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We report measurements on the ageing dynamics of a colloid—polymer mixture with a large polymer—
colloid size ratio of 0.62. Quenched into a two-phase region the system gels and forms a network
with a characteristic radius R.. We find three distinct regimes in the time evolution of R.(¢), reminiscent
of the linear, late and gravity-dominated regimes of coarsening seen in classical spinodal decomposition
kinetics of binary fluids. In the early stages of gelation, we observe a peak in the time-dependent
structure factor S(g, ¢) which is stationary in ¢ and grows in intensity characteristic of a linear-Cahn
regime. The domain size then coarsens continuously with the age ¢ of the sample. In the late stages the
domain size follows the approximate algebraic law, R, ~ . The growth exponent 0 is a strong function of

the quench depth: for small polymer concentrations 0 is significantly larger than for large polymer
concentrations. The gel networks formed are transient, and in the final stages of phase separation,
collapse under gravity when the correlation length of the gel becomes ~ 27t times the capillary length.

1. Introduction

Systems far from equilibrium often display startlingly complex
dynamics even while their equilibrium behaviour may be quite
mundane. A particular striking example is a colloidal suspension
of spheres of packing fraction ¢ with weak attractive interactions
(of strength Uy). Equilibrium leads to phase separation but if
rapidly concentrated this system ‘gels’ and forms a low-density
disordered soft solid.! Gels are fascinatingly complex materials
because they are highly nonlinear, transient and nonequilbrium
in nature. They contain a space spanning network of particle
chains which is able to support a stress, yet form at surprisingly
low packing fractions (down to fractions of a percent by volume)
and have no obvious counterparts in atomic or molecular
systems. Understanding and controlling gelation is central to
a number of technological areas, ranging from the traditional
food,? personal products and pesticide industries to protein
crystallography® and various diseases of protein aggregation
such as cataracts,* sickle cell anaemia,® Alzheimer’s disease and
amyloid fibril growth. In addition intelligent design of particle
gels is critical for several emerging materials applications, such as
the preparation of sol-gel printing inks used to print 3D-nano-
structures such as micro-fuel cells, photonic crystals and gas
sensors. Yet despite the technological and scientific importance
of gelation the molecular processes involved in their formation
remain uncertain and hotly debated.

Particular attention has focussed recently on systems with
isotropic short-range attractions, where the range of the poten-
tial A/a in units of the particle radius « is less than 10%. By
combining experiment, simulation and theory the mechanism of
gelation in systems with ¢ < 0.4 has now been relatively firmly
established.*'! Fig. 1 (a) summarizes the currently accepted state
diagram. The attractive glass transition intersects the gas-liquid
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Fig. 1 Schematic diagram which illustrates the effect of changing the
range A of the attractive interactions upon the relative positions of the
liquid-gas coexistence line and the glass line in a system of hard-spheres of
radius @ with a square-well attraction of width A/a and depth Uj. In (a),
where the attraction is short-ranged, the glass line intersects the binodal
just below the critical temperature while (b) illustrates the case for a long-
range attraction.

binodal just to the right of the critical point (circled). A colloidal
suspension quenched into the two-phase gas-liquid region
undergoes an initial spinodal decomposition (SD) into colloid-
rich and colloid-poor regions. However the phase separation
kinetics are almost immediately arrested as the concentration of
the high density regions inside the gel cross the attractive glass
line and the structure is frozen. In contrast, much less is known
about gelation with long-range attractions even though this
situation is important in many realms of nanoscience. Theoret-
ical work'? suggests that increasing the range A/a of the attrac-
tion has a number of effects on the phase behaviour, which are
sketched schematically in Fig. 1 (b): first, the region of gas-liquid
separation, which is metastable at small A/a, should increases in
stability relative to the glass-line, and second the gas-liquid
boundary should becomes more sharply curved. Thus at large
Ala one imagines there should be a range of compositions
(hashed in Fig. 1 (b)) at which spinodal decomposition will
progress to full phase separation, without being arrested —
presumably without gelation. Still deeper quenches could
generate kinetic arrest and gel formation.

In this paper we explore experimentally what happens when
a colloid—polymer mixture with a long range attraction
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(polymer—colloid size ratio ~0.62) is quenched deep into a two-
phase region, under the influence of gravity. For all polymer
concentrations studied here we find that, in contrast to short-
range attractive systems, the kinetics of phase separation are not
arrested on any accessible experimental time scales. Instead
a transient network is formed by a phase separation process
analogous to spinodal decomposition which continuously
coarsen. We use a combination of rheology and laser-scanning
confocal microscopy to follow quantitatively the competition
between the thermal coarsening of this network, as it evolves very
slowly towards equilibrium, and the gravitational stresses which
act on the gel. We find that the characteristic length scale of the
network, R., grows continuously with the age ¢ of the sample
until R, reaches a critical value at which point the gel collapses in
the gravitational field.

2. Materials and methods
2.1. Colloidal dispersion

We use a dispersion composed of a low polydispersity emulsion
of poly(dimethyl siloxane) (Dow Corning, PDMS DC200 10cSt)
dispersed in a refractive index-matched mixed solvent of 1,2-
ethane diol (EG) and water. The emulsion was stabilized against
aggregation by a combination of commercial non-ionic surfac-
tants (PEO-PPO-PEO, M,, 4950, 30% PEO, Pluronic P103,
BASF and tristyrylphenol ethoxylate, I6EO, Tanatex) and the
anionic surfactant sodium bis(2-ethyl 1-hexyl) sulfosuccinate
(Fluka, Na-AOT). The addition of Na-AOT increased the
stability of the system by generating a slight negative charge on
the emulsion drops. The emulsion sample had a hydrodynamic
radius of ¢ = 316 &+ 11 nm and a size polydispersity of 0.17 +
0.07, as measured with dynamic light scattering (DLS). Partic-
ular care was taken to closely match the refractive index of the
emulsion to the continuous phase by meticulously adjusting the
proportion of EG in the solvent mixture to minimize the intensity
of light scattered at A = 543 nm. Almost completely transparent
samples were obtained at a mass fraction of EG of wgg = 0.59.
The index-matched continuous phase had a viscosity of 5.42 mPa
s £ 0.02 mPa s, as measured by capillary viscometry, a refractive
index of 1.396 at 543 nm, and a density of p,, = 1.067 gcm > +
0.005 g cm™3. The density of the PDMS oil is lower than the
continuous phase (p. = 0.934 g cm = 4+ 0.006 g cm ) so that the
dispersions cream in a gravitational field. The density mismatch
of the oil is Ap = p. — pm = —0.13 £ 0.01 g cm~>. To screen out
any long-range electrostatic interactions and generate hard-
sphere-like interactions between the emulsion drops we add
3 mM potassium chloride to all of our samples.

