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Abstract

We have studied the kinetics of phase separation and gel formation in a low-dispersity colloid —
non-adsorbing polymer system with long range attraction using small-angle light scattering. This
system exhibits two-phase and three-phase coexistence of gas, liquid and crystal phases when the
strength of attraction is between 2 and 4 kT and gel phases when the strength of attraction is
increased. For those samples that undergo macroscopic phase separation, whether to gas-crystal,
gas-liquid or gas-liquid-crystal coexistence, we observe dynamic scaling of the structure factor and
growth of a characteristic length scale that behaves as expected for phase separation in fluids. In
samples that gel, the power law associated with the growth of the dominant length scale is not
equal to 1/3, but appears to depend mainly on the strength of attraction, decreasing from 1/3 for
samples near the coexistence region to 1/27 at 8 kT, over a wide range of colloid and polymer

concentrations.
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I. INTRODUCTION

Colloidal systems provide a rich playground of equilibrium and non-equilibrium phases
in which to explore fundamental problems such as the kinetics of crystallization, the aging
of gels, and the nature of glassy states [1]. Time and length scales are easily accessible and
interactions between colloidal “atoms” can be precisely tuned. In particular, an attractive
interaction can be generated by adding a non-adsorbing polymer to a colloidal dispersion,
where the range of the interaction is tuned by changing the ratio gz of the size of the polymer
in the dilute limit to the size of the colloidal particle and the strength of the interaction is
set by the polymer concentration [2].

The phase diagram for systems where the range of attraction is short, gg < 0.25, and the
strength of the attraction is weak (comparable to kgT'), includes regions of fluid, crystal,
coexisting fluid and crystal and, at high colloid concentration, a non-equilibrium repulsive
glass. As the strength of the attractive potential is increased, other non-equilibrium phases
are observed [3, 4]. At low colloid concentration, fractal clusters form by mechanisms similar
to nucleation and growth. At intermediate concentration, transient gels are observed that
are characterized by a length scale that evolves to a certain point before the gel collapses
or the structure arrests. These structures are attributed to a metastable region of gas-
liquid coexistence; samples quenched into this region phase separate into gas and liquid
phases by a process similar to spinodal decomposition but the evolution is arrested when
the concentration of the liquid phase crosses into the glass phase [5-8]. At high colloid
concentration, samples form an attractive glass [9)].

Systems with long-range attraction, ggr > 0.25, show an even richer phase diagram with
colloidal phases demonstrating gas, liquid and crystalline order as well as regions of two-
phase (gas-liquid, gas-crystal and liquid-crystal) and three-phase coexistence [10]. Non-
equilibrium phases, such as gels, form at stronger attractive potentials [11, 12]. While the
possibility of different kinetic regimes has been carefully examined [13, 14], detailed exper-
imental study of the dynamics of formation of equilibrium and non-equilibrium phases is
limited to a few studies. It has been shown that fluid-fluid phase separation of polymer-
colloid mixtures is consistent with the phase separation of binary mixtures if the particle
diameter is used as an estimate of the minimum correlation length [15]. Ageing of gel-forming

samples has been investigated by confocal microscopy and rheology in a more disperse emul-
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sion system that uses xanthan gum as the depletant at a colloid concentration of 0.2 and
qr = 0.60 [12]. Dynamic scaling consistent with spinodal decomposition was observed in the
evolution of the structure function prior to arrest. However, the characteristic length scale
grew more slowly than the t'/3 power law observed in normal fluid phase separation, with the
exponent becoming smaller for deeper quenches. A more recent paper from this group [16]
compares the dynamics of phase-separating colloid-polymer systems closer to the coexis-
tence curve in three systems with different interaction ranges using confocal microscopy.
They identified a crossover between classical phase separation and gelation.

