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Phoretic dynamics of colloids in a phase separating critical liquid mixture
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Different phoretic effects have been widely exploited for designing self-propelled colloidal systems, but the
underlying wave vector dependent dynamics has been little investigated. In this work, the out-of-equilibrium
dynamics of colloids in near-critical liquid mixtures undergoing spinodal phase separation was probed by x-ray
photon correlation spectroscopy (XPCS). The emergent dynamics of charge stabilized silica and silica-nickel
Janus particles upon a temperature jump into the two-phase region of the solvent mixture displayed similar
features at the initial stage. In both systems, the phoretic dynamics is dominated by velocity fluctuations induced
by the solvent concentration fluctuations and the hydrodynamic flow during the coarsening process. Furthermore,
relaxation rates of the diffusive part of the dynamics manifested an anomalous wave vector dependence akin to
the superdiffusive behavior with an effective diffusion coefficient significantly larger than the Brownian limit. For
smaller temperature jumps, velocity fluctuations exhibited a broader distribution with silica and Janus colloids
showing qualitatively different behavior. The velocity fluctuations decayed with time and the dynamics reverted
to diffusive behavior upon completion of the phase separation. Presented results illustrate the ability to probe

faster collective dynamics pertinent to active colloids using multispeckle XPCS.

DOI: 10.1103/PhysRevResearch.2.033177

I. INTRODUCTION

Over the last two decades, phoretic motions of parti-
cles have received renewed interest from the perspective of
designing active colloids, which consume energy from the
surrounding medium and perform mechanical motion [1-3].
Self-phoretic motions can be induced by a variety of ways, but
the diffusiophoresis that involves the gradient of concentration
is one of the most widely used mechanism for designing
active colloids [2,3]. Such self-propelled colloids are simple
manifestations of active matter that has been the subject of
burgeoning research over the past several decades [4-6]. Apart
from the fascinating observations of their collective behavior,
understanding the interaction and dynamics underlying the
phoretic effects are important from both fundamental and
practical points of view [2,3,7]. The active motions of such
particles can be easily tracked in two dimensions (2D) by
optical microscopy and therefore they have been widely in-
vestigated [5,6].

An elegant approach for realizing self-phoretic motion is
by selective heating of one of the faces of Janus particles
suspended in a critical binary liquid mixture [8]. The local
demixing of the solvent in the vicinity of the heated face
results in a gradient of concentration, a condition analogous to
the diffusiophoresis. The swimming direction of the individ-
ual particles is determined by the preference of the heated face
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for a given liquid species [8]. This has provided a convenient
method for investigating the emergent collective behavior
of active colloids [8,9]. Colloids dispersed in binary liquid
mixtures exhibit many fascinating features near the coexisting
region of the solvent, which have been the subject of numer-
ous investigations in the past [10—12]. Near the coexistence
temperature (7x), one of the liquid species preferentially
adsorbs on the surface of colloids [10,13]. Theoretical inves-
tigations of the propulsion mechanism of self-heated active
Janus particles suggested different origins such as wetting
and associated surface forces [14], and chemical potential
gradients at the diffuse interface [15] upon local demixing
of the solvent. The diffusiophoresis picture is insufficient
to explain all the observed features and more recently it
has been shown that gradient of mechanical stresses in the
adsorbed layer, analogous to the Marangoni effect is likely
the propulsion mechanism [16].

An important aspect of colloids in binary liquid mixtures is
that the interaction between particles can be tuned by varying
the temperature (7) in the proximity of the consolute point
[12,13]. Near Tyx of the liquid mixture, charge stabilized
colloids turn attractive and aggregate at a well-defined tem-
perature (7). This aggregation process is thermally reversible
and it is closely related to the preferential adsorption of one
of the liquid species on to the colloids [13]. In addition,
a reentrant stability of the suspension can be observed in
the coexisting region with all particles redispersing in the
preferred phase [10]. All these features can be exploited to
modify the interactions and dynamics of colloids [17]. A
wider range of tunability is achieved by using Janus colloids
having faces with different wetting properties [18-20].