2.2. Polymer characterization

To induce an attractive interaction in our system we add the
anionic polyelectrolyte xanthan (Kelco, My, = 4.66 x 10° g mol™").
Xanthan is a widely-studied ionic biopolymer which consists
of a main chain of $-1,4 linked D-glucose units with a side chain,
of three sugar units and two carboxylate anions, attached to
every other main-chain residue.'® The negative charges on both
the polymer and colloid and the presence of a steric layer ensures
that the polymer is not adsorbed on to the surface of the emul-
sion drops. A xanthan stock with concentration cp/c, = 12 was

prepared by mixing the required mass of xanthan powder (used
as supplied) with an index-matched mixture of EG and water.
The solution was gently stirred with a magnetic stirrer for 72 h
until a homogeneous appearance was achieved. When preparing
individual samples, the xanthan stock was diluted with appro-
priate amounts of EG and water and then gently stirred
magnetically for 3 h.

We use viscometry and dynamic light scattering to determine
the conformation of xanthan in the mixed EG/water solvent. At
room temperature xanthan dissolves in aqueous solutions as
a double-stranded helical structure with a high degree of stiff-
ness. Low molecular weight fractions are almost totally stiff but
light scattering,’® viscometry'*!> and sedimentation studies
suggests that above a relative molecular weight of M ~3 x 10° g
mol~" it behaves as a classical semi-flexible polymer characterized
by three parameters: the mass per unit contour length, M;; the
Kuhn statistical segment length, A~'; and the hydrodynamic
diameter of the chain, d. Sho er al. reported values of 27! =
212 nm, a diameter of d = 2.2 nm, and a mass per unit contour
length of M; = 1940 daltons nm~', from an analysis of intrinsic
viscosity data in water.'® For our xanthan sample we measured
an intrinsic viscosity in water of 5090 cm® g~' and 2320 cm® g~ in
the index-matched EG/water mixture (wgg = 0.59). The lower
value in the mixed solvent suggests that the strength of the
hydrogen-bonds, which bind together the double-helical struc-
ture of xanthan and which result in the large Kuhn length in
water, are weaker in the mixed solvent. This observation is
consistent with the trend'® that the extent of hydrogen bonding
association is lower in alcohol-water mixtures than in pure H,O.
The mass per unit contour length and the chain diameter of
xanthan are a function of the chemical structure of the backbone
of the polymer and so remain unaltered as water is replaced by
EG. Assuming M; = 1940 nm™', and d = 2.2 nm we estimate
a Kuhn length of ca. 78 nm at wgg = 0.59, using the Bohda-
necky'” implementation of the Yamakawa and Fujii model'® to
calculate the intrinsic viscosity of a worm-like chain. The Kuhn
length is considerably smaller than the value generally accepted
for water (A~! = 240-255 nm),"*** reflecting the increased flexi-
bility of the polymer in the mixed solvent. An expression for the
radius of gyration of a monodisperse worm-like chain has been
derived by Benoit and Doty,* while the effect of chain poly-
dispersity has been quantified by Schmidt.?® Assuming a Schultz
distribution, with a width chosen to match the measured chain
dispersity (M,/M, = 1.35), the z-average mean radius of gyra-
tion is r, = 194 nm. The overlap concentration ¢, = 3M,/
(Nadmr}) is about 0.25 g dm™.

2.3. Colloid—polymer mixtures

Samples were prepared by mixing together colloid- and polymer-
stock dispersions with a solution of the fluorescent dye rhoda-
mine-B (Aldrich), before finally diluting with a mixture of EG
and water. The proportions of each stock were adjusted to give
samples with a fixed EG mass fraction of wgg = 0.59, a salt
concentration of 3 x 107* mol dm~3 and a rhodamine-B
concentration of 0.02 g dm— in the continuous phase. The
colloid—polymer mixtures were carefully homogenized to mini-
mize the number of air bubbles entrained within the sample
which can destroy the delicate bicontinuous network when they
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escape. Directly after homogenization phase separation starts
so the sample age was estimated from the end of homogeniza-
tion. The sample was then rapidly transferred to the specially-
fabricated cells described in Sec. 2.4.

Each emulsion drop is surrounded by a spherical shell of
solvent which is depleted of polymer molecules as a consequence
of the loss of configurational entropy a polymer suffers near
a surface. When the layers around two particles overlap the
volume of the polymer depleted region is reduced and a net
attraction is generated. The strength of this attraction is a func-
tion of the polymer concentration while its range is controlled by
the relative size of polymer and particle. We use a large polymer
combined with a relatively small particle to ensure that the range
of the attractive depletion forces, parameterized by the size ratio
qr = rgla = 0.62 £ 0.04, is large. The strength of the isotropic
attractions was “tuned” by adjusting the polymer concentration
in the reservoir, ¢,. We calculate ¢, from the total polymer
concentration ¢y added to the sample using the expression ¢y =
acp,, where a. is the fraction of available free volume. For the free
volume fraction o we use the standard scaled-particle result,*

a=(1 - ¢)exp(—4f - Bf* — Cf7) ()

where f = ¢/(1 — ¢) and the coefficients are 4 = (1 + ¢,)* — 1,
B = 3¢3(qs + 3/2), and C = 3¢3. Here ¢, = dla is the relative
thickness (d) of the depletion zone around a sphere of radius a.
The width of the depletion region shrinks with increasing poly-
mer concentration, from a value of order gg in dilute solutions,
to a value &/a in semi-dilute solutions where £ ~ ¢,” is the blob
size. For excluded-volume chains the de Gennes exponent y
equals 0.77. Fleer and Tuinier**?* have shown that the concen-
tration-dependent cross-over between these two limits is accu-
rately captured by the expression,

gy = 0.865g%%(1 + 3.95y7) 0% )

Here y is the reduced polymer concentration, y = ¢y/c,. In the
present paper we focus on the non-equilibrium behaviour of
colloid—polymer mixtures prepared with a fixed colloid concen-
tration, ¢ = 0.2, and polymer concentrations c,/c;, of between
1.98 and 3.97, as detailed in Table 1.