In this work, we present results of small angle light scattering (SALS) experiments for a
system characterized by a long-range depletion interaction, qr ~ 0.5. Low dispersity allows
for crystallization of the colloid. As a result, the phase diagram includes gas-liquid, gas-
crystal and gas-liquid-crystal coexistence regions as well as gel phases at higher strength of
attraction. Samples spanning a wide range of colloid and polymer concentration were made,
allowing us to investigate kinetics over a more extensive range of environments than previ-
ously studied. The results show that the structure evolves by growth of a single characteristic
length scale, as described for phase separation [17] but observed more widely. Extending
results of Ref. [12], we observe that the growth of the characteristic length scale follows a
power law with an exponent that decreases with quench depth. We find that the growth

exponent scales with the strength of attraction over a wide range of sample conditions.

II. MATERIALS AND METHODS
A. Sample preparation

The samples consisted of mixtures at various concentrations of colloidal particles and
non-adsorbing polymer dispersed in a solvent. The colloids were poly(methylmethacrylate)
(PMMA) spheres sterically stabilized by a thin, chemically grafted surface layer of poly-
12-hydroxystearic acid [18, 19]. The solvent was a 45:55 mixture (by mass) of cis/trans
decahydronaphthalene (decalin) and tetrahydronaphthalene (tetralin), which matches the
refractive index of the colloidal particles, reducing both the scattering in the system and the
van der Waals attraction between the particles. Because the PMMA particles absorb a small

amount of tetralin, the particles were heat-shocked to rapidly reach equilibrium swelling [20].
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The radius of the swollen particles was calculated to be (230 £ 10) nm by correcting the
radius of the swollen particles measured by static light scattering by addition of the thickness
of the steric layer thickness obtained previously for particles made by this method [20, 21].
The relative dispersity was measured to be 0.06 by static light scattering. The non-adsorbing
polymer, polystyrene (PS), had a molecular weight M, = 13.2M g/mol and dispersity index
M,,/M,, = 1.05 (Polymer Laboratories Ltd., UK). A fit of the Debye relation to the angular
dependence of the light scattered by a dilute suspension of the polymer in the decalin:tetralin
mixture yielded a radius of gyration of (120 4+ 4) nm, from which we estimate an overlap
concentration ¢,* = (3M,,)/(4rNaR,”) = 3.0 mg/mL and a relative range of the depletion
attraction in dilute solution of qr = 0.52 + 0.03.

Eight series of samples were prepared for this study. The initial sample in each series
was made at high colloid and/or polymer concentrations, and then successively diluted with
the solvent mixture to cross the gas-liquid-crystal coexistence region. After each dilution,
the new sample was mixed by tumbling in a rotator for 15 minutes before starting any
measurements. We defined the time the sample was removed from the rotator as ¢ = 0
in all experiments. The initial colloid volume fraction ¢. and polymer concentrations c, of
each series (S1-S8) can be found in Table I. To determine the initial colloid volume fraction
of each series, the colloid concentration for the initial samples was obtained from a single
hard sphere sample whose concentration was obtained from analysis of the phase volumes
for samples in the coexistence region [22].

The samples made by diluting each of these initial samples are shown in Fig. 1. This
diagram also shows the three-phase region expected for this system calculated using the
generalized free volume theory (GFVT) developed by Fleer and Tuinier [23] for ¢p = 0.45
and assuming theta-solvent for the polymer. This value of g provides a good description
of our data, although it is slightly lower that the value anticipated from measurement of
particle size and polymer radius of gyration. This batch of colloids was slightly more disperse
(6% compared to 5%) as measured for previous batches. It has been shown that increased

dispersity can affect the phase diagram [24].
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TABLE I: Initial colloid volume fraction ¢. and polymer concentrations ¢, (in units of mg/mL)

for the eight series (S1-S8) of colloid-polymer dispersions studied.

