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Phase separation around a heated colloid in bulk
and under confinement

*3® and Anna Maciotek (2¢

Sutapa Roy
We study the non-equilibrium coarsening dynamics of a binary liquid solvent around a colloidal particle
in the presence of a time-dependent temperature gradient that emerges after a temperature quench of
a suitable coated colloid surface. The solvent is maintained at its critical concentration and the colloid is
fixed in space. The coarsening patterns near the surface are shown to be strongly dependent on the
colloid surface adsorption properties and on the temperature evolution. The temperature gradient alters
the morphology of the binary solvent near the surface of the colloid as compared to the coarsening
proceeding at a constant temperature everywhere. We also present results for the evolution of
coarsening in thin films with confining surfaces preferring one species of the binary liquid mixture over
the other. Confinement leads to a faster phase segregation process and formation of a bridge connecting the

rsc.li/soft-matter-journal colloid and both confining walls.

1 Introduction

Phase separation of binary mixtures induced by a temperature
quench into the miscibility gap is a subject of continuous
research activity driven by application perspectives, e.g., the
buildup of nanostructured materials of well defined structure.>
In the latter context, the effects of surfaces and confinement on a
coarsening process are of particular interest as they may be used to
control the structure formation. If the surface has a preference for
one of the two components of a binary mixture, the fluid structures
emerging after the homogeneous temperature quench at a critical
concentration are essentially distinct from those due to spinodal
decomposition.”” This is because the adsorption of the preferred
component at the surface affects the fluctuations of concentration
away from the surface. In the presence of confinement, e.g., in thin
films, the coarsening process becomes complex due to the inter-
play between finite-size and surface adsorption effects.” Addition
of colloidal particles to a binary liquid undergoing demixing via
spinodal decomposition widens the possibility for controlling
pattern formation. It has been demonstrated that colloidal particles
significantly curtail coarsening®” and in the case of adsorptionwise
neutral colloids can lead to the formation of interesting soft-solid
materials, called ‘bijels’.”® By using Janus colloids, with a difference
in adsorption preference between their two hemispheres, one can
create regular lamellar structures.”'®
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Application of local temperature quenches instead of
spatially homogeneous ones creates temperature gradients,
which strongly couple to the local composition of a binary
mixture and alter the mechanism of coarsening. For example, if
such a quench propagates through space over time it may lead
to macroscopic coarsening with patterns that are different from
those seen in spatially homogeneous quenching.'" Local tem-
perature quenches can be realized by direct laser heating"*** of
parts of binary liquid mixtures or by optical heating">"? of the
surface of suitably coated colloids suspended in such mixtures.
One might think of using optically heated colloids for the
buildup of soft solids, therefore, it is interesting to know how
local is the phase separation around each colloid and how the
coarsening process depends on the adsorption preference of
the surface of a colloid. Here we address these problems by
using numerical simulations. We focus on the early-stage of a
coarsening process in which diffusive dynamics dominates.
We are also interested in the coarsening mechanism around
colloids which are not kept in bulk, but are confined between
surfaces exhibiting an adsorption preference for one of the two
components of a binary solvent. Such studies are relevant for
typical experimental realizations in which the samples cells are
in a slab geometry. The effects of such confinement on the
early-time non-equilibrium process of concentration gradient
formation around the colloid are difficult to foresee. What
makes it particularly complicated is the presence of the tem-
perature field coupled to the local concentration field.

Local quenches of a binary mixture as realized by optical
heating of the surface of a suspended, suitably coated colloid
bear particular relevance for experimental studies of moving
Janus colloids.*™” However, for these systems the transient

This journal is © The Royal Society of Chemistry 2018
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dynamics of the binary solvent at early times has hardly been
studied.'® In ref. 18, which we coauthored, both Janus and
homogeneous spherical particles have been considered for
off-critical compositions of a binary solvent. In the present
paper we focus on a homogeneous colloid and the critical
composition of the solvent, which are relevant for fabrication
of bicontinuous structures such as bigels. In order to mimic
different physical situations, we consider two types of boundary
conditions for the temperature field at the boundary of the
simulation box and compare the corresponding coarsening
patterns. We also extend the model studied in ref. 18 in order
to assess the role of the Soret effect for pattern formation.
In ref. 12 it has been argued that taking into account this effect is
necessary to reproduce in numerical simulations the essential
spatial and temporal phenomena occurring after local heating of
a polymer blend in the two phase region.

Our paper is organized as follows: in Section 2 we explain
the phenomenological model considered and the numerical
techniques used in our work. Section 3 presents our analytical
results for the time-dependent temperature profiles for different
boundary conditions. There, we also explain our numerical find-
ings on the non-equilibrium dynamics of structure formation
around a suspended colloidal particle under a temperature
gradient. All results correspond to the critical concentration
of the binary solvent and thermal quench inside the binodal
region. Section 3 also contains results for phase separation
around a colloid kept in confinement in a slab geometry. There,
we provide a brief discussion on the influence of the Soret effect
on the structure formation process. Finally Section 4 summarizes
the paper with a brief perspective of future work.