2.4. Confocal microscopy

We use confocal scanning laser microscopy (CSLM) to study the
temporal evolution of the bicontinuous network formed in our
samples. Because the colloid—polymer mixtures are not buoyancy

Table 1 Colloid—polymer mixtures studied. The polymer concentration
in the reservoir is indicated by c,, ¥y = ¢p/c, is the reduced polymer
concentration, and — Uy/kgT is the depletion potential at contact in units
of kgT, estimated from eqn (3)

cplg dm™? cpley —UykgT
0.50 1.98 5.1
0.55 2.18 5.5
0.60 2.38 6.0
0.70 2.78 6.8
0.80 3.17 7.7
1.00 3.97 9.4

Fig. 2 Schematic of the cell used in the confocal experiments. The
morphology of the network is studied in the yz -plane where the z-axis is
aligned vertically with gravity and the origin is fixed at the base of the cell.
The inset shows images collected at z =2 mm and z =4 mm in a colloid—
polymer mixture with c,/c, = 2.38.

matched we expect gravity-driven flow to occur at long obser-
vation times so it is important to image the samples in a plane
which contains the direction of gravity. A supporting frame was
constructed to allow a light microscope (Zeiss, Axioskop S100)
to be mounted horizontally, on its side, at right angles to gravity.
Two-dimensional fluorescent images were collected in the yz-
plane (Fig. 2) by raster scanning the focal point of a A = 543 nm
laser over an area of 146 x 146 um? within the dispersion using
a confocal scanning head (Zeiss, LSM Pascal). Images with a size
of 1024 x 1024 pixels were collected in ~3 s. We use a high
numerical aperture oil immersion objective (1.4NA, 63 x) to
image only a thin representative slice parallel to the x-axis. The
lateral resolution limit is ~400 nm so we do not resolve indi-
vidual emulsion drops. The microscope detects the fluorescence
from excited rhodamine-B dye molecules which are soluble in the
continuous phase but insoluble in the PDMS drops so the solvent
appears bright and the particles dark. However, for clarity, we
have inverted all the micrographs reproduced here so that the
colloid-rich phase appears bright and the colloid-poor phase
dark. The colloid—polymer samples were studied in large rect-
angular glass cuvettes with the front wall of the cell constructed
from a 170 um thick optical quality cover glass (Fig. 2). The
sealed cuvette had a square cross-section with an internal
dimension of 13 mm, a height of 30 mm, and contained a small
hole at the top of the cell through which the cell was filled.
The cell was mounted onto a low profile manual translation stage
so that the colloidal dispersion could be imaged at different
z-positions, throughout the full height of the sample.

2.5. Rheology

We performed steady-shear rate, oscillatory shear and stress
relaxation measurements at 7 = 22 + 2 °C using a stress-
controlled rheometer (Malvern, Bohlin Gemini HR) as described
previously.** Measurements were made using a double gap
geometry with a thin film of silicone oil applied to the surface
to minimise evaporation. No pre-shear was applied since this
has been shown to densify the network structure.?® Parallel
measurements using a vane geometry confirmed the absence of
wall slip in these systems.
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Fig. 3 Phase diagram of the colloid—polymer mixture with gr = ry/a =
0.62. Experimental observation are indicated by open symbols and
crosses. The solid curves correspond to the fluid-crystal, gas-liquid, and
gas-crystal binodals calculated from GFVT?* for ggr = 0.62. The theo-
retical prediction for the critical point is shown by the filled circle while
the filled squares indicate the compositions of the coexisting gas, liquid
and crystal phases in the triple point triangle.

3. Results and discussion
3.1. Phase diagram

To confirm that the origin of the bicontinuous network, evident
in Fig. 2, lies in an entropy-driven attraction between the emul-
sion drops we investigated the phase stability of a range of
colloid—polymer mixtures. The phase diagram shown in Fig. 3
summarizes our results. A stable one-phase fluid (circles) is found
for low polymer concentrations. At higher polymer concen-
trations a gas-liquid (GL) phase separation (crosses) is seen.
Gas-crystal (GC) and a region of three phase (GLC) coexistence
were not observed experimentally, probably because the poly-
dispersity of our particles suppressed crystallization. At higher
polymer concentrations, outside the region of the equilibrium
data points shown in Fig. 3 we observed non-equilibrium gela-
tion which is detailed below in Sec. 3.2.

We compare the observed phase boundaries with the predic-
tions of the recently proposed generalized free volume theory
(GFVT) for the phase behaviour of hard-sphere colloids and
non-adsorbing excluded-volume polymer chains.?>** GFVT
improves the accuracy at large gr of the free-volume theory of
Lekkerkerker et al®' by taking into account the compression
of the depletion zone around each particle in a semi-dilute
solution and by incorporating non-ideal contributions to the
polymer osmotic pressure. Comparison with experimental and
simulation data®® have revealed GFVT provides a near quanti-
tative description of the colloid—polymer phase diagram for
gqr = 1. The GFVT predictions for the phase boundaries at the
experimentally-measured size ratio gg = 0.62 in a good solvent
are shown by the solid lines in Fig. 3. The agreement between the
calculated GL binodal and experiments is good, with the vast
majority of the experimental two-phase samples lying above the
GFVT binodal, confirming that the experimental system may be
accurately approximated by a simple mixture of hard spheres and
non-adsorbing polymer chains.

