 1.

31.5% (24.6 wt. %), and 32.5%(45.1 wt. %), respectively;

between brackets the weight ratios are given. This particular . RESULTS

solvent mixture was chosen after a study of the stability and
behavior of thePMMA particles in various solvents as de-
scribed elsewherg23]. The density is 1.148 g/ml, the index  After homogenization of a sample at sufficiently high
of refraction is 1.50, and the viscosity is 1.87 mPas. Theconcentration of polymers, phase separation is observed
density of thePMMA particles in this solvent mixture is 1.25 within an hour by a sedimentation front between a colloid-
g/ml, as determined from the sedimentation rate. In this solpoor upper phasélight yellow) and a colloid-rich lower
vent mixture, thePMMA particles are stable for a long time phase(dark yellow and the appearance of a sediment at the
(at least several monthysthey are nearly matched for the bottom. The phase boundary was determined by visual in-
index of refraction, but not completely matched for the den-spection of suspensions with concentrations varying along
sity (density difference is on the order of 0.1 gimThe dilution lines(i.e., straight lines through the phase diagram
PMMA particles are behaving as nearly hard spheres, sinosith constant concentration ratio of colloid and polymer
the index matching minimizes interparticle attractions due tcstarting at high concentrations. It was observed that on ap-
Van der Waals forces, and the PHS layer provides a stegproaching the phase boundary by dilution, the sedimentation

FIG. 1. Sample container used in CSLM. The positions ofthe
and thexz scans are indicated.

A. Phase diagram
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) ) ) ) FIG. 3. Phase diagram of the colloid-polymer suspension with
FIG. 2. Phase diagram of the colloid-polymer suspension withy,a four regimes indicated.

the one-phase and the two-phase regions indicated. To guide the

eye, the phase boundary is indicated with a dashed line. ing was stopped, phase separation started immediately for
the samples within a certain polymer concentration range. It

velocity lowers and it became difficult to distinguish be- took about 30 sec before the first image could be taken with

tween phase separation and sedimentation of the particles the microscope. The phase separation was reversible in the

a single phase. In Fig. 2, a phase diagram is shown in whickense that by shaking the sample became homogeneous

the one-phase and the two-phase regions are indicated. At tlagain.

higher colloid concentration regions, the visual inspection Four different regimes were found in the phase diagram as

along the dilution line is stopped close to the phase boundindicated in Fig. 3. Regimé\ is the one-phase regiorc(

ary, at a point where we were still certain to have a phase<1.28 mg/ml) and regimeB—D are in the two-phase region

separating system. The phase boundary is just below thege,>1.58 mg/ml). Figure 4 shows time seriesxyfscans of

last points. the first hour after homogenization at a position of 2@

The structure of the sediment was examined visually in grom the lower wall, and Fig. 5 shows scans after an hour
few samples with a polymer concentration ranging from zeraand xy scans after several days. Representative series of the
to a concentration just sufficiently high to show phase sepavarious regimes are given. The time is in units of the Brown-
ration. The samples were prepared in “sedimentation” tubesan time rg, defined as
with an internal diameter of 6 mm and a round bottom. Each
tube was filled with 1 ml of suspension. Note that these tubes R? empR®
are larger and have a different shape from the vials used for ™D "~ keT
the CSLM experiments. We found that the structure formed
was dependent on the polymer concentration. At zero polywith R the radius of thePMMA particles,D the diffusion
mer concentration, the whole sediment turned out to be &oefficient, 7 the viscosity of the solvent with the polymer,
crystal with vertically oriented crystal planes, shown by itskg the Boltzmann constant, anidthe temperature.