Series| ¢, Cp

S1 0.090 | 1.24
S2 | 0.129 | 1.10
S3 | 0.329 | 1.55
S4 | 0.387 | 1.12
S5 | 0.466 |0.857
S6 | 0.387 |0.512
S7 | 0.538 10.270
S8 | 0.539 |0.110

B. Small-angle light scattering

We used a custom-built small-angle light scattering (SALS) apparatus to measure light
scattered at small angles ranging from 0.08 to 10 degrees [25]. Based on previous work by F.
Ferri [26], this instrument uses a CCD camera to image the scattered light in the focal plane
of the collection lens. Samples were placed in glass cells having an internal pathlength of
4 mm. Measurements were started within 8 s of the time that the sample was removed from
the rotator and images were acquired every 3 s for 30 s, then every 5 s for 100 s, every 30 s
for 900 s and finally every 500 s for 15,000 s, after which no further changes were detected.
Samples were remixed between runs.

Phase separation of the sample was characterized by the development of a bright ring
in the images with a corresponding peak in the intensity data at a scattering wavevector
Gm = (4mn /) sin(6,,/2), where n is the refractive index of the solvent, A is the wavelength
of the incident light, and 6, is the scattering angle at which the maximum intensity occurs.
Such a ring signifies a mean spacing between colloid-rich domains of L, = 27 /q,, [27]. To
analyze each image, data were corrected by subtracting the scattering from the solvent, as
measured in a cell of the same thickness, and azimuthally-averaged at constant scattering
angle from the transmitted beam. A Gaussian function was fit to a limited number of points

near the peak in the intensity to find the peak value ¢,, and the maximum intensity S(¢,,).
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FIG. 1: Phase diagram showing the compositions of the eight series (S1-S8) of samples under study
plotted as a function of colloid volume fraction ¢. and polymer concentration ¢, in the sample.
The symbols represent the final state of the system observed at each composition as described
in the text: gel, fluid-gel coexistence, fluid-crystal coexistence, gas-liquid-crystal coexistence, gas-
liquid coexistence, fluid. The solid grey triangle represents the three-phase coexistence region, the
solid grey curve represents the gas-liquid coexistence curve and the black star the critical point as
calculated following GFVT [23] assuming the solvent mixture is a theta-solvent for the polymer
and that gqr = 0.45. The dashed grey lines approximate boundaries between our observations of

fluid-crystal, fluid-gel and gel phases and are provided as guides to the eye.

III. RESULTS AND DISCUSSION

A. Visual observations

Visual inspection of the samples shows behavior that depends on the colloid and polymer
concentrations of the samples and is consistent with previous results from this system [10].
All samples show an increase in turbidity following homogenization. At low dilution, the
intensity fluctuations from the samples become static, which is evidence of an arrested
structure. At the lowest dilutions of series S3, S4, S5 and S7, no change in structure was
observed over at least two days, the time taken for dilute fluid phases to sediment in this
system. After further dilution, i.e. at lower polymer and colloid concentration, structures
are formed that sediment after a period of time that becomes shorter as the dilution is
increased. This behavior is characteristic of weak colloidal gels [5, 28]. As the dilution is

increased further, samples phase separate into gas-crystal, gas-liquid-crystal and gas-liquid
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FIG. 2: Temporal evolution of the effective volume fraction of colloid ¢.¢// in gel samples from
series S3. The sample compositions are shown in the legend. Arrows represent the onset of
sedimentation. The inset compares the time when the SALS ring disappears 7sars (open squares)
to the time when sedimentation is observed to begin 7g (filled squares) as a function of the strength

of attraction.

phases. The final structure observed after each dilution is indicated on Fig. 1.