Fleer and Tuinier?® have calculated that the effective colloid
pair potential has the strength U, at contact, of

3
—Us/ksT = ¢ (qs + 5) ' y(1+3.77y") 3

and a range ¢s given by eqn (2). Since GFVT incorporates the
correct dependence of the depletion thickness and osmotic
pressure on polymer concentration, eqn (3) should remain valid
for any polymer concentration up to and including the semi-
dilute regime. For the colloid—polymer mixtures studied here the
predicted attraction are relatively weak, with interparticle inter-
action strength U, estimated to vary from between —5kg7 and
—9kgT. Increasing c, leads to a near linear increase in the
magnitude of the depletion potential U, at contact.

3.2. Confocal microscopy of gelation

Gelation occurs as the system is quenched deep into the two-
phase region. Fixing the colloid concentration at ¢ = 0.2 we mix
samples at various polymer concentrations c,/c;, along a vertical
slice through the phase plane which passes reasonably close to
the critical point. Mixtures with low ¢, just above the experi-
mental binodal boundary (cp/c, = 0.33), separate into two
homogeneous fluid phases, separated by a sharp interface, within
about ten minutes. By contrast, in samples with higher polymer
concentrations particles aggregate into a long-lived disordered
network with colloid-rich and colloid-poor domains which
develop, at least visually, a finite low-frequency elastic shear
modulus characteristic of a solid-like gel. Oscillatory shear
experiments confirm these observations. Fig. 4 shows a repre-
sentative result of the oscillatory measurements on a sample at
¢ple, = 3.17. The storage modulus G'(w) exceeds the storage
modulus G”(w) at all frequencies w, as expected for a solid.
However substantial dissipative loss is evident which suggests
that there are significant relaxation processes occurring within
the gel. These mechanical characteristics contrast to the situation
reported for the arrested gels formed by particles with short-
range attractions where G'(w) typically exceeds G"(w) at high
frequencies, by an order of magnitude or more.’

To study the structure of the solid network formed we used
fluorescence confocal microscopy. Fig. 5 presents examples of

10—y
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= 10+ =
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O 1 awmr?
— _ O
3 10y o ° .
0]
T
107 10 10° 10 10°
-1
w/rads

Fig. 4 Elastic modulus G/(w) (full symbols) and loss modulus G’ (w)
(open symbols) for a gel formed at a colloid volume fraction of ¢ = 0.20
and polymer concentration ¢,/c, = 3.17.
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Fig. 5 Confocal micrographs, in the yz-plane, obtained 3600 s after
homogenization at polymer concentrations of (a) c,/c, = 1.98, (b) ¢,/c, =
2.38, (c) ¢,/c, = 3.17, and (d) c,/c, = 3.97. The particles appear bright in
these images and the scale bar corresponds to 30 um. Gravity points
downwards in all images. All images were collected about 2 mm above
the base of a 5 mm tall sample with an initial colloid volume fraction of
¢ =0.2.

micrographs of the long range structures obtained at different
polymer concentrations cy/c,. All data were collected from
mixtures at a fixed sample age of # = 3600 s. In each case we see
the formation of a coarse space-spanning network of inter-
connected colloidal strands. However a close comparison of
Fig. 5 (a)-(d) reveals significant changes with c¢y/c,. Both the
thickness of the particle strands and the relative coarseness of
the network reduces sharply as the polymer concentration is
increased and the sample is more deeply quenched into the two-
phase region of the phase diagram. Essentially an open network
of coarse links transforms into a more compact structure of finer
chains as cp/c; is increased. The structures are reminiscent of the
patterns generated by classical spinodal decomposition in binary
fluids.?” Indeed Fig. 5 (a), in particular, resembles the images of
spinodal decomposition observed by Aarts ef al in a similar-
sized colloid—polymer system (gr = 0.56) just above the critical
point.?®

3.3. Lack of structural arrest

To explore the similarity between spinodal decomposition and
gelation in greater detail we determined the temporal evolution
of the network structure by recording a series of 2D confocal
images, at a fixed height within the gel, as a function of the
sample age ¢. For each image of width L we calculated the
radially-averaged static structure factor S(q,?)

1

= dq' (I(q, 0)I(—q, ¢ 4)
ZﬂquJqs|q’\Sq+Aq < ( ) ( )>

S(q,1)
where I{q,?) is the 2D Fourier-transform of the image intensity
I(r,t) recorded from a sample of age t and Ag = 27/L.

A distinctive hallmark of any diffusion-limited process is the
appearance of a peak in S(g) at a finite wavevector ¢,.x,» which

narrows and moves to smaller ¢ with increasing time ¢ as diffu-
sion has the time to change the structure on larger and larger
length scales. Fig. 9 (a) shows examples of the radially-averaged
S(gq,t) measured at different times ¢ after mixing in a gel formed
at a polymer concentration of cp/c, = 2.38. The 2D Fourier-
transform displays a ring of high intensity which corresponds
to the presence of a large characteristic length scale. The calcu-
lated S(g,?) is rather noisy, because of a lack of statistics, so we
characterized the average wavenumber by calculating the first
moment (g(7)) of the scattered intensity,

(a(0) = qudq’qS(q’, 0 5)

q2
where I, :J dg'S(¢',t) and the integration was performed

over the ﬁnit‘él interval ¢; = ¢ = ¢, with ¢; = 0.02 um™' and
¢> = 0.4 um~'. The wavenumber ¢(¢) was converted into a char-
acteristic domain radius using the expression, R.(t) = 7/{q(?)).

The evolution in time of the characteristic length scale R.(¢) of
the gels was extracted from successive confocal images, collected
in the yz-plane at a height of z = 2 mm from suspensions 5 mm
high. Identical experiments were carried out with fresh
samples at a range of polymer concentrations between 0.5 g dm 3
and 1.0 g dm~3. The colloid—polymer mixtures were prepared and
constantly stirred using a magnetic stirrer for about 1 h prior to
being transferred to the confocal cells and imaged. Confocal
images were acquired for ~100 h from ¢ = 10 s after the cessation
of mixing until the point at which gel collapse was seen. The
sampling rate was adjusted between 1 image/5 s and 1 image/h to
match the age of the gel.