2 Model

When a binary liquid mixture (with an upper critical point for
demixing) is quenched instantaneously from a homogeneous
state above T. into the two-phase coexistence region below T,
domains of like particles form and grow with time ¢. This is
known as phase ordering dynamics.'®*° For a fluid at its critical
concentration, the coarsening morphology is percolating and
leads to spinodal decomposition which involves three distinct
regimes: the early-time diffusive regime (a = 1/3),'° the viscous
regime (a = 1),>" and the late-stage inertial regime (a = 2/3).>>
Here, a is the exponent corresponding to a temporal power-law
growth /(t) oc t“ of the average domain size. The latter two
regimes of this spinodal decomposition process are due to
convective flow of material generated by hydrodynamic effects.
In the present paper, as a first step towards the understanding
of coarsening around the hot colloid, we focus solely on the
diffusive dynamics.

A local temperature quench of the surface of a colloidal
particle gives rise to a temperature front, which propagates
away from the surface. This can be described by time-dependent
temperature field 7(7,¢). The temperature field couples strongly to
the local concentration of a binary solvent. We introduce the order
parameter (OP) field ¥(7,t) as a difference Y(r,t) = ca(r,t) — ca(ryt) in
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the concentration of components A and B of a binary mixture,
where cap = pap/(pa + pap) = Nap/N and pap = Na p/V are the local
number densities. This OP is conjugated to the chemical potential
difference u = u — (g between the chemical potentials of species A
and B. For phase separation driven by diffusion, we assume
that the time ¢ evolution of both fields is governed by the Cahn-
Hilliard-Cook (CHC) equation or Model B** based on the
Ginzburg-Landau free energy functional, in conjunction with
the heat diffusion equation. The Ginzburg-Landau free energy
functional of the solvent OP is given by

F d; ,
o= [ e g 4 ). @

with a oc (T — T.)/T. for an upper critical point, which we
consider here. T, is the demixing critical temperature of the
binary liquid mixture. v is a microscopic volume unit which is
typically taken to be equal to a,® where a, is a microscopic
length scale, e.g., the size of molecules of the solvent. For a
spatially varying temperature field we replace the parameter a
in eqn (1) by T(F) = /(T(F) — T.)/T.), where ./ is a constant
number. Then using the continuity equation for the evolution
of the OP, which is conserved, together with a generalized
Fick’s law

WED g5
= -V [-MVu 1)) = MV? 07 Y] ?
- = : [_ :u(rv [)} - 51//(’—;7 t)

and adding a Gaussian random thermal noise #5(7,t), one
obtains the modified CHC equation with a spatio-temporal
temperature field 7(7,t)**

N (7, 1)
ot

= M T (F G W () + w7 1)
v (3)
— CVRY(F, 1)) + n(F.1).

M > 0 is the diffusive mobility which is assumed to be
spatially constant and independent of the local concentration.
Assuming local equilibrium, the noise #(7,¢) conserving the OP
obeys the following fluctuation—dissipation relation

(L Ou, 1) = —2(MV)ksTAVZS(F — 7)3(t — ¢').  (4)

For the system at homogeneous temperature 7, the correla-
tion length (below T.) and the characteristic time are given by

¢ =4/C/2|T| and t, = 2&_*(T)/(Dm(T)|T]), respectively, where
D(T) = (M/V)ksT is the interdiffusion constant of a binary
solvent. We normalize the length, time and by ¢_, ¢, and

v, = |f‘1/“’ where ; corresponds to the concentration

after phase separation, taken at the quench temperature
T=T, < T.. We then obtain the dimensionless form of eqn (3)

WD _ o (T(F-, /)

LY, 1) + P (F 1) = V(7 1) | +n(F 1),
ot | 1|

(5)
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where the thermal noise 7(7,t) is expressed in units of 1, = /1/t,.
After the colloid surface is cooled, because of heat flow the
surrounding solvent temperature also changes with time.
The time evolution of the temperature field is dictated by the
heat diffusion equation

T (F,1)

— g\2T(7
ET gv-T(r 1), (6)

where, 2 = Du/(|T1|Dmm) is the so-called Lewis number and Dy,
is the thermal diffusivity of the solvent. Eqn (5) and (6) were
first considered in ref. 24 to study phase separation near a
planar surface subjected to a temperature quench. The authors
of ref. 25 derived a CHC equation starting from a master
equation for a Kawasaki spin-exchange kinetic Ising model*®
with a space-dependent temperature. They have obtained
a more complex expression with additional terms involving
coupling between VT and Vi and higher order temperature
derivatives.