Bragg reflections. The crystal started to form within a few
days. At higher polymer concentrations, but still below the 1. One-phase region
phase boundary, a crystal was observed only at the upper RegimeA (0<c,<1.28 mg/ml) is the one-phase region;
side of the Sediment, after about a week. This structure d|Qhe po|ymer concentration is so low that no phase Separation
not show vertically oriented crystal planes, but consisted ofook place. Sedimentation occurs because of the small differ-
smaller crystalline domains. At even higher polymer concenence in density between the individual particles and the sol-
trations, just above the phase boundary, the crystal layer wagnt. In about one day, a sediment was formed; the total
smaller. The sediment of the phase-separated sample showggight of the sediment was smaller than 1 mm. The addition
only some very small crystal domains on top of the sedimentof 3 small amount of polymers increased the sedimentation
rate. At low polymer concentration, the sediment was en-
B. Microscopy tirely crystalline within a day, whereas for a sample without
A series of 20 samples was made with a fix@MMA polymers it took several days to weeks before the sediment

volume fraction of 2.2% and a varying concentration of Was crystalline.
poly(styreng ranging from 0O up to 9 mg/mivolume fraction

of 0-110%, i.e., varying from the very dilute to the en-

tangled regimg The samples were shaken vigorously in or-  In regime B (1.58<c,<1.72mg/ml), the polymer con-
der to obtain a homogeneous dispersion. As soon as the shatentration is just high enough for phase separation to occur.

@

2. Two-phase region

021407-3



de HOOG, KEGEL, van BLAADEREN, AND LEKKERKERKER PHYSICAL REVIEW B4 021407

D

g 8 {:52 l] i . e 101 {BI:I? min) Vs 198 '.’T:SE m] : B- [35:54 mm]
c

tea: 16 (0:4%9 min) tfe: 104 (5:10 min) tfz: 205 (10:10 min) t'1e: 403 (19:56 min)
B

rg: E {3 mi'] tfta: 85 (4:50 min) a: 204 (2:24 min) tima: 401 (18:32 min)
A

e 17 (0:43 min) . 114 (4:56 min) t'tg: 211 (8:56 min) tirg: 404 (16:43 min)

FIG. 4. (Colon Time series of CSLM images ofy scans of the first hour after homogenization at a position ofi20from the lower
wall; image size 10@mx100um. Top row: regimeD, ¢=2.24%, c,=8.07 mg/ml; second row: regim€, ¢=2.15%, c,=2.10
mg/ml; third row: regimeB, ¢=2.05%,c,=1.72 mg/ml; fourth row: regimeé\, ¢=2.18%,c,=1.18 mg/ml.

The mechanism is like nucleation and growth; the clustersn white light were observed in this sediment, also indicating
formed seem to be of finite siZalthough not entirely crys- the presence of crystals.

talline) in a sea of monomers. Rapid sedimentation of these In regime C, at intermediate polymer concentration
clusters is observed. The growth of a single cluster could nof1.75<c,<2.28 mg/ml), aggregates are formed from single
easily be followed because of the high sedimentation rate gbarticles followed by growth of the clusters by aggregation.
the clusters. The total number of single particles is onlyThe clusters are not crystalline, but they are dense. After a
slightly decreased at the intermediate stage. The sedimentghile, sedimentation is observed by the increase of the num-
polycrystalline and the crystallites seem to have originateder of particles in the image. The sediment formed is dense
from the initial clusters. Macroscopically, Bragg reflectionsand no crystallinity was observed, although there seem to be

021407-4



DIRECT OBSERVATION OF CRYSTALLIZATION AND . ..

wz; 42:26min ' Xy days

xz: 40:51 min ¥y; 2 days

xz: 27:45min xy; 1 day

¥z, 40:00 min g xy: 1 day

FIG. 5. (Color) CSLM images ofxz scans after an hour and of
Xy scans after several days. Top row: regibe¢=2.24%, c,
=8.07 mg/ml; second row: regimeC, ¢=2.15%, c,
=2.10 mg/ml; third row: regimd, ¢=2.05%,c,=1.72 mg/ml;
fourth row: regime A, ¢=2.18%, c,=1.18 mg/ml; fifth
row: regimeA, ¢=2.11%,c,=0 mg/ml.