We focus initially on the short-time (¢ > 10s) behaviour of the
characteristic length scale R.(z) plotted in Fig. 6 (a), where the
logarithm of the domain radius R.(¢)/a is shown as a function of
the logarithm of time. A striking feature of this data is the lack of
domain growth seen at short times (¢ < 25s). There are two
plausible competing explanations for this behaviour: either the
existence of a linear Cahn-regime, similar to that found in the
early stages of spinodal decomposition® or else the existence of
a period of kinetic arrest. To distinguish between these two
possibilities we first estimate the characteristic times required for
(a) the initial formation of a network (percolation) and (b) its
subsequent kinetic arrest, using as our guide computer simula-
tion studies3**? of short-range systems. The most convenient unit
in which to express these timescales is the Brownian relaxation
time 7, which we define as the time for a particle to diffuse it own
radius by Brownian motion,

. _ma’
BT keT

(6)

where n is the viscosity of the polymer solution. We estimate 7p
to be between 0.4 s and 0.8 s in our system.

A suspension quenched deep into the two-phase region forms
bonds as particles meet by diffusion. This increases the density
locally and simultaneously creates regions of low density (holes)
elsewhere in the system forming a percolating disordered solid on
a time scale 7,,. Brownian dynamics simulations®*>*' reveal that, at
¢ = 0.2, percolation is rapid and 7, is somewhat less than one
Brownian relaxation time tg. Once the particles have aggregated
together in a space-spanning network, a series of complex and

This journal is © The Royal Society of Chemistry 2011

Soft Matter, 2011, 7, 1341-1351 | 1345



fast collective rearrangements then cause a coarsening of the
network whilst it retains its connectivity. In short-range attrac-
tive system, recent work’'® has shown that the process of phase
separation abruptly halts when the colloid-rich regions solidify in
a glass transition. To estimate the time required for kinetic arrest,
we use a recent computer simulation study*? which incorporated
many-body hydrodynamic interactions. Furukawa and Tanaka*?
in a short-range system found evidence for kinetic arrest but only
on times ¢ > 200tg. Structural arrest, at least in the short-range
systems which have been studied to date,'®3* persists for two or
more decades in time even though individual attractive ‘bonds’
between particles are not permanent on this time scale. Inserting
estimates for tg, therefore suggests, that the initial formation of
the network will be too fast (<1 s) to be resolved by our confocal
technique and, that if gel formation occurs by a process of
arrested phase separation, coarsening and domain growth should
occur for # < 100 s, with kinetic arrest only being seen on longer
time scales. Fig. 6 (a) indicates that, in the experimental system,
the growth dynamics is qualitatively different. There is no region
of kinetic arrest for # > 100 s and the interval where the dominant
wavenumber of the network is unchanged is, on the contrary,
found at short times (¢+ < 25 s) rather than the long times

T - . T 20

ZZ: (a) o :K.JQISCD*

© 2.38
— 501
(&)
451
401
354— ! S ———
10" 10°
time / seconds
1 ] . T T T T T T T T

[S(q.t)dq

] —~—3.97
0 100 200 300
time / seconds

Fig. 6 Domain growth at short times. (a) Plot of the characteristic
domain radius R.(f) vs. ¢ (on a log-log scale) for different polymer
concentrations [T in brackets]: cy/c;, = 1.98 [0.20] (O), ¢p/c, = 2.38
[0.17] (V), and ¢plc, = 3.97 [0.11] (A). The shaded rectangle shows the
region where R.(7) first increases with 7. (b) The time evolution of the
logarithm of the integrated peak intensity /(f). The shaded rectangle
shows the same region marked in (a).

expected if kinetic arrest was occurring. We find little evidence
for kinetic arrest although we probably need additional
measurements at still shorter times 7 < 10 s to definitively verify
this conclusion.

The constant domain size seen in Fig. 6 (a) is however fully
consistent with the existence of spinodal-like phase dynamics. In
the initial stages of phase separation, linear Cahn theory predicts
an exponential growth of the fastest-growing density mode.
Fourier-transformation of these concentration fluctuations
produces a peak in the scattering pattern S(g,?) at a fixed wave-
vector which is predicted to grow exponentially with time. Fig. 6
(b) shows the logarithm of the peak intensity 7,(¢) versus time ¢ for
a number of experiments at different polymer concentrations.
Whilst a linear relationship between the logarithm of intensity
and time is doubtful, it is clear that the intensity increases rapidly
during the period when the domain size is fixed, consistent with
the decomposition kinetics expected in the linear regime. A fixed
g-peak and growing peak amplitude has been seen previously in
comparable mixtures of casein micelles and xanthan,3* although
the observations were limited to rather shallow quenches where
gelation was not observed. In this work the linear regime was
observed on times between 10 s and 100 s after mixing, which is
similar to the data shown in Fig. 6 (b), supporting the interpre-
tation that gelation occurs through a spinodal-like mechanism.

3.4. Ageing

Random breaking of particle bonds ensures slow relaxation or
ageing occurs within the gel on a time scale set by the ‘bond
lifetime’ 7. — the time that a particle remains within the range of
the mutual attractions of its neighbours. We estimate 7., by
assuming that it equals the mean-first passage Kramers escape
time for a Brownian particle confined to a ramp potential with
the same range (8) and depth at contact (— Up) as the predictions
of GFVT. The Kramers escape time 7y in the high-friction,
overdamped limit is*
6% exp(—BUy) — (1 — BUj)
7D, (BT ?
s 0