Here, we assume that a generalized force is proportional to
the gradient of the chemical potential [-MV u(r,t)] (a generalized
force proportional to the gradient of temperature is discussed in
Section 3.4). This is because our theory is based on the Landau-
Ginzburg free energy functional. However, one can use another
thermodynamic potential functional which will lead to a different
form of generalized force. For an equilibrium system the choice of
independent thermodynamic fields and, hence, thermodynamic
potentials is a matter of convenience (see e.g. ref. 27). Similar
seems to apply to dynamics. In some cases the composition, the
density and the energy density fields are used as the fundamental
variables.”® In other cases, the entropy density rather than the
energy density is employed. Non-thermal systems are discussed in
ref. 29-31. In ref. 29 an extension of the Cahn-Halliard model of
phase separations to such situations has been proposed and its
mathematical properties have been studied. Onuki®® introduced a
dynamic van der Waals theory based on the entropy functional, in
which the generalized forces are proportional to V(u(r,t)/T(r,t)) and
to V(1/1(r,£)). Gonnella and co-authors®" extended this approach to
fluid mixtures. It turns out that in near-critical solvents u/T derived
from the entropy functional as a function of the order parameter
field i takes the same form as u derived from the Landau-Ginzburg
free energy functional. Hence, both approaches lead to the same
dynamic equation (eqn (5)).

Eqn (5) and (6) have to be supplemented with appropriate
boundary conditions (BC)** at the colloid surface. One BC
corresponds to no OP flux through the colloid surface

(A#-Vur)ls = (VT Yoy = 0, (7)

where, % and 7 refer to the colloid surface and the unit vector
perpendicular to it and pointing into it, respectively. The other
BC accounts for the adsorption preference of the colloid surface
for one of the two components of the binary liquid mixture.
This is done by considering a surface energy contribution®?

1
EocfyzﬁdS — hf,¥dS in addition to the bulk free energy 7.

Here, o is a surface enrichment parameter and % is the
symmetry breaking surface field. After suitable rescaling of o
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Fig. 1 Schematic picture of a spherical colloidal particle suspended in a
binary solvent. x, y, and z refer to the usual Cartesian coordinates and Ly, L,
and L, are the side lengths of the simulation box along these directions,
respectively. Surfaces of the simulation box marked by white have a
periodic boundary condition and the blue colored surfaces bear symmetry

breaking surface fields with preferential attraction to the same species of
the solvent. In both cases, the colloid is placed at the centre of the box.

x

and A, this gives rise to the dimensionless static so-called
Robin BC

(VY (F) + o (F))] o = h. ®)

For the boundary condition associated with the temperature
field we take

T(F)lo =Ty, ©)

which corresponds to maintaining the reduced temperature on
the colloid surface at a constant value 7;; we assume no heat
diffusion in the colloid.

For the numerical setup a spherical colloid of radius R is
placed at the center of a rectangular box of side lengths L, L,
and L, (see Fig. 1). Outside the colloid, each grid point on a
simple cubic lattice mesh refers to the binary solvent which is
characterized by y(7,t) and 7(7,t). The initial configuration is
generated as follows: each solvent grid point is assigned an OP
value which is chosen from a uniform random number dis-
tribution [—1:1] such that the spatially averaged OP is i, = 0.
This corresponds to the critical concentration of the binary
solvent. The initial temperature values throughout the system
are T,(F) = 1. At ¢t = 0, the grid points corresponding to the colloid
surface are quenched to a temperature 7y and (5) and (6) are
solved numerically using the Euler* method to obtain (7
and 7(,t). Periodic boundary conditions®® are imposed at the
side walls of the cubic box. In order to implement the BC on a
curved colloid surface a trilinear interpolation method*® has
been used. All numerical results presented here correspond to a
temperature quench inside the miscibility region of the equili-
brium phase diagram 7; = —1 and they have been obtained
using a numerical timestep d¢ = 0.001. The spatially averaged
order parameter is maintained at its critical value , = 0. We
consider homogeneous colloids with constant values of surface
parameters o and 4. The noise amplitude is taken to be 10"
Typical values of the dimensional parameters used here are
ay=0.2nm, ¢_(T;)=1.2nm, .o/ ~ 46,t,=10 *s,D,, =10 m?>s™*
and Dy, =107 m? s~ %,

Note that by construction, (6) does not ensure that at the
outer edge of the cubic simulation box the temperature is main-
tained at its initial value 7; at all times. One of the possibilities is to

This journal is © The Royal Society of Chemistry 2018
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keep the temperature at the boundary of the simulation box free
with no heat flux through the outer edge of the simulation box:

OT(7,8)/0r | outer edge = 0. (10)

This may serve well to describe the early temperature evolu-
tion within small sample cells. In order to mimic experimental
realizations in which a colloidal particle is placed in a macro-
scopically large cell, one can set the temperature at the outer
edge of the simulation box

T(?yt) | outer edge = Ti (11)

In the present paper we consider both the free BC with no
heat flux through the boundary and the BC given by eqn (11).

For the confined geometry, the spherical colloid is placed at
the center of a rectangular box with side length L, along the
z-direction much smaller than the length along the other two
directions: L, « L, and L, = L,. The outer edges of the box along
the x and y directions (see Fig. 1) bear a periodic boundary
condition (PBC)** and the top and bottom edges along the z
direction hold the surface BC

(@-VY(F) + o (7)| & = h. (12)

Both top and bottom surfaces prefer the same component of
the binary solvent with the same strength. The top and bottom
surfaces also hold the BC given by (7).