areas with short-ranged ordering.
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IV. ANALYSIS

The formation of the clusters is analyzed quantitatively by
digital image processing determining the coordinates of all
the particles in each time frame, using procedures similar to
the ones described by Crocker and Gfi24]. The confocal
images are 2D cross sections of the sample in time at a
certain position. In fact, they are 2D projections of a slab
with a thickness of approximately 0,6m (equal to the ra-
dius of the colloidg determined by the axial resolution of
the microscope. Within this thin slab, it is not possible to
distinguish between particles that are in focus and the ones
that are slightly out of focus. In general, the latter ones have
lower intensity, but particles that have been in focus for some
time are bleached and therefore will have a lower intensity as
well. As it is impossible to distinguish between the particles
in focus and the ones slightly out of focus within this small
slab, all particles were taken into account in the following
analysis. For these reasons, it is not possible to analyze a
radial distribution function or local bond-order parameter.

Figure 6 shows some of the results of the image analysis
in four graphs. Here, the time scales are again normalized by
the Brownian timeg. In the analysis, a cluster criterion is
used to define the maximum distance between particle cen-
ters in order to be of the same cluster. This distance is chosen
equal to the position of the first minimum in the projected
2Dg(r) [25], which was determined for each sample at
t/ 7g=600. We do not expect the projection “error” to influ-
ence our results too mudt26]. Figure §A) gives the total
number of particlesN, present in each time frame. In the
initial stageN,,; remains constant, followed by an increase
due to sedimentation for the higher polymer concentration
regions. Several plateaus at the ascending slopes are ob-
served, suggesting that the densification or rearrangement of
the sediment is not a continuous process. In Fi@) 6the
total number of single particles normalized by the total num-
ber of particles per framéNgj,qie/ Niot» iS given as a function
of time; this gives information about the aggregation rate.
We observe a very different dependence on time for the three
mechanisms in the phase-separating region. At the highest
polymer concentratiofregimeD), the aggregation rate is the
highest, followed by the intermediate polymer concentration
(regimeC). At the lowest polymer concentratidgregimeB),
the number of single particles remains high for a long time
compared to the other two regions. Finally, we see a decrease
in this curve due to the growth of the layer of sedimented
clusters. Figure &) gives the averaged number of particles
per cluster{N.), as a function of time. Single particles are
not considered as clusters of one particle in this analysis. The
plateaus from Fig. @) are recovered in this graph. Initially,

In regimeD (3.31<c,<9.04 mg/ml), aggregation is also the elongated clusters of reginig contain more particles
observed, but here the clusters have a more ramified or elothan the more compact ones of regii@e At intermediate
gated stringlike shape. Sedimentation is observed, and tHémes, the compact clusters of regin@econtain more par-
sediment formed is dilute, getting denser in a few days. Ndicles. The difference between the initial and intermediate
crystallinity is observed in the sediment. The highest poly-stages is caused by the difference in aggregation rate. In

mer concentration used he(®.04 mg/m) is slightly above
the overlap concentratiorct =8.15mg/ml), but no differ-
ence in morphology compared with the behavior belgiw
was observed.