where D; is the short-time self diffusion constant in the network
and @ = 1/kgT. The short-time self diffusion constant in a hard
sphere suspension at ¢ = 0.5, which is a reasonable estimate for ¢
in the densest regions of the gel, is about 20% of the free particle
value,* Dy = kgT/(67tna), so we take Dy = 0.2D,. The escape
time is a rapidly changing function of the polymer concentration
¢p since both the well depth at contact —BU, and the range of the
attractions, 8 = aqs, depend on ¢, in the semi-dilute regime.
Using the GFVT predictions (eqn (2) and 3) the bond lifetime lies
between =5 s for the lowest polymer concentrations studied here
and =40 s for the highest. In agreement with these predictions,
Fig. 6 (a) reveals the gels begin to coarsen on this timescale. The
average domain size increases slowly at first, until for > 10° s
R.(t) grows algebraically with time ¢. The regime of algebraic
growth in R.(f) continues for several decades in ¢ until at long
times a region of more rapid growth is seen as the network begins
to collapse under gravity. We limit our attention in this section
to the ageing characteristics of the gel and postpone a discussion
of its collapse until later.
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Fig. 7 Domain growth at long times. We plot R.(¢) vs. ¢ (on a log-log
scale) for different polymer concentrations [T in brackets]: ¢,/c, = 1.98
[0.20] (O), cplcy, = 2.18 [0.18] (A), cpley = 2.38 [0.17] (V), ¢plc, = 2.78
[0.15] (), ¢plc, = 3.17[0.13] (<), and ¢plc, = 3.97 [0.11] (>>).

Inspection of Fig. 7 shows that the dynamics of ageing is
a strong function of the strength of the attractive potential, or
equivalently of the effective temperature, 7. = kp7/(—Up). To
quantify this dependence we fitted the length scale of the gel to
the growth law

R(1) = Rot° (8)

with a temperature-dependent effective exponent 6(7.y) and
a temperature-independent prefactor Ry. The solid lines in Fig. 7
shows that eqn (8) fits the data well. For low Ty, the plots are
linear over almost 3 decades in time while for high Ty, the
scaling is lost at long times as the gels collapse but eqn (8) still
holds at intermediate times.

The phase kinetics in the gel is quantitatively different from the
case of spinodal decomposition in isotropic fluids*” where in the
viscous hydrodynamic regime the exponent is § = 1, independent
of the quench depth. In the gel, the value of 8 is considerably
smaller (0 < 0.1) and 0 depends sensitively upon the quench
temperature 7. To examine the temperature dependence of 0 in
greater detail, we plot 1/6 against 1/T.g in Fig. 8. The resulting
linear plot suggests the simple functional dependency,

60

40 |

1/6

20

O- n 1 n 1 L
4 6 8 10

1/T,=-U, kT

Fig. 8 Variation of the inverse growth exponent 1/6 with the reciprocal
temperature 1/7T g for the data shown in Fig. 7.

-1
0(Tr) = (A n T) ©)

Linear regression yields 4 = —31 and & = 8 for the data plotted
in Fig. 8. The dependency on T,y suggests that the ageing
dynamics is controlled primarily by thermal fluctuations, rather
than being stress driven as has been reported previously to be the
situation in irreversible gels and jammed systems.**3® Finally, we
note that the region to the left of Fig. 8 (1/T.g < 4) is not phys-
ically accessible since R. would need to grow algebraically faster
than the case for the phase separation of a binary fluid mixture
(6 = 1). Whilst we have not determined exactly the position of the
gel boundary in our system, the estimate kg7/— U, = 4, obtained
from Fig. 8, agrees closely with the values determined by Lu
et al.®' for the gelation boundary T ~ 0.2-0.25, although at
a lower gg.

Any model for the physical mechanism responsible for ageing
dynamics must account for the rather simple dependence for 6
on the quench depth. A natural starting point for a discussion
of ageing is the Ising model following a quench from a high
temperature disordered phase to a temperature at which, at
equilibrium, the system is ferromagnetically ordered. The far-
from-equilibrium evolution is characterized by the growth of
domains, with a unique length scale R.(¢) which follows an
algebraic growth in time, R.(f) ~ ¢°. There is a good under-
standing of the dynamics of phase ordering in uniform pure and
isotropic systems.*® For the case of a conserved order parameter
without hydrodynamic effects (e.g. segregation of a binary alloy),
we know that 6 = 1/3, while when hydrodynamic effects are
included (e.g. segregation of a binary fluid) we have 6 = 1. Such
uniform Ising models can not be applicable here since they
neglect the consequences of disorder which are an intrinsic
feature of a gel. Domain coarsening in a gel requires the coop-
erative breaking of a relatively large number of inter-particle
bonds. However experiments***? and simulations**** have
shown that in dense attractive systems the motion of individual
particles is highly heterogeneous that is, there exists a spatial and
temporal distributions of mobilities. Frequently it is found that
the dynamics has a bimodal character with the coexistence of
slow arrested particles and fast diffusing particles. At any time
there is a space spanning cluster of particles which behaves as
a solid on short time scales coexisting with a sub-population of
particles that can more or less freely diffuse through this struc-
ture. A simple coarse-grained model which incorporates elements
of this physical picture is the random-bond Ising model (RBIM)
where the presence of disorder is mimicked by randomizing the
exchange interaction between spins.

The Hamiltonian of the RBIM is

H==> Jo0 (10)
(i)

where J; > 0 and the subscript 7,/ denotes a sum over nearest-
neighbour pairs only. For a phase separating colloid—polymer
mixture the spin o; labels whether a lattice site i is occupied by
a high density phase (say, g; = + 1) or a low density colloid phase
(0; = —1). To allow for the different mobilities in the mixture we
assume the exchange coupling is drawn from a probability
distribution with a width & which characterizes the amount of
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local disorder in the gel. The phase ordering kinetics in the
conserved RBIM has been studied extensively in a number of
recent papers by Paul, Puri, and Rieger (PPR).***” The authors
show that the presence of disorder considerably slows down the
rate of coarsening because of pinning forces associated with the
heterogeneity in the random bonds. The domain size is predicted
to grow algebraically, in the long-time limit, with an asymptotic
temperature-dependent exponent, 8 = (3 + ¢/7)~', which PPR
argue arises naturally as a consequence of a repulsive barrier
between domains which depends logarithmically on the domain
size*®* Asymptotic algebraic domain growth and a similar
temperature dependence of 6 is also seen in Ising spin glass
models.*® They suggest that the energy barrier scales as
Eg(R.)~eln(l + R./a). Although the exact mechanistic link
between the RBIM and our system is unclear the similarity in the
functional dependence of 6(7) seen in both systems suggests that
RBIM might provide a useful framework in which to interpret
our experimental data. More experiments are required to test the
generality of this link.