3 Results

3.1 Temperature profile

We have solved (6) with the BC on the surface of the colloid (9)
and the initial condition 7(F, ¢t = 0) = T; analytically using
spherical coordinates for R < r < L. For the BC given by
eqn (10), the stationary state is 75(r) = —|T}|. It is approached
according to

~ ~ 1 g2
T t) = —|T — &/n' “n,_R —;.//L,,r7 13
(r,0) = —| 1|+r; sin(Z(r — R))e (13)
where 4, are positive solutions of the equation
tan(/,(L — R)) = 4,L (14)
and the coefficient .7, is given by
T: 1T (5 R + R)sin A,r'dr’
o, = Lit] Dy (7 & R)sin /r'dr” (15)

I-R_. 2,
e sin® A, dr’

For the temperature at the outer boundary of the simulation
box r = L fixed at the value 7(r = L,t) = T; we find

T(r,t) = T™(r) + 2R(T: + | T1|)

nm

SiI] (I’ — R) it (16)
E ’ L—R T —pe
>< B —
g nrwr ¢ ’
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Fig. 2 Temperature profiles near a homogeneous colloid suspended in a
binary solvent at time t = 10 following a temperature quench of the colloid
surface from 7’, =1to 7’1 = —1. The surrounding solvent cools due to heat
flow from the colloid. r is the radial distance in the midplane from the
colloid center. The shaded region denotes the colloid surface. The square
and circle symbols correspond to the numerical data for the temperature
evolution following eqn (6) with the BC given by egn (10) and by eqgn (11),
respectively. In the case of the BC given by eqgn (11), the temperature of the
solvent far away from the colloid is always maintained at the initial
temperature T; = —1, whereas using the BC given by eqgn (10) leads to
lowering of the temperature far away from the colloid. For the latter case,
at t = 200 the whole system is cooled down below the critical temperature
and the temperature profile is close to the steady state one given by
TMr = —|T,|. The solid lines stand for the corresponding analytical predictions
for Tir,t) (see egn (13) and (16)) with which the numerical data accord very well.
For details of the numerical technique and analytical solutions, see the main
text. Results correspond to L = 100, R = 10, and 2 = 50.

where the stationary profile 7%(r) is given by

LT+ R|Ty|(r— R)
~ L—-R r

() S EATLCC)

In Fig. 2 we compare the temperature profiles in the solvent
evolving in time according to dynamical eqn (6) with two
different BC: (i) no heat flux at the outer edge of the simulation
box (10) and (ii) a fixed temperature at the edge of the simula-
tion box (11). There, 7(7,¢) is plotted against the reduced radial
distance r from the colloid centre in the midplane z = L,/2 of the
system at a fixed time ¢ = 10 (for the no heat flux (i) BC we also
show the temperature profile at the later time ¢ = 200 - see
below). The results in Fig. 2 correspond to L, = L, = L, = 100,
R =10, T; =1, and T, = —1. The shaded region is the colloid
surface. For both types of BC the temperature at the surface of
the colloid is maintained at the quench value 7; = —1 and with
increasing distance from the colloid the temperature gradually
increases towards its initial value. However, in the case of the
fixed (ii) BC (circles), 7(7,t) far away from the colloid is exactly
equal to T;. On the other hand, for the no heat flux (i) BC
(squares) the temperature away from the colloid is slightly
lower than T;. In Fig. 2 we also plot the analytical expressions
of (r,t) from (13) and (16), marked by the solid lines, with
which our numerical data (symbols) for both agree very well.
The slight discrepancy is due to the fact that the solution in (16)

Soft Matter, 2018, 14, 9326-9335 | 9329
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is obtained within spherical polar coordinates and the numerical
results are obtained in a rectangular box and with a finite cubic
grid. Note that a finer mesh will yield a much better match
between the two. In the case of the no heat flux (i) BC the system
continues to cool down until it reaches the stationary state with 7'
(r) = —|T4|. As can be inferred from the behavior of the temperature
profile shown in Fig. 2, at time ¢ = 200 this stationary state is not
yet achieved.

3.2 Coarsening in the bulk

We first explore the effect of temperature evolution on the
coarsening dynamics around the colloid in the bulk. Fig. 3
corresponds to the no heat flux (i) BC. There we plot the
coarsening snapshots at three different times following a
temperature quench of the colloid surface from T, = 1 to
T, = —1. The results in Fig. 3 correspond to a colloid with a
homogeneous surface with o = 0.5, and & = 1, i.e., preferring a
phase with iy > 0. The color code for the order parameter is
provided in the figure, with the interface between the regions
with iy > 0 and < 0 marked by black lines. Grey circle refers
to the colloid. At very early time ¢ = 2 only one thin surface layer

t=2

el e

e

s
s
L f"‘"r"‘j‘“ ;

gk
ok H

—-1.5 —1.0 —0.5 0 0.5 1.0 1.5

Fig. 3 Non-equilibrium coarsening of a binary solvent under a time-
dependent temperature gradient around a colloid with preferential attrac-
tion to one of the two components of the binary mixture. Starting with a
disordered initial configuration the colloid surface is cooled to T; = —1 and
the subsequent evolution of the order parameter and temperature fields is
described by egn (5) and (6), respectively. The BC for the temperature field
at the outer edge of the simulation box is given by egn (10). All snapshots
are in the midplane z = L,/2 of the system. The color code corresponds to
different values of the order parameter with the black lines marking the
contour lines and the grey circular region stands for the colloid. At early
time, a spinodal-like decomposition in the bulk is present. With time,
concentric circular surface rings form and they propagate into the bulk.
Results correspond to L = 100, R =10, Ty = =1, « = 0.5, and h = 1.