regimeD, the aggregation rate is higher than in regife
This means that the number of particles that are part of a
cluster is increasing faster in regini2 When most of the
single particles are part of a cluster, then the average number
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of particles per cluster is no longer influenced by the differ- In this equationt is the time, 75 is the Smoluchowski
ence in aggregation rate, but only the result of the morpholtime, D is the diffusion coefficientkg is the Boltzmann con-
ogy of the clusters. In regimB, at the lowest polymer con- stant,T is the temperaturey is the viscosityR is the radius
centration, the average number remains low. Figul®) 6 of the particle, andp is the volume fraction of the particles.
gives the average number of neighbors per particle in a clusFhis equation is used only for the initial stage of the experi-
ter, (N,). Initially, the particles in the elongated clusters of ments. The initial stage is defined as the time period in which
regimeD have more neighbors than the more compact onethe total number of particles observed in the confocal images
of regime C, again due to the higher aggregation rate. Atremains constant, using Fig(es. The original number den-
intermediate times(N,,) is higher for the compact clusters, sity of particles,ng, is determined from the total number of
so these are becoming denser than the elongated clusters.garticles observed in the confocal images of the initial stage,
regime B, the number of neighbors remains low for a long and the number of single particles per time frame is deter-
time. The increase starts at the end of the curve. By this timanined using the cluster criterion, as defined above. The
more clusters formed are observed in one time frame becausimoluchowski timerg is now determined by a fit of the plot
of sedimentation. of the number of single particles per time frame as a function
The rate of aggregation can be analyzed in further detaibf time for the initial stage, using E€R). In comparison, the
by a comparison with the theory of Smoluchowski for aggre-Smoluchowski time could be calculated using the definitions
gation[27]. It is assumed that only the Brownian motion of given below Eq(2). The viscosity is a function of the poly-
the particles determines the process, and when particles caker concentration, which was measured with a rheometer.
lide they will stick together. When we start with a number In Fig. 7, we compare the Smoluchowski time predicted
density of particlesy, the decrease of the number of single from theory with the one determined by fitting the data ob-

particles,Ngingie, is described by tained by digital image processing. At high polymer concen-
tration (regimeD, formation of elongated clustgrshe cal-
Nsingle 70 culated and the determined value follow the same trend and

Vo (1+t/7p)?’ @ are of the same order of magnitude. However, going to the
lower polymer concentrationsegimeC, formation of com-
with  7¢=(87DRny) !, D=kgT/6myR, and n, pact clusters a sudden, rapid increase in the determined

=3¢l4AmR3. value is observed, while the calculated value is still decreas-
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125 T - the total amount of the sediment formed. In the sedimenta-
. —e— experiment

. | —o—theory tion tubes it is about 1 cm and in the confocal vials it is less
1004 'L E i than 1 mm. This implies that the pressure exerted on the

: particles due to the height of the sediment is different in the
, two kinds of sample containers, on the order of 100 times. In
75-| regime C l ’ regimeD]\/ the larger, sedimentation tubes, this higher pressure might
1 prevent crystallization. On the other hand, the small attrac-

‘ tion between the colloidal particles, induced by the addition

P of only a small amount of polymers, might enhance crystal-

lization. This may explain why in the confocal vials the sedi-
. ment of the samples with a small amount of polymers added
crystallizes more easily compared to that without any poly-

7, [8]

50-1

25

mer.
0 T T T T . . .
0 2 4 6 8 10 In the phase-separating region, we found three regimes
¢_[mg/mi] with very different characteristics. Not only the kinetics of
p