3.5. Dynamical scaling

If the domain pattern seen at a time ¢ is identical statistically to
those recorded at earlier times, apart from a global change of
scale, then the structure factor satisfies a dynamical scaling
relation.*® The phase separation may then be described with one
time-dependent parameter, the domain size R.(¢). The inhomo-
geneities in the particle number density at the point r with respect
to the average number density p, dp(r,f) = p(r,f) — p are then
a function of the single length R.(¢), so that the ratio

(0p(e, 00(¢8)) (¥
w7 (Rcm)

is time-dependent only as a result of the time dependence of R (7).
A Fourier transform of eqn (11) reveals that the corresponding
static structure factor S(g,t) obeys the scaling law,

san{a®’)y o,
rz WS D) F<<q(t))) (12)

q1

(11)

where F(x) is a universal scaling function*® that depends purely
on the wavevector ratio x = ¢/(¢(¢)) and (¢(?)) is the average
position of the structure factor peak.

Fig. 9 (a) displays experimental scattering curves obtained
from the Fourier transform of confocal images, as a function of
the age ¢ of the gel. While there is statistical scatter because of the
finite size of the images used, the peaks in the structure factors
clearly move to smaller ¢ and grow in intensity with ¢. Fig. 9 (b)
shows a test of dynamic scaling in the late stages of ageing (¢ > 2
h). Dynamic scaling holds reasonably well, confirming that the
microstructure of the gel may be described by a single age-
dependent length R.(7).

3.6. Stress relaxation

The slow process of continuous coarsening implies that the gels
formed could be transient ie. on long timescales the sample
might behave as a liquid. To determine if the gels formed here are
transient we have extended the mechanical measurements to

i
St

Uil |

1 n 1
0.0 0.1 0.2 0.3 0 1 2 3

Fig. 9 (a) Radially-averaged scattering peaks obtained from the ageing
of a gel formed at a polymer concentration of cy/c, = 2.38. Curves are
labeled by the time elapsed after mixing using the symbols detailed in (b).
The inset shows an example of the raw two-dimensional Fourier-trans-
form. (b) Dynamic scaling of the data shown in (a) using eqn (12). The
normalising factor s, = [dq'q?S(¢.f) was calculated in the interval
0.02um™' < ¢ <04 pum"'.

0.8 1
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Fig. 10 Stress relaxation modulus G(?) for a gel formed in a sample with
cplcy = 3.17 and ¢ = 0.2. The data was collected from gels with ages
between 10° s and 1.5 x 10° s, which showed similar responses, before
being averaged. Inset shows result for gel with ¢p/c; = 3.97. The data was
collected from gels with ages between 6 x 10* s and 2.4 x 10° s. A step
strain of v = 0.015 was applied at r = 0.

longer relaxation times using a stress relaxation test. A step strain
v is applied and the time-dependent stress o(¢) is recorded for up
to 10° s to probe the long-time response of the network. Fig. 10
shows the time-dependent decay of the stress relaxation modulus
G(t) = o(1)/y measured in gels with ¢,/c, = 3.17 and ¢,/c, = 3.97.
The modulus G(¢) decays at short times (¢ < 10? s) as a result of
the dissipative processes which contribute to G”'(w). However
Fig. 10 reveals that the gel contains still slower relaxation
processes, with G(¢) only fully decaying to zero at 1 > 3 x 10*s,
confirming the ultimate liquid-like character of the sample. The
lifetime 1, of the transient gel increases with an increase in the
quench depth, from 7, = 3 x 10* for ¢,/c, = 3.17 to 7, = 10° for
cplc, =3.97.

3.7. Gravity-driven gel collapse

Eventually, on times of order of the characteristic relaxation time
7, the network of particles loses its elastic nature and collapses
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Fig. 11 The ratio (g,)/(¢g-) of the characteristic wavenumbers of the
structure factor in planes perpendicular (y) and parallel to gravity (z) as
a function of time. The main figure contains data for a colloidal gel with
polymer concentration cp/c;, = 2.38 while the inset displays data for a gel
with ¢,/c, = 1.98. The characteristic length scale at the point # = ¢ where
significant anisotropy first appears is indicated.

under its own weight. The microscopic changes in the morphology
of the network which accompanies this gravity-driven collapse
are evident in the confocal images of a colloid—polymer mixture
(cplc, = 1.98), reproduced in Fig. 12. We divide the process of
phase separation in this sample into three stages. At early times
(1 < 10%5s), there is an initial formation of a bi-continuous network,
which as we have seen occurs on a scale that is too fast to be
resolved in our measurements, after which there is a slow growth
in the characteristic length R.(¢) (see data in Fig. 7). On interme-
diate times 10> < ¢ < 4 x 10° s, the network coarsens as the
characteristic length scale grows algebraically with age, R. ~ #°,
with a fixed temperature-dependent exponent 6(7.g). At long
times 7 > 4 x 10%, the characteristic length grows more rapidly and