2.0
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is formed on the colloid, whereas in the bulk spinodal-like
phase segregation has started which is clear from the contour
lines. With increasing time, these surface patterns propagate
into the bulk and more concentric rings form. Note that two
neighbouring rings consist of opposite phases. The qualitative
feature of this process is similar to the coarsening process
under a temperature gradient for an off-critical concentration
Yo =0.1 and with o = 0.5, and % = 1 (see ref. 18). Once the layered
patterns reach the boundaries of the simulation box, the layers
start to break up (not shown here but similar to ¢ = 1400 in
Fig. 2(b) in ref. 18) due to an interplay of surface and bulk
demixing. For larger systems we expect more rings to form,
however, the qualitative features should stay the same.

In Fig. 4, we present snapshots of the order parameter
evolution for the fixed (ii) BC. The surface patterns bear
spherical symmetry like in Fig. 3. However, compared to
Fig. 3 the ring-like layers in this case propagate over a much
shorter distance from the colloid. Also, coarsening progresses
much faster in this case. Thus, the different BCs for the
temperature evolution (eqn (10) and (11)) do not change the
qualitative features of the surface morphology, however, they
alter the distance over which the surface patterns propagate.

In order to further quantify the order parameter morphology
shown in Fig. 3 and 4, we calculate the two-point equal time
correlation function defined as

Cll=r—=R1t) = YRR + ;1)) — (YR) (Y(R + (,t))
(18)

-

i

o . J
t = 1000
E s T "
(‘
g ﬂ"q%-;l & - 5
HEH— |
—1.5 —1.0 —-0.5 0 0.5 1.0 1.5 2.0

Fig. 4 Same as Fig. 3, but for the temperature evolution with the BC at the
outer edge of the simulation box given by egn (11). In this case the ring-like
surface patterns do not propagate much into the bulk and coarsening is
much faster as compared to Fig. 3.

This journal is © The Royal Society of Chemistry 2018
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in the midplane of the system. The symbol (-) refers to the
average over initial configurations of the angularly averaged
C(¢,).

In Fig. 5, C({,t) for the case of the no flux (i) BC (corres-
ponding to the snapshots shown in Fig. 3) is plotted vs. the
rescaled distance ({ + R)/R, at three times ¢. At very early times,
the spatial decay of C((,¢) is rather fast. Upon increasing time it
slows down, the first layer widens and C((,t) develops multiple
peaks, which correspond to the various surface layers. As
observed, at ¢ = 10 C({,¢) has one prominent minimum, indica-
tive of one surface layer. However, at ¢t = 200 C({,?) exhibits
damped oscillations which extend to the boundary of the
system. The corresponding temperature profile is shown in
Fig. 2. Although at time ¢ = 200 the temperature in the whole
sample is below the critical one, the pattern of phase separation
is not that of a standard spinodal decomposition but remains
ring-like (see Fig. 3).

This has to be compared with the behavior of the correlation
function for the case of the fixed (ii) BC (corresponding to the
snapshots shown in Fig. 4). In Fig. 6, we plot C({,t) vs. the scaled
distance ({ + R)/R, at three different times. The qualitative trend
of C({,¢) is similar to the one described above. However, one
distinct feature is observed at very late times: for the fixed (ii)
BC C((,t) exhibits only two minima/maxima. This is due to the
fact that for the fixed (ii) BC the temperature further away from
the colloid stays always above T. and the surface patterns can
propagate over a much shorter distance from the colloid
surface.

One factor that influences the early stage of the solvent
coarsening is the size of the colloidal particle. This can be
inferred from Fig. 7(a), which shows the early time ¢ = 10

L L L B B L L B B B

L

R

e—a =100 1

—o =200

_1'5IlIlIlIIIIIIIIIIlIlI_

1 2 3 4 5
(C+R)/R

Fig. 5 Plot of the two-point equal time correlation function C({ = r — R) of
the binary solvent vs. the scaled distance ({ + R)/R in the midplane of the
system, at three different times. Results correspond to the coarsening
mechanism with a temperature gradient following egn (6) with no flux (i)
BC egn (10) and for a colloid with preferential attraction to one of the two
components of the binary solvent. Each maximum/minimum in C((.t)
corresponds to one surface layer around the colloid. With increasing time
the thickness of the surface layer increases. All system parameters are the
same as in Fig. 3.
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C(©)

1 2 3 4 5
¢+ R)/R

Fig. 6 The same as in Fig. 5, but for the temperature evolution followed
by eqgn (6) with fixed (ii) BC eqgn (11). At very late times, C((,t) exhibits only
two mimima/maxima.