the phase separation, but also the morphology of the result-
FIG. 7. The predicted and determined Smoluchowski times. ing sediments differs. The boundaries between these three
regimes are surprisingly narrow.
ing. So the aggregation process in regi@eannot be de- Regime B, which is very narrow, is clearly distinguished
scribed by the Smoluchowski equation for rapid coagulationfrom regimesC and D by the nucleationlike nature of the
mechanism and the high number of single particles through-
V. DISCUSSION out the initial and intermediate stage. Regin@andD are
distinguished from one another by the morphology of the
It is possible to distinguish three stages in the phaseelusters and the aggregation rate. The structure of the clusters
separation process: the initial stage in which sedimentation i regimeD is open and stringlike, while in regim@ it is
not observed, the intermediate stage in which sedimentatiodenser, more compact, and seems to have some ordering. The
plays a role(observed as an increase of particles in thetransition from regimeC to D is also indicated by the deter-
CSLM image, and the final stage in which the sediment hasmination of the Smoluchowski times in the initial stage. Re-
reached its final density. The morphology of the sediments igime D can be described by the Smoluchowski equation for
these experiments is not only determined by the induced atapid aggregation, whereas in regirfiethere is a discrep-
tractions, but also by the gravitational field. Sedimentationrancy between the determined and expected value for the
alters the concentration of particles, which has in turn arSmoluchowski times. We could consider regibas an “ir-
influence on the kinetics of the phase separation in the intetreversible” diffusion-limited cluster aggregatio(DLCA),
mediate stage, e.g., with respect to collision and bondingnly determined by the diffusion of the particles and irre-
probabilities. versible in the sense that once particles encounter they will
The CSLM experiments explain the difficulty in finding stick together. Analogously, regint@can be considered as a
the phase boundary by visual inspection. Just across theeversible” DLCA; particles encounter but there is a prob-
phase boundary we found with confocal microscopy theability less than 1 for the particles to stick together. The
nucleationlike mechanisriregimeB), where the number of “reversible” DLCA is sometimes also termed reaction-
single particles remains high for a long time. The sedimen{imited cluster aggregatiofRLCA).
tation rate of such a phase-separating sample is not much Brownian dynamics simulations allow a direct compari-
different from that of a sample in the one-phase region neason with real-space experimertesg.,[29]). A recent Brown-
the phase boundary. Therefore, it is difficult to distinguish aian dynamics simulation on dilute systems with short-ranged
phase-separating suspension from a non-phase-separatiaigractive interaction$30] shows striking similarities with
one near the phase boundary. the confocal images described here. Three regimes were ob-
In the one-phase region, the structure of the sedimenrtained with morphology similar to the ones we found experi-
formed in the sedimentation tubes was different from thementally in the colloid-polymer suspensions.
ones observed in the confocal vials. Actually, the effect of The kinetics of phase separation have already been exten-
the polymer concentration on the structure was opposite isively studied by light scattering8,31-34. Spinodal-like
the two types of sample containers. In the sedimentatiomehavior was found in various studies. The main issue here
tubes, the addition of polymers decreased the amount afeems to be the subtle boundaries between spinodal decom-
crystals, whereas in the confocal vials the addition of poly-positionlike behavior and DLCA33]. We believe that with
mers increased the formation of crystals. It appears that theonfocal microscopy we have a tool at hand to solve this
structure of the sediment is not only dependent on the commatter, because we can study bulk processes on a particle
centrations, but also on the form and size of the tubes and tHevel.
amount of dispersion. It is a complex interplay between sev- Poonet al.[8] defined various regimes of phase behavior
eral parameters that determines the final structure of the sedising light scattering, which we will compare here to our
ment[28]. In these experiments, the most important differ-results. Pooret al. distinguished three regions: a region
ence between the two types of sample containers is probablyhere no phase separation occurs, a region of equilibrium
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1.0 - adapted from Dijkstraet al. [9]. In the same figure, the
. ff‘:ﬂa‘:anse vansition samples investigated by CSLM are indicated and the various
08 s B nuc‘feaﬁon_"ke regimes are specified. We find that the fluid-solid phase
a e C:compact clusters boundary coincides with the results of our experiments. Fur-
o D: elongated clusters thermore, regim& and regimeC are between the fluid-solid
0.6 - binodal and the metastable fluid-fluid boundary. We do not
g |° know if the position of these two regimes is influenced by
£ the metastable boundary or whether it is a coincidence.
foaqo T A narrow region of optimal crystallization is reported for
F+F crystallization of globular proteins as wgB6], where aggre-
0.2 | gates leading to crystallization are called CRAG@&s/stal-
¥ s lizing aggregatesand aggregates It_aading to amorphous sedi-
N F Sus ments are called PRAGG ¢precipitating aggregatgsThe
00— N === J distinction between a CRAGG and a PRAGG at an early
0.0 02 0.4 06 08 stage is important. If we make the comparison with our ex-
Peoloia periments, we see that in regirBe(low polymer concentra-