In the case of active colloids in binary liquid mixtures,
a better understanding of the change in interactions and dy-
namics upon the phase separation of the solvent is desired,
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prior to assigning different observations to the physics of
active matter. In particular, the dynamics of colloids when the
solvent is undergoing spinodal phase separation has not been
investigated in detail presumably due to the high turbidity of
the system. In this work, the evolution of the microstructure
and dynamics of colloids were probed simultaneously by
ultrasmall-angle x-ray scattering (USAXS) and multispeckle
ultrasmall-angle x-ray photon correlation spectroscopy (USA-
XPCS), respectively. Here, the term phoretic dynamics im-
plies the enhanced dynamics of colloids induced by concen-
tration fluctuations upon the phase separation of the solvent
mixture and subsequent hydrodynamic flow during the coars-
ening process. The USA-XPCS provides access to the wave
vector dependent ensemble averaged dynamics, which can
be decomposed to advective and diffusive contributions [21].
Especially, the deviations from the mean velocity or velocity
fluctuations of the particles can be deduced with high sta-
tistical accuracy. For active Brownian particles, their motion
remains ballistic over a limited time defined by the rotational
diffusion, beyond which their behavior becomes stochastic
[22]. Therefore the ensemble averaged dynamic information
in three dimensions (3D) derived from scattering experiments
is important and complements the results obtained by optical
microscopy in 2D.

As model colloids, spherical silica and silica-nickel Janus
particles (SP and JP, respectively) were used. These particles
were dispersed in near-critical quasi-binary solvent mixtures
composed of 3-methylpyridine (3MP), water (W) and heavy
water (HW), which has a closed-loop phase diagram with
a lower critical solution temperature, 7.. The behavior of
colloidal particles in this mixture is similar to that in the more
well-studied 2,6-lutidine and water mixture [23]. However,
there is an additional tunability of 7, by varying the W to HW
ratio. At the critical concentration (C.), the solvent mixture
phase separates predominately via spinodal decomposition
[24]. Thanks to the very low x-ray contrast of the solvent
mixture, X-ray scattering is dominated by colloids that enabled
the investigation of interparticle interactions and dynamics in
the turbid medium when the solvent mixture is undergoing
spinodal decomposition. The phase separation in this case
was induced by a temperature jump (T jump), which is not
exactly the same condition as that involved when particles
are heated locally by laser illumination [8]. Nevertheless,
the underlying processes of spinodal phase separation and
preferential adsorption are similar in both cases.

The spinodal decomposition in this type of binary lig-
uid mixtures has been extensively studied [25-28] and
reasonably well described in terms of different models
[24,29-31]. For the T jumps used in this study, the solvent
mixture immediately reaches the fast growth regime domi-
nated by surface tension and gravity induced hydrodynamic
flows. In particular, the crossover range from capillary (inter-
facial tension) driven to gravity driven flow when the domain
sizes reach tens of micrometers [27,29] is the relevant condi-
tion for this work. During the phase separation of the solvent,
particle dynamics changed from purely Brownian to ballistic
behavior, with the advective part dominated by particle veloc-
ity fluctuations induced by solvent concentration fluctuations
and the hydrodynamic flow. Decomposition of the measured
intensity-intensity autocorrelation function, g»(q, t), enabled
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FIG. 1. SEM micrographs of (a) silica and (b) silica-nickel Janus
colloids. The sketch schematically illustrates a hemispherical nickel
cap on the silica sphere.

the extraction of an effective diffusion coefficient, the mean
velocity fluctuations and the average flow velocity of particles
in the scattering volume.

Previous studies on the same system mainly focused on
off-critical concentrations and isotropic dynamics, when the
solvent phase separation occurred predominantly via nucle-
ation and growth [17,20]. Recent advances in x-ray detector
technology (e.g., the Eiger pixel-array detector) in terms
of higher spatial and temporal resolution [32], enabled the
investigation of shorter time range and perform a direction
dependent analysis of the particle dynamics. The high frame
rate capability of the Eiger-500k detector together with the
high photon flux permitted the measurement of ensemble
averaged g»(q, t) functions with a high signal-to-noise ratio
in the sub-millisecond time range. This allowed the disentan-
glement of the emergent particle dynamics and in particular
more quantitative extraction of parameters. In addition, wider
range of T jumps were employed to explore the evolution of
particle dynamics as a function of distance from 7.