-0.5

angularly averaged order parameter (OP) profile y(7,¢) in the
midplane z = L,/2 of the system for the (ii) BC. There, the results
for three values of the colloid radius R are presented. In order to
avoid finite-size effects on the domain size, the results pre-
sented in Fig. 7 correspond to different values of colloid radius
R and system size L chosen such that the space available for
domain formation, viz., L/2 — R is kept the same. We find that
upon a roughly 3.3 fold increase of the colloid radius R, the
value of the OP on the colloid surface (0,t) increases mono-
tonically by a factor of ca. 1.3. Concomitantly - and consistent
with the conserved dynamics - the minimum of (7,t) deepens
by approximately the same factor. Note that the position of the
minimum remains almost unchanged. This is because, at least
at early times, it is determined by the wave vector characterizing
the fastest growing mode.'® In Fig. 7(b), we also show the OP
profiles at a late time ¢ = 1000 when the systems almost reached
the steady state. In this case, with increasing R by a factor of
ca. 3.3, the value of the OP on the colloid surface increases by a
factor of roughly 1.28.

It is instructive to compare the OP patterns evolving in the
presence of a temperature gradient with those for an instanta-
neous quench, i.e., in the absence of any temperature gradient.
The composition wave observed in the latter case (see Fig. 8) is
distinctly different from the one in Fig. 3 and 4. For the chosen
values of o and A, only one ‘ring’ forms and the spinodal-like
patterns are more prevalent in the system. This observation is
also in agreement with phase separation in polymer blends
around fillers.>” Of course, with time the thickness of the
surface ring around the colloid surface increases. However,
the qualitative and quantitative features of the coarsening
patterns are different. As one expects, the long time limit
pattern for an instantaneous homogeneous quench is the same
as in the system following a temperature quench of the colloid
surface with the no flux (i) BC at the outer edge of the
simulation box (the one in Fig. 3). This is because in the latter
case the stationary temperature profile is constant and equal to
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Fig. 7 Angularly averaged order parameter profile (r,t) vs. the distance
(r — R) from the colloid surface at (a) an early time t = 10 of the coarsening
process and (b) at a very late time t = 1000 when the system has almost
reached the steady state. Different curves correspond to different colloid
sizes. The temperature field evolves according to eqgn (6) with fixed (ii) BC
egn (11). At both times, the value of the order parameter on the colloid
surface increases with increasing radius R.

t=2

—1.0 —-0.5 0 0.5 1.0 1.5 2.0

Fig. 8 Coarsening patterns around a colloidal particle for an instanta-
neous quench, i.e., when both the colloid and the solvent are at the same
constant temperature. Only one surface ring forms at early time. Spinodal-
like patterns are more prominent, unlike in Fig. 4.

T, = —1 throughout the system. Accordingly, the solvent phase
separates globally forming an interface around the colloid,
while for the fixed (ii) BC there is always a temperature gradient
present in the system and the solvent remains in a mixed phase
far away from the colloid.
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t = 2000
Fig. 9 Snapshots during the temperature-gradient induced coarsening of
the binary solvent around a neutral colloid, i.e., without preferential surface
attraction for one of the two components of the binary solvent. Results
correspond to L =100, R =10, T= —1, « = 0, h = 0, and the midplane of the
system. The temperature field obeys the fixed (ii) BC. Blue and white parts
stand for the two phases y > 0 and <O, respectively. Starting from very

early time both phases of the solvent are present on the surface of the
colloid and the surface patterns do not bear spherical symmetry.

Now, we focus on the influence of the surface properties of
the colloid on the coarsening morphology in the presence of a
temperature gradient, for i, = 0. In Fig. 9, we present snapshots
during the temperature-gradient induced coarsening around a
neutral colloid, i.e., for « = 0 and % = 0. The temperature field
obeys the fixed temperature (ii) BC. Since 4 = 0, the order OP
values are much smaller as compared to Fig. 3 and 4. For the
sake of clarity, in Fig. 9 we plot only the part of the solvent
where (7,t) > 0 in blue color. The white part corresponds to
the other phase < 0. Clearly, starting from very early time the
surface pattern is very different from the pattern for preferen-
tial attraction (see Fig. 3 and 4). While in the case of prefer-
ential attraction with i/, = 0 only one phase stays on the colloid
surface at all times, for a neutral colloid both phases are
present (see ¢ = 2 and ¢ = 20) until the system almost completely
phase separates at ¢ = 2000. Besides, the surface morphology for
a neutral colloid is not spherically symmetric.

In ref. 18 the solvent patterns around a neutral colloid
during the coarsening process in the presence of a temperature
gradient have been studied for the off-critical concentration
Yo = 0.1. Comparing results from ref. 18 with the present ones,
we can see qualitative differences: for the critical concentration
of the solvent, both phases form on the surface of a neutral
colloid and the surface morphology is not spherically sym-
metric whereas for an off-critical concentration, only one phase
is present on the surface of the neutral colloid and the surface
patterns are spherically symmetric. Solvent concentration thus
strongly affects the surface morphology for a neutral colloid.