B. Gel sedimentation

We obtained further information about the structure of the gel phase by studying the
sedimentation of the samples that gel. We measured the height of the sediment h, as a
function of time following mixing as recorded in photographs taken every 10 minutes after
mixing [28]. From the height, we estimated the effective colloid volume fraction ¢,/ of the
gel phase from the colloid volume fraction of the sample ¢. and the ratio of the total height
of the sample h, and the height of the gel phase

ho
¢06ff = h_ ¢c . (1)

Results for a selection of samples in series S3 are shown in Fig. 2. At the beginning of the

experiment, before sedimentation starts, the effective colloid volume fraction is equal to the
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sample volume fraction ¢.. The sample with highest polymer and colloid concentration, ¢, =
1.55 mg/mL and ¢. = 0.329, where the data is shown as solid black squares, did not sediment

¢/ remains constant. As the other samples sediment, their

appreciably over two days so ¢,
effective colloid volume fraction increases reaching a final ¢.// of 0.5, showing that their
final structures are not compact; these results are consistent with observations of other
workers [5, 28]. Arrows mark the delay times 7¢ when sedimentation starts, as estimated
from the curves. The time 7g increases dramatically as the strength of attraction —U,/kg T'
increases, as shown in the figure inset (filled squares). Values of the attractive potential
at contact were calculated from GFVT [23]; further details can be found in the Appendix.
Recent work [29] reviews the relationship between the delay time and microscopic processes

that causes it and presents a model which connects gel collapse to the kinetics of bond

breaking.

C. Small-angle light scattering

The evolution of the structure of all samples was monitored by SALS. For most samples,
CCD images exhibit a diffuse ring that appears at high ¢ a few seconds after mixing and
evolves with time. Characteristic SALS data are shown in Fig. 3 for two samples in series S3
whose equilibrium structures are (a) gel and (b) gas-crystal coexistence. The first measure-
ments after initialization show little structure but exhibit dynamic intensity fluctuations.
As time passes, a peak forms in the scattered intensity at high ¢. It grows in amplitude
and moves to smaller ¢ as the time after mixing increases. In the more concentrated sam-
ple, Fig. 3a, evolution appears to cease as there is no obvious change in ¢, and the peak
amplitude. This lack of dynamics and arrest at a final characteristic length scale is char-
acteristic of formation of a gel structure, consistent with observations discussed previously.
In most samples with these characteristics, the SALS ring eventually becomes asymmetric,
consistent with gravitational collapse [12, 30]. The time when this occurs Tsars is shown on
the inset of Fig. 2 (open squares) and is consistent with sedimentation times 7¢ estimated
from visual observations. The difference between 7¢ and 75475 indicates that the gels start
sinking some minutes after they lose their internal structure. As the sample is diluted and
the polymer and colloid concentrations are decreased, the ring collapses more quickly and

gel collapse occurs earlier. In samples with lower colloid and polymer concentrations, as
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FIG. 3: Temporal evolution of the scattered intensity as a function of scattering vector measured

at different times following mixing (3< t <133 s) for two samples from series S3 with (a) ¢, = 0.258

and ¢, = 1.22 mg/mL (gel) and (b) ¢, = 0.198 and ¢, = 0.93 mg/mL (gas-crystal coexistence).

shown in Fig. 3b, the peak evolves to the point where it moves to scattering wave-vectors
too small to measure and we observe macroscopic phase separation, either into three phases,
crystal-liquid-gas, or into two phases, liquid-gas or crystal-gas or crystal-fluid. A peak was
not observed in the SALS data for samples from series S8, although macroscopic phase sepa-
ration was observed. We believe this is because contrast between the phases was particularly
low in this series, making it difficult to observe the scattering ring with our instrument.
The scattered intensity S(q,t) obtained for each data set was scaled by normalizing the
scattering wavevector by its value where the intensity is maximum ¢, and the intensity by the
maximum value S(g,,). Remarkably, we find that all data sets collapse when scaled in this
way, indicating that the structure evolves with a single characteristic length L,, = 2 7/¢,.
Figure 4 shows results for four samples in series S3, whose equilibrium structures are (a) a gel,
(b) gas-crystal coexistence, (c) gas-liquid-crystal coexistence and (d) gas-liquid coexistence

for data taken over a time period from 5 to 50 s after initialization. The scaling of the
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FIG. 4: SALS data with the intensity scaled by the peak intensity plotted as a function of the
scattering vector scaled by the peak wavevector for four samples in series S3 (compositions shown
on the graph) that evolve to different structures: (a) gel, (b) gas-crystal coexistence, (c) gas-liquid-
crystal coexistence, and (d) gas-liquid coexistence. The curves represent the dynamic scaling
function proposed by Furukawa for phase separation in critical samples, Eq. 3, with v = 3.9, 6.7,