II. EXPERIMENTAL

A. Sample preparation

Spherical colloidal silica particles (SP) with a mean radius
(Rs) of 230 nm and a polydispersity (PD) ~ 0.05 (Schulz-
Zimm distribution) were synthesized by the Stober method
[17]. Silica-nickel Janus particles (JP) were prepared by sput-
tering nickel onto a monolayer of silica particles formed on
silicon substrates by solvent (ethanol) evaporation [20]. The
resulting films were extracted by sonication and redispersed in
water. A more detailed description of the JP preparation can be
found in a previous publication [20]. The particles were char-
acterized by electron microscopy and USAXS. Figures 1(a)
and 1(b) show scanning electron microscope (SEM, ZEISS
LEO 1530) images for SP and JP, respectively. The nickel
coating on the silica particles is visible as a brighter region
in Fig. 1(b) as schematically shown in the sketch. In addition,
the characteristic line of Ni was visible in the emission spec-
trum. The final particles had Rg ~ 200 nm and nickel layer
thickness (dn;) ~ 40 nm, as determined by USAXS modeling.
The thickness of nickel layer is significantly larger than the
particles used in the previous work [20]. JP and SP were dis-
persed in the solvent mixture composed of 3-methylpyridine
(3MP), water (W), and heavy water (HW) (JP just before the
X-ray measurements to minimize their slow aggregation). The
weight fraction of 3MP (C3yp) was adjusted to the critical
value (C.) of 0.3 for a W to HW ratio of 1:4 by weight
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FIG. 2. (a) Illustration of the XPCS experimental scheme follow-
ing a T jump. The direction dependent analysis is indicated by the
shaded arcs in the 2D scattering pattern: parallel and perpendicular to
the gravity, g (vertical), and ¢, (horizontal), respectively. Schematic
representation of the systems (b) SP and (c) JP before and after the
T jump, and the distribution of particles. The kinetic time (#,) starts
from O when the sample reaches the set temperature.

to obtain 7. around 43 °C. Suspensions were transferred to
flat-walled capillary cells of width 2 mm and inner path length
0.5 mm (wall thickness 0.1 mm), and flame sealed.

Prior to XPCS experiments, slow temperature scans were
performed in order to determine 7, and 7. precisely. The
stability of the suspension was determined from the measured
USAXS profile at each scan point. For SP, T, and 7. were
at about 41.5°C and 43.6 °C, respectively. Note that values
of T, and T, are also sensitive to any remnant impurities
in the suspension. Unlike SP system, JP samples do not
show a sharp thermally reversible aggregation but a slow
irreversible aggregation which is accelerated in the vicinity
of the coexistence region. The T, of JP suspensions was about
44.8 °C and this difference in T, of about 1 K could be due to
variations in the W to HW ratio [23].

Figure 2 schematically depicts the experimental setup and
changes to the sample upon a T jump. Fast and reproducible
T jumps were performed using a Mettler Toledo heating stage
(FP85) at a heating rate of 0.33 K/s. T jumps were carried out
from the one-phase region into the two-phase region, typically

from 40 °C to the desired temperature. The difference between
the final temperature and 7 is denoted as AT and it is the
control parameter for the phase separation dynamics of the
solvent mixture. For very small values of AT ~0.05 K, a
temperature controlled oven with mK stability was employed.
However, in that case, the heating rate was approximately
20 times slower (0.016 K/s).

B. X-ray scattering setup

All experiments were carried out at ID02 beamline of
the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France [33]. The incident x-ray energy was
12.46 keV, corresponding to a wavelength, A = 0.995 A. The
sample-to-detector distance was set to 30.7 m for accessing
the ¢ scales pertinent to the two systems investigated. The
coherent beam was selected by a pair of slits of aperture
30 um (vertical) x 20 um (horizontal), which provided a pho-
ton flux of 5 x 10'°ph/s at the sample position. With these
dimensions, the beam was roughly elliptical on the sample and
together with the path length of 0.5 mm defined the scattering
volume. 2D speckle patterns as illustrated in Fig. 2(a) were
acquired using an Eiger-500k detector with a pixel size of
75 um in 8-bit mode [32]. The resulting speckle contrast
was better than 30% at 30.7 m sample-to-detector distance.
Further details of the experiment setup for XPCS is described
elsewhere [32]. Depending on the dynamics, the acquisition
rate varied from 2 to 10 kHz and typically 2000 to 5000 frames
were acquired in order to capture the full decay of g»(q, ?).
The static scattering profiles were obtained by the azimuthal
average of the 2D USAXS patterns after applying different
corrections and normalization to an absolute intensity scale
[33]. The normalized background subtracted USAXS inten-
sity is denoted by 1(gq).