3.3 Confinement effects

In this section we investigate the effect of confinement on
the non-equilibrium phase segregation dynamics around the colloid.
This is highly relevant for experimental studies where typically
sample cells are finite slabs. Fig. 10 depicts the temperature profile
of the binary solvent around the colloid at time ¢ = 10 following the
temperature quench from 7'=1 to T; = —1 inside the binodal region.
Results correspond to the cross-section in the x-z plane at y = L,/2
with the confining walls at z= 0 and z = L,. Both walls and the colloid
prefer the same phase i > 0 of the binary solvent with the surface
parameters o = 0.5 and 2 = 1. A strong temperature gradient is
observed in Fig. 10. The temperature at the outer boundaries of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Temperature profile around a colloidal particle confined in
between two walls at z = 0 and z = L, at time t = 10 after a temperature
quench from T = 1 to T; = —1. The confining walls are fixed at the
temperature T = 1. Both walls have preferential attraction to the same
species of the binary solvent. The result corresponds to a vertical cut at
y =L,/2 inthe x-z plane and L, = 100, L, = 20, R =8, « = 0.5,and h = 1.

simulation box is maintained at 7'= 1 according to eqn (11) whereas
close to the colloid 7(F) < 0. The spread of the region with negative
temperature increases for larger colloids. The spatial gradient in the
temperature field is clearly visible in Fig. 10.

The evolution of the OP for a thin slab with L, = 20 and for a
thick slab with L, = 40 is shown in Fig. 11 and in Fig. 12,
respectively. In both figures L, = L, = 100 and all other para-
meters are the same as in Fig. 10. The color indicates the value
of the OP. As can be seen in Fig. 11, already at very early time
t = 2 the surface layers form around the colloid as well as on the
top and the bottom walls. These surface layers are all connected
with each other, forming a bridge-like structure. Away from the
confining surfaces exerting symmetry breaking BCs on the OP,
the spinodal-like patterns are prominent. With increasing time
the surface layers and the bridge get thicker and the bulk phase
separation proceeds until a stationary state is achieved (see ¢ = 100,
which is close to the stationary state). Note that the coarsening
process in this case is much faster as compared to that in the bulk.
This is because of the presence of the walls which attract one
species of the solvent favorably and thus speed up phase separa-
tion in the bulk. In the case of a thicker slab (see Fig. 12), at very
early time ¢ = 2 the surface layers form on the colloid and the top
and bottom walls, like in Fig. 11. However, in this case, the wall
surface layers are separated from the one on the colloid and no

Fig. 11 Non-equilibrium order parameter evolution around a colloidal particle
confined between two walls following a temperature quench from T = 1to
Ti = —1. All parameters are the same as in Fig. 10. Results correspond to a
thin slab with L, = 20 and L, = L, = 100. A bridge connecting the colloidal
particle and both the top and bottom walls starts to form already at very
early time. With increasing time this bridge and the thickness of the surface
layers grow and spinodal-like phase separation proceeds in the bulk.
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Fig. 12 Same as in Fig. 11, but for a thicker slab with L, = 40. At very early
time the surface layers form around the colloidal particle as well as on the
top and the bottom walls. As time increases, these surface layers get
thicker and spinodal-like phase separation proceeds in the bulk. Note that
no prominent bridge formation is observed unlike in Fig. 11.

bridge formation occurs. With increasing time the surface layers
get thicker (see ¢ = 100) and the bulk phase separates. However, no
thick bridge forms - even at very late time. Thus, coarsening of a
solvent around the confined colloid depends strongly on the
separation of the confining walls and this may have repercussion
in multi-colloid dynamics as well. For example, a capillary inter-
action may lead to clustering phenomena.

3.4 Soret term

In the present phenomenological approach, an effect of the
inhomogeneous temperature field, the Ludwig-Soret effect,
enters only through the OP flux due to the chemical potential
gradientj oc —Vy(r,t). However, following the Onsager’s theory
for irreversible processes, which provides phenomenological
equations relating thermodynamic fluxes to the generalized
forces —u/T and 1/T,*® one can add to the OP flux]' a cross-term
due to the temperature gradient with an independent coeffi-
cient related to the thermal diffusion coefficient Zr.

0 9

% = -V (-MVp)—V- (fTT(lp +1)(1— [p)w). (19)
Here we assume that both M and 2 are constants. Upon