8.9, and 4.3, respectively, where the uncertainty in ~ is 0.3.

evolving data worked well over a period of time — typically for 5 < ¢ < 50 s, except for the
highly concentrated gels where early time data is noisy. In these cases, scaling applied for
75 < t < 130 s. After this time — i.e. a minute or two — the data does not scale as well,

presumably because sedimentation is affecting the structure.

10



Page 11 of 24

Soft Matter

From Fig. 4 we see that the shape of the scaled scattered intensity F (q/¢)

S(g,t)
S(Qm) ’

varies with sample composition. H. Furukawa proposed a model function for scaling structure

F(q/qm) =

(2)

functions that describes both large- and small-¢ behavior [17]:

2
(1+3) (&)
0l q o ’
i+ ()

where v is the scaling exponent. This function was developed to describe phase separation in

Fq/qm) =

(3)

binary mixtures but has been applied to many systems. The exponent v describes structure
at small length scales, particularly domain interfaces. We fit this model function to our data;
results are shown in Fig. 4 as black curves. We found some deviations for some data sets at
either small or large ¢ but it is possible to estimate a value for v for each data set. There
are several experimental limitations that affect the data. In particular, double scattering
due to high contrast between colloid and solvent or high background scattering due to low
contrast results in small changes in the shape of the scaled data.

The scaling exponent 7 is related to the dimensionality of the system. Typically two
types of quenches are described: quenches into the region of the phase diagram close to
the critical point and off-critical quenches into the metastable region between the binodal
and spinodal curves. For critical quenches, where the domains are entangled, Furukawa [17]
predicts that v = 2 d, while for off-critical quenches, below the percolation threshold, the
prediction is that v = d + 1, where d is the dimensionality of the structure. In colloidal
gelation, d is interpreted as the fractal dimension [31].

Figure 5 (a) shows the scaling exponent obtained by fitting Eq. 3 to the scaled scattering
data. The composition of each sample is shown by placing a marker on the coexistence
curve from Fig. 1; the value of v is represented by the color of the marker. In general the
results for v are consistent with Furukawa’s predictions: in the central part of the coexistence
region, v is about 6; near the low ¢. corner where we expect phase separation by nucleation
v is about 4; at high ¢, where we expect a fractal gel (d ~ 2 [31]) the exponent is also
4. However there is a region close to the critical point where the exponent is higher than
expected, closer to 8 than 6, and the boundaries between these regions are not sharp. There

are some limitations in our determination of v, however consideration of the results in the
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FIG. 5: The scaling exponent for the dynamic structure factor as obtained by fitting Eq. 3 to
the SALS data for samples corresponding to those shown in Fig. 1. In part (a), the value of the
exponent is depicted by the color of the symbol, as shown in the legend. The samples represented by
crosses did not show a spinodal ring. Low ¢, ¢. concentration samples did not phase separate but
remained homogeneous. Samples at the extreme liquid-crystal end of the three-phase region had
very low contrast, precluding any observation of a change in structure. We believe no spinodal ring
was observed in the highest concentration samples in series S3 and S4 (gels) because it developed
at ¢ larger that we had access to in our SALS instrument. The solid black lines delineate the
three-phase coexistence region and the dashed line the gas-liquid coexistence curve as shown in
Fig. 1. Part (b) shows the value for d calculated from +, as described in the text. The dashed lines
showing d = 3 and d = 2 are included as guides to the eye. Values are for samples from series

S1-S7, with markers as shown in the legend.