C. XPCS principle and data reduction

In a coherent scattering experiment, the measured speckles
fluctuate due to the spatio-temporal rearrangement of the
scattering objects in the medium. The intensity fluctuations
can be quantified by the homodyne intensity-intensity auto-
correlation function [34],

((q, t)I(q, 10 +1))
(I(q, 10))*

with I(q, t) being the scattered intensity measured at a scat-
tering vector, q, lag time, ¢, and (-) denotes the time average
over the duration of the measurement. The magnitude of q
is given by g = 4m /X sin(6/2) with 6 the scattering angle.
g2(q, 1) is related to the intermediate scattering function or
the first order field-field autocorrelation function, g;(q, t), via
the Siegert relation [34]:

g(q, ) =1+ Blgi(g. D 2)

where f is the speckle contrast that depends on the coherence
properties of the incident x-ray beam and the resolution of the
scattering setup. The dynamic information of the systems is
contained in g;(g,t). For the simple case of noninteracting
diffusive Brownian particles, g;(g, t) decays exponentially:

g1(q. 1) = exp[=T'(q)], 3

&(q,1) = ey
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where the relaxation rate, I'(¢) = Dog® and Dy is the Stokes-
Einstein diffusion coefficient given by Dy = kgT /(6nnRy)
with kg the Boltzmann constant, 1 the viscosity of the solvent
and Ry the hydrodynamic radius of particles [34].

However, when particles are in a directed motion, their
net displacement is contributed by both advection and
diffusion [35],

r;(t) —rj(to) = Ar;p(t) + vt + Av; t, @

where Ar;p corresponds to the change in position of the
particle j due to Brownian motion, v is the mean velocity of
all particles in the scattering volume and Av; is the relative
velocity of the particle j from the mean velocity. The resulting
lg1(g, 1) for all particles in the scattering volume can be
factorized as follows [35-37]:

lg1(q, OI* = 1g1.0(q, DI* 817 (. O lg1alg. DI*  (5)

In Eq. (5), the first term describes the diffusion of particles
similar to that in Eq. (3), the second term accounts the decor-
relation effect when a particle moves out completely from the
scattering volume and the third term is the leading contri-
bution due to advection. In the homodyne detection scheme,
the intensity fluctuations are modulated by the difference in
Doppler shifts caused by all particle pairs in the scattering
volume and it is given by the Fourier cosine transform of the
probability distribution of velocity differences (velocity fluc-
tuations, §v) [35,38]. For a Gaussian distribution of velocity
fluctuations and a Gaussian beam profile with width w, Eq. (5)
leads to [35,39]

g1(q, 1) = exp(—Desr ¢* t) exp[—(t /tr)’]
x exp(—q* 8v* t%/2), (6)

where D is an effective diffusion coefficient which may
deviate from Dy during the advection and #7 is the transit time
given by f7 = w/v. Note that the mean velocity, v is roughly
the same throughout the bulk of the sample, whereas dv is
a relative quantity that scales with the size of the scattering
volume (path length).