a plot of R.(f) versus t deviates increasingly from the algebraic
growth regime established at intermediate times. Confocal images
show that in this late stage the network becomes increasingly
anisotropic (compare for instance, the images at 7200 s and 4200 s
in Fig. 12). We demonstrate the development of anisotropy in the
gel structure by following the time evolution of the g-position of
the scattering peak S(q,f) for wave vectors either parallel or
perpendicular to the direction of gravity. The 1D-Fourier-trans-
form of each horizontal row of pixels in the image was performed
and averaged together to yield the mean position (g,) of the
scattering peak along the y -axis, perpendicular to the direction of
gravity. A similar calculation was performed on each vertical
column of pixels to estimate (g.), the mean position of the scat-
tering peak parallel to gravity. In fig. 11, we plot the wave number
ratio (q,)/(q-) versus the age of the gel, for a number of different
gels. In each case, there is a comparable behaviour. At early times,
the gel is essentially isotropic with (g,)/(¢-) = 1. However with
increasing age a clear break appears at ¢ = 1", after which the wave
vector ratio abruptly increases and the microstructure of the gel
becomes anisotropic. Interestingly, we note that the effect of
gravity on the gel is to stretch the domains along the gravitational
z-direction compared to the orthogonal y-axis. The extension
recorded is presumably a consequence of the effect of adhesion to
the cell walls which prevents the macroscopic shrinking of the gel.
Identifying the point where (g,)/(q.) abruptly increases as the time
" at which gravitational collapse is initiated we note that the
characteristic length scale at collapse is 27 um. Repeating the
measurements of anisotropy in other colloid—polymer mixtures
(see Fig. 11) reveals a very similar sequence of behaviour and an
essentially constant length scale at collapse of =27 pum.

To account for the existence of a critical length scale at
collapse, we consider the gravitational stability of a flat interface
formed between colloid-rich and colloid-poor phases. On time
scales ¢ > 1, we can ignore elastic effects and treat the gel as
a system of random bicontinuous interfaces which separate two

Fig. 12 Confocal images (146 x 146 um?) of coarsening and collapse of a gel formed in a colloid—polymer mixture with ¢ = 0.2 and ¢,/c, = 1.98. In all
images the particles are bright and gravity points downwards. The dispersion had a height of 5.1 mm and the images were recorded at a height of ~ 2 mm

above the base of the cell.
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fluids with different mass densities dp. A horizontal interface
with a lighter fluid phase below a heavy fluid phase is clearly
gravitationally unstable; a long wavelength fluctuation of the
surface away from its initial flat geometry leads to a pressure
imbalance which amplifies the fluctuation. In contrast, small
wavelength fluctuations of the interface are suppressed by the
increased area of the interface generated, which costs interfacial
energy. The competition between interfacial energy and gravity
generates a critical length scale L. for the ensuing Rayleigh—
Taylor instability.?® An interface of length L < L. remains stable,
while for L > L. an unstable mode appears whose amplitude
grows in time. The critical threshold value is L, = 270}, where
Acap is the capillary length

Y
Deap = 4 |~ 13

and v is the interfacial tension between the two fluids. To esti-
mate y we use the approximate expression,’! y = Uydp/(2a).
Taking Uy as 5.1kgT we estimate y = 1.1 x 107®* N m~'. Since
the quench is deep we assume the gas phase is very dilute in
colloid ¢ = 0 and the volume fraction of the dense phase is ¢ =
0.5. Hence dp = 65 kg m~3. Using these values the length of the
unstable mode is L. = 26 pum, which is in good agreement with
the critical length scale observed experimentally.

4. Summary and conclusions

Using a combination of real space imaging and rheology we have
studied mixtures of colloid and non-adsorbing polymer with
a large size ratio, gg = 0.62, so that the particle interact through
weak long-ranged attractions. We demonstrate concentrated
dispersions of these particles form a long-lived viscoelastic gel
which ultimately decays and collapses under its own weight.
Confocal microscopy reveals the formation, at high polymer
concentrations, of a bi-continuous network of colloid-rich and
colloid-poor domains. Stress relaxation measurements confirm
that, while at short times the gel shows appreciable elasticity, on
long time scales (¢ > 10* s) the gel has a liquid-like character with
a zero long-time elastic modulus. By Fourier transforming two-
dimensional images of the gel we determine an averaged struc-
ture factor S(g,7) which in all cases displays a peak at small wave
numbers. From the position of the ring we extract the charac-
teristic radius R () of the network, as a function of its age. We
find three distinct regimes in the time evolution of R(f), remi-
niscent of the linear, late and gravity-dominated regimes of
coarsening seen in classical spinodal decomposition (SD) kinetics
of binary fluids.?” At the shortest times experimentally accessible
to us (¢ > 10 s), we find evidence for a linear Cahn-regime where
the position of the peak in the structure factor is unchanged with
t but whose intensity grows rapidly with ¢. After about r ~ 30 s
the peak starts to collapses to small wavenumbers as it continues
to grow in intensity. At long times (z > 10° s), the characteristic
scale of the gel follows an algebraic form R.(f) ~ ¢’ with a growth
exponent 6 which reduces with increasing interparticle attrac-
tions. Defining an effective quench temperature of T = kpT/
(—Up) we find that the temperature dependence of 8 follows the

-1
¢ ) . At long times, the

simple relation, (Ter) = (A + -
€l

structure factor S(g,¢) at any time ¢ collapses onto a single master
curve when scaled according to the expression, S(q,r)(q(?))*/s»
where the normalizing factor s, = [dq'¢'2S(¢/,1). Finally when the
characteristic length reaches a critical size of order 27w, the-
network structure becomes anisotropic and the transient
network begins to collapse due to gravity.

In conclusion, these results highlight the significance of the
range of the attractive potential for the mechanism of gelation.
Whilst for particles with short-ranged attractions gelation is
generally believed to proceed via an arrested SD, this seems not
to be the case in systems with long-range attractions. On the
contrary, in such long-range systems we find phase separation
kinetics which although reminiscent of classical SD display no
features, as far as we can tell, of kinetic arrest. The process of
gelation seems to be qualitatively different in systems with long-
range attractions. Quenching into the two-phase region for large
gr generates a long-lived viscoelastic gel which ultimately decays
and collapses under its own weight. The phase separation
kinetics in these materials is clearly not the usual SD seen in
binary fluids. The value of the growth exponent 6 is smaller than
the conventional late stage value found in fluid-fluid phase
separations (8 = 1) and the exponent decreases with increasing
quench depth. The microscopic explanation of these phase
dynamics is not clear but some of the details are qualitatively
reproduced by an Ising model with quenched disorder. Given the
keen interest in tailoring the structure and dynamics of gels for
diverse applications in consumer products, materials and food
science these findings suggest new avenues for the formulation of
complex fluids.
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