. . . . tion; nucleationlike mechanissNCRAGG's are formed, re-
FIG. 8. Phase diagram obtained by simulatiéhwith the ex-  sulting in this case in a polycrystalline sediment. Regiine
perimental data points indicated. can now easily be recognized in the initial stage by the ex-

phase transition, and a region of nonequilibrium phase traniStence of a few large clusters in a sea of single particles,

sition. In the last region, three mechanisms were found: 4/n€reas in regime€ andD, first almost all the single par-

nucleationlike behavior, a spinodal-like behavior, and tran{icleS aggregate to small clusters, which in turn aggregate to

sient gelation. The nonequilibrium phase boundary is deter2199€r clusters, resulting in PRAGG’s. From the images of
mined by a difference in sedimentation rate of the soligthe initial stages of the three mechanisms, it was not clear at

first that only regimeB results in a crystalline sediment. Also
the clusters in regim€ are dense and seem to have some

gion and the nonequilibrium region with the nucleationlike ©"dering, but the resulting sediment is not crystalline. Sedi-
behavior. According to Pooet al, there should be a subtle mentation in this case could be the reason that the clusters

change in sedimentation rate only, which is not easy to obere prevented from crystallizing.
serve in the small samples that we used. Furthermore, we did
not qbserve a region defined as transient gelation. However, VI. CONCLUSIONS
this is expected, because we worked at a very low colloid
concentration. The most interesting region to compare is the The combination of fluorescence confocal scanning laser
region where Pooet al.found a spinodal-like behavior. It is microscopy and a colloidal suspension with some specific
called spinodalike behavior because at intermediate timescharacteristics allows us to study bulk phase separation in
the scattering exhibits dynamic scaling with the expongnt real space and real time on a particle level. Three mecha-
=3, the spatial dimension. This behavior resembles that ofisms for phase separation in a colloid-polymer suspension
spinodal decomposition. At higher polymer concentrationswere found as a function of the polymer concentratioa.,
the dynamic scaling still holds but the exponent is reduced tstrength of attraction between the colloidal partizlesgime
1.8, which is equal to the fractal dimension of aggregate$ (very narrow, a nucleationlike mechanism at low polymer
formed by DLCA. Furthermore, they found the structure ofconcentrations; regim€, aggregation leading to compact
these samples under the microscope to be interconnected ddusters(reaction-limited aggregatiorat intermediate poly-
main patterns. We found in this region two regimésndD. mer concentrations; regime, aggregation leading to elon-
We defined them both as a DLCA behavior in the initial gated clustergdiffusion-limited aggregationat higher poly-
stage(when no sedimentation is obseryetiut we made a mer concentrations. The borders between the three regimes
distinction between reversible DLCA in regime C and irre- are quite sharp. Digital image processing was used to char-
versible DLCA in regimeD. In both cases, an interconnected acterize the three mechanisms semiquantitatively. The final
structure is observed after some time. However, it originatestructure of a phase-separating sample is determined by the
not from spinodal decomposition but from aggregation of themechanism of phase separation in the initial stage and the
particles and the effect of sedimentation. influence of the gravitational field in the intermediate stage.
Poonet al. connect the various regimes in phase behavioMoreover, we found that the size and the shape of the sample
to the phase diagram. They suggest that nonequilibrium besontainer have an effect on the final structure as well. Only
havior is related to metastable phase boundd®&s. We  in regimeB, at low polymer concentration, did the sediment
compare our results of the various regimes with a phase diazontain crystalline parts. However, in regirie at interme-
gram obtained by simulations for a model colloid-polymerdiate polymer concentration, there seemed to be some order-
mixture with the size ratio of polymer to colloid of 0.1 by ing at short range. It is possible that the gravitational field
Dijkstraet al.[9]. Figure 8 shows the phase diagram with theprevents the system from forming a crystalline sediment. In
fluid-solid phase boundary and the phase boundaries for theegimeD, at high polymer concentrations, no ordering was
metastable fluid-fluid and solid-solid phase transitionsfound in the final structure.

phase. Our regim® has the same characteristics as in two
regions defined by Pooet al.: the equilibrium transition re-
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