rescaling and adding conserving noise eqn (19) reduces to

) =7 (T2 + 0G0 - TG
~ (20)
QT Tc — T(F; Z) =
+Fm4dv ((‘//0 i ‘ﬁz)VW) +n(r, 1)
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For a typical binary solvent away from phase transitions the
ratio /% m, which is called the Soret coefficient, is of the order
of Sg ~ 10~* K '. This means that for deep quenches the
Ludwig-Soret contribution causes only a minor perturbation to
the behavior of a system. Indeed, we have checked that for the
values of the coefficient B = (91T.)/(4Dy,</) ranging from 0
(i.e., no Soret effect) to 0.5 and with i, = 0 the changes in the OP
profile and in the two-point equal time correlation function are
minimal. Specifically, for the temperature field evolving accord-
ing to eqn (6) with the fixed (ii) BC (eqn (11)), the OP value
¥(0,¢ = 10) on the colloid surface reduces from 0.7479 at B=0 to
0.7385 for B = 0.5. The first minimum of both the OP and the
normalized two-point equal time correlation function C(r) also
slightly decreases with increasing B; for the OP it takes values
—0.1862 for B = 0 and —0.2004 at B = 0.5 whereas for C(r) it
reaches the value —0.4636 for B = 0 and —0.5230 for B = 0.5.
We note that for the fixed temperature (ii) BC, the Soret term in
the evolution equation eqn (20) for the OP breaks the conserva-
tion of the total OP. This is why the OP profile is slightly shifted
towards negative values. This is not the case for the no flux
(i) BC. Nevertheless, also for the latter BC the overall changes
in the OP and in C(r) in the studied range of parameter B < 0.5
are tiny.

The cross-term may become more important in the asymptotic
critical regime close to T. (here we refer to a recent review on the
Soret effect®®). This is because the interdiffusion constant Dy,
shows critical slowing down,*® i.e., the increase of characteristic
diffusion time ocD,, upon approaching a critical point, whereas
the thermal coefficient 21 does not. Specifically, in the asymptotic
critical regime Dy, oc |t| """, where 7 = (T — T.)/T., v ~ 0.63 is
the critical exponent of the bulk correlation length of the solvent,
and 7, ~ 0.063 is the critical exponent of the solvent viscosity.
Because Dy ~ const, one has Sy oc |t|*"), This means that for
very shallow quenches the Soret term eqn (20) can be even
dominant.

4 Summary and outlook

In summary, using numerical simulations and analytical theory
we have studied the non-equilibrium early-time coarsening
dynamics of a binary solvent around a suspended colloidal
particle in the presence of a time-dependent temperature
gradient. Following a sudden temperature quench of the colloid
surface the surrounding solvent cools via heat diffusion. The
ensuing order parameter field is solved using the modified
Cahn-Hilliard-Cook equation which takes care of the coupling
to a time-dependent temperature-field, in conjunction with the
heat diffusion equation which dictates the temporal evolution of
the temperature field. The colloid surface attraction preference to
one of the two components of the binary mixture is modeled by
considering a symmetry-breaking surface field. Two types of
boundary conditions for the temperature field — mimicking
different physical situations — have been considered and their
influence on the non-equilibrium dynamics has been explored
in detail. We have studied the coarsening process for different
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surface adsorption properties, concentrations of the solvent
and temperature evolution conditions. Under the time-dependent
temperature gradient and for a colloid with selective surface
adsorption, upon a temperature quench spherical surface layers
form close to the colloid, which with increasing time propagate
into the bulk. Concomitantly, the thickness of the surface layer on
the colloid increases with time. For a neutral colloid, i.e., without
any surface adsorption preference, drastic changes in the coarsen-
ing morphology are observed. In the latter case, both phases prevail
on the colloid surface whereas in the former case only one phase
stays on the surface. Also, in the absence of preferential attraction
the surface patterns are not spherically symmetric. These features
of coarsening are reflected in the two-point equal time correlation
function and the order parameter profiles. We have also provided a
comparison with the coarsening phenomena occurring after an
instantaneous quench, ie., without any temperature gradient in
the system. In the absence of the temperature gradient, the surface
ring formation is much less pronounced as compared to the
spinodal decomposition.

Our study also presents results on the coarsening process
around a confined colloid in the presence of two confining
surfaces with a preference to the same component of the binary
mixture. In this case, enriched surface layers form both on the
colloid as well as on the walls which make coarsening much
faster in the confined geometry. For thin films a liquid bridge
forms connecting the colloidal particle and the confining walls.
These results are particularly important for experimental reali-
zations where typically a colloidal suspension is confined in a
quasi-two-dimensional chamber. It will be interesting to study
Janus particles in such geometries and the role of bridging for
the mechanism of self-propulsion.

We note that the details of pattern evolution such as, e.g., the
extension of the surface patterns depend crucially on the BCs of the
temperature field imposed at the outer edge of the system. The type
of the BCs for particular cases could be validated experimentally by
comparing the coarsening morphologies. Qualitative features of our
numerical results have been found in experiments with micron-
sized colloids, which will be reported elsewhere. In future we will
undertake an improvement of our phenomenological model to
include heat flow across the colloidal particle, which will better
mimic experimental situations, and to account for heat dissipation.

It is known that in the presence of an externally applied
temperature gradient, colloidal particles in a solution undergo
motion, which is known as thermophoresis. In our system, the
particle itself generates the temperature gradient. However, even if
we were able to account for the motion of a colloid (in our approach
the particle is fixed in space), we would not expect any active
motion. The reason lies in the particle homogeneity - one needs an
asymmetric source that generates and maintains temperature and/
or concentration gradients around the particle for self-propulsion
to occur. This can be realized by using, e.g., Janus particles.
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