context of the strength of attraction do present a consistent picture. Figure 5 (b) shows
value for the dimensionality d calculated from «y as follows. For samples with ¢, > 1/6, we
assumed v = 2d. For samples below the percolation threshold at ¢. = 1/6, we assumed
v = d+ 1. Results are plotted as a function of the strength of attraction and the error

bars are calculated from estimates of the uncertainty in v for each measurement. For the

12
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FIG. 6: The change in the peak position with time for samples in series (a) S3, (b) S4, (c¢) S5
and (d) S7, where each set of data markers corresponds to the temporal evolution of a sample
of different colloid and polymer concentration; the compositions of the different samples studied
are shown in Fig. 1. The samples that evolve most slowly have the highest colloid and polymer
concentration. Open symbols are used for samples that undergo macroscopic phase separation to
either gas-liquid, gas-liquid-crystal or gas-crystal phases. Closed symbols are used for samples that

form a gel. Lines are used as guides to the eye showing power laws with different exponents.

wide range of colloid concentration and strength of attraction studied here, the results are
consistent with d = 3 for |U,| < 4kp T andd = 2 for |U,| < 4 kg T. All samples that
undergo macroscopic phase separation are consistent with Furukawas scaling function for
d = 3. This is expected for samples undergoing spinodal decomposition to coexisting liquid

and gas phases; note here that samples that evolve to coexisting gas-crystal and gas-liquid-

13
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crystal also follow this scaling. The data for samples that evolve to a gel are consistent with
the scaling function for d ~ 2, a typical value for fractal aggregates [31].

Figure 6 shows the temporal evolution of the scattering wavevector g, at which the
intensity is maximum for samples in series S3, S4, S5 and S7. Evolution of the characteristic
length scale L,, is evident even in the highest concentration sample in each series. As the
samples are diluted, L,, grows more quickly. The growth of L,, shows power-law behavior,
L,, o t'/8; the lines on each graph show different 5 values. The samples shown with solid
symbols form gels. There are two groups: at higher concentration samples grow with a single
power law until evolution is interrupted by sedimentation. At slightly lower concentrations
B decreases before sedimentation. The samples shown with open symbols show macroscopic
phase separation; in these samples, L,, grows with a power law of 1/3, or § = 3, at early
times.

Growth of the characteristic length scale with a power law of 1/3 is expected for phase
separation of a binary mixture, and has been observed in liquid-gas phase separation in the
polymer-colloid system [15]. Here we see that this behavior is characteristic of all samples
that undergo macroscopic phase separation. In fact, the evolution of the position of the peak
in the structure factor for samples that undergo macroscopic phase separation is remarkably
similar regardless of whether the final state is gas-crystal, gas-liquid-crystal or gas-liquid
coexistence, as can be seen by comparing data with open symbols in Fig. 6.

When scaled, the data agree quantitatively with the scaling prediction proposed by Fu-
rukawa [17]. For example, in Fig. 7 we compare data for samples from series S1-S7 that show
gas-liquid-crystal coexistence in equilibrium. In this figure, the time has been scaled by the
Brownian diffusion time 75 and the peak position has been scaled by the particle diameter
a. The data show good agreement with the empirical expression proposed by Furukawa
for phase separation in systems with a conserved order parameter (shown as a solid curve

1/3 power law dependence

in Fig. 7), which is consistent with predictions for an initial ¢~
typical for diffusion-limited growth and a ¢! dependence at longer times due to growth
dominated by surface tension. At t/75 ~ 100, when the spacing between phase-separated
regions is approximately equal to the capillary length L. = \/m [41], the rings begin
to collapse faster than the Furukawa prediction, consistent with sedimentation. The crosses

show data from recent experiments carried out at the International Space Station using a

similar colloid-polymer mixture in a similar region of the phase diagram. In microgravity,

14
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for samples from series S1-S7. The time is normalized by the Brownian diffusion time 75 = T

where 7 is the viscosity of the polymer solution in the free volume, which is calculated by taking
both the concentration of polymer, using the Mark-Houwink-Sakurada equation [32], and the colloid
volume fraction [33] into account, using a solvent viscosity of 2.165 mPa-s. The peak position ¢, (t)
is normalized by the particle diameter a. Data from Ref. [34], shown as crosses, show long time
evolution observed in a microgravity environment. The curve shows the expression proposed by
Furukawa for binary fluids in absence of gravity capturing the early (L,, ~ 1/ 3) and late time

(L, ~ t ) scaling behavior.

phase separation does follow the =1 dependence at longer times, before becoming arrested
by the formation of crystals in the liquid phase [34].

The samples shown as solid symbols in Fig. 6 form gels. The characteristic length scale
of the gels also grows algebraically, although more slowly than usually seen during phase
separation. This behavior appears to start very early in the evolution of the phases; i.e.

1/3 power law before rolling

there does not appear to be a period where growth follows a ¢~
over into a new exponent. Figure 8 shows the inverse of the growth exponent 5 for samples
from series S1-S7 plotted (a) as a function of the colloid volume fraction and (b) as a function
of the strength of the attractive potential at contact, calculated from GFVT [23] (further
details can be found in the Appendix). Figure 8(a) demonstrates that, while 5 increases
with ¢. for all series, there are other factors influencing the size of 5. Figure 8(b) shows

the importance of the strength of the attractive potential. Most of the data collapse when

plotted as a function of the strength of the attractive interaction, showing the growth is
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FIG. 8: Inverse of the growth exponent as a function of (a) colloid volume fraction and (b) strength
of the attractive interaction for samples from series S1 through S7. At small interaction potential,
the growth exponent is approximately 1/3 at early times. When the strength of attraction is
greater than |U,| ~ 4kpT it decreases. The growth exponent appears to be largely determined by

the strength of attraction at contact.

controlled in large part by the strength of the attraction and appears to be independent
of ¢.. For samples with —2 < U, — 4 kgT, § = 3. These samples exhibit macroscopic
phase separation. When the strength of attraction exceeds 4 kgT', B increases. In these
samples, macroscopic phase separation is not observed and gel formation occurs consistent
with other work [8, 12, 35]. Samples with —4 > U, > —5.5 kg1 correspond to those in Fig. 6
where sedimentation is proceeded by an increase in [, while samples with —5.5 kgT > U,
correspond to those where the growth exponent is constant until the gel collapses. Series
S7 has the highest overall colloid volume fraction and the fact that the data for this series
lie above the data for the other series indicates that, at high enough colloid concentration,
crowding does impact the behavior, further slowing the temporal evolution of the gel.
Recent results for an emulsion-based colloidal system with long range attraction [12,
16] also showed a strong dependence of the exponent on the strength of attraction. The
experiment studied a series of samples having the same colloid volume fraction but different
polymer concentrations resulting in a range of potentials —5 > U, > —9 kgT'. Our results

extend these results to a wider range of experimental conditions, in particular a wider range
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of colloid concentration.

Slow phase separation dynamics has been attributed to differences in viscoelastic prop-
erties of the separating phases as described in theories of viscoelastic phase separation [36].
Simulations of a binary Lennard-Jones mixture with glass-forming properties show phase
separation that becomes slower and slower as the system is quenched more deeply into the
two-phase region [37, 38|, evolving from surface-tension driven diffusive motion at high tem-
perature to spatially-heterogenous thermally-activated motion at low temperature. While
this picture does appear to be a good match to the colloid-polymer system, these simulations

show logarithmic, rather than algebraic, growth of the characteristic length scale.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied macroscopic phase separation and gelation in a colloid-
polymer system with long range attraction and low dispersity. We have varied the polymer
and colloidal concentration by diluting a series of high concentration samples in order to
cross through the phase diagram, exploring gels, gas-crystal coexistence, gas-liquid-crystal
coexistence and gas-liquid coexistence using direct visualization and SALS. All samples show
a peak in the scattered intensity that grows and moves to smaller scattering wave vector
with time. In samples that macroscopically phase separate, the peak continues to grow and
to move to smaller and smaller ¢ until it can no longer be measured in our SALS apparatus.

The scattering data for samples in all series except the series with highest colloid concen-
tration and lowest polymer concentration (S8), where contrast was too low to allow adequate
measurement, can be represented by a universal curve that depends only on the ratio q/¢y,.
The scaling exponent associated with high-¢q scattering depends on sample composition, with
samples that show macroscopic phase separation in the centre of the phase diagram being
characterized by a scaling parameter consistent with spinodal decomposition. When inter-
preted in terms of the dimensionality d, the scaling behavior is consistent with d = 3 for
samples with weaker attraction that macroscopically phase separate (< 4kg T'), and d = 2
for samples that gel, which have stronger attraction (> 4kg 7).

The characteristic length scale evolves with a power law of exponent 1/5. Independent of
the final state, all samples that exhibit macroscopic phase coexistence show features of initial

phase separation driven by classical spinodal decomposition: the position of the SALS ring
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collapses with a power law of exponent 1/3. In samples that form gels, the domain spacing
decreases from 1/3 to 1/27 as the polymer concentration is increased. Remarkably, the
dynamics appear to depend mainly on the strength of the attractive interaction across a

wide range of colloid concentrations.
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APPENDIX: CALCULATING THE INTERACTION POTENTIAL

We have calculated the polymer concentration in the free volume and the interaction
potential at contact using the generalized free volume theory (GVFT) developed by Fleer
and Tuinier for systems consisting of colloid and non-adsorbing polymer, which takes into
account the dependence of the depletion thickness on polymer concentration and the effects
of polymer non-ideality on the osmotic pressure [23]. We have used the mean field ver-
sion of the equations as the theta solvent limit is more appropriate for the decalin-tetralin
system [40].

The energy of the attractive interaction at contact U, can be calculated by integration of

the following expression derived from Gibb’s Law [Eq. 7.11 in Ref. [23]]

‘kg} - /0 Vou dIl = /Oy (o /v) (dIT v/dy) dy (A1)

where v,, is the overlap volume of two depletion layers in contact, v = 47a®/3 is the colloid
volume, II is the osmotic pressure of the external reservoir and vy is the polymer concentration
in the free volume ¢,” normalized by the polymer overlap concentration c,*. The terms in

the integrand can be written [Egs. 7.10 and 6.12 in Ref. [23]]

Voo/v = ¢* (ap +3/2) (A.2)
dil v/dy = qr~° [1+123 %] | (A.3)

where gp = §/a is the relative thickness of the depletion zone of thickness § around a sphere
of radius a, qg is the relative thickness in the dilute limit, 7" is the temperature and kg is
Boltzman’s constant. The relative thickness of the depletion zone shrinks as the polymer
concentration increases because the polymer blob size decreases with concentration. The
dependence of the relative thickness of the depletion zone on the polymer concentration in

the free volume is given by [Eq. 6.17 in Ref. [23]]
qp = 0.938 ¢z* (1 + 6.02¢* ) "% | (A.4)

where

c
y=-"t=— (A.5)

and « is the free volume fraction, given by
a=(1-¢.) exp(—Af—Bf*—Cf°) (A.6)
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with f = ¢./(1—¢.), A= (14+qp)®, B=3 qp® (qp +3/2), and C = 3 ¢qp>. Since y = y(a),
a = a(gp), and ¢p = ¢p(y), we started with our experimental parameters, ¢, and ¢., and
iterated through these equations until the results for gp and a were consistent and then

integrated Eq. A.1 numerically to find the value of the interaction potential for each sample.
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Dynamic scaling and growth of structure in colloid-polymer samples spanning the phase diagram
depends primarily on the strength of attraction
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