In principle, all these three terms can be decomposed
from their differences in the g dependence. However, for
the experimental conditions used here (beam size and path
length) and v values involved, the transit term was found to be
not significant, i.e., |g;.7(q, 1)]? ~ 1 [37] and Sv term dom-
inated the decay of g;(q, t). Furthermore, measured g»(q,t)
functions showed characteristic feature of a constant velocity
difference [40]. For a uniform distribution of dv around the
mean velocity v, |g1.4(q,t)| can be expressed analytically
as [41]

. 2
in
sin(gq 8v t)i| o

lg1.a(q, D> = [1 —a+ta
qdévt

where the parameter « denotes the fraction of advecting
particles with velocities deviating from v. Substituting Eq. (7)
in Eq. (5) and neglecting |g;.7(g, t)|* term,

sin(gdvt)7?
gz(q,t):1+ﬂ|:1—a+a—(q )]
qévt

x exp[—2Te(q)t], 3

where [esr(gq) is an effective relaxation rate that may deviate
from pure Brownian behavior during the advection. In analogy
with Eq. (7), when only « fraction of advecting particles
deviate from v and Gaussian distributed,

g(q.)=1+p[1—a+a exp(—q* 5v> 12/2)]
x exp[—2Tesr(g)t]. 9)

From the measured speckle patterns, g»(q,t) functions
were calculated using the python program (PyXPCS) devel-
oped at the ESRF. Each correlation function g,(g,t) was
calculated pixel-by-pixel for different ¢ values and then az-
imuthally averaged over all speckles corresponding to a given
g bin (Ag =5 x 10~*nm™~") in order to obtain the time and
ensemble averaged g»(q, t).

For anisotropic dynamics, the ensemble averaged g»(g, t)
functions were calculated by taking only an azimuthal sector
of +15° along the vertical and horizontal directions as indi-
cated in Fig. 2(a). The g»(g, t) is not sensitive to the reversal
of the direction up or down and left or right. As a result
the averaging for the vertical and horizontal directions were
performed using both upper and lower sectors, and left and
right sectors, respectively.

III. RESULTS AND DISCUSSION

A. Phase behavior

The phase behavior of charge stabilized SP in this qua-
sibinary liquid mixture is well-established [10]. 3MP pref-
erentially adsorbs onto silica particles near 7, leading to a
thermoreversible aggregation. In the two-phase region, par-
ticles become stable again (reentrant stability) and migrate
completely to the 3MP-rich phase. A schematic phase diagram
for SP system is shown in Ref. [42]. In addition, the dynamics
of SP in off-critical mixtures were reported in an earlier
publication [17].

The phase behavior of silica-nickel JP is significantly
different as schematically depicted in Fig. 3. Due to the
limited stability of the suspension (resulting from the low
surface charge on the cap and large Hamaker constant of
nickel, which make the faces weakly attractive), the particles
irreversibly aggregate over a time scale of several days at room
temperature [20]. This aggregation is accelerated near the
phase boundary as schematically indicated by the gray region
in Fig. 3. The photograph in Fig. 3 illustrates the macroscopic
observation after a T jump into the two-phase region for a
AT = 4.2 K. Immediately upon phase separation, particles
migrate to the liquid-liquid interface. From the macroscopic
spreading behavior observed with silica and nickel particle-
laden surfaces, it was found that 3MP wets completely both
silica and nickel, with slight preference for the latter, whereas
water wets only silica. Therefore, it can be inferred that nickel
prefers 3MP and silica switches the preference to water, as
previously suggested [20]. With increasing JP concentration,
it becomes unsustainable for the interface to accumulate all
particles since the interfacial tension (that vanishes at T;) is
very small [11]. As a result, particles cluster into different
configurations [18] nickel-nickel and silica-silica and dis-
tribute into the preferred phase or collapse to the bottom of
the capillary, as indicated in Fig. 3. The anisotropic Janus
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FIG. 3. Schematic phase diagram of silica-nickel Janus particles
in the quasi-binary mixture of 3-methylpyridine (3MP), water (W)
and heavy water (HW). Photograph shows the macroscopic final
phases fora AT ~ 4.2 K with clusters migrating to preferred phases.
In Gspmp = 0.31 sample, particles can be seen at the interface of large
domains. Within the scheme of aggregates (insets), silica and nickel
are represented by the white and black hemispheres, respectively.

interaction may favor the formation of clusters with attractive
sides (face-to-face) close to each other and repulsive sides
(back-to-back) staying apart [43], with the preferred face of
solvent exposed.

B. Static characterization

Prior to the XPCS measurements all samples were charac-
terized by static USAXS measurements in the same capillary
cell both below and above 7. Figure 4 displays the normalized

o 43.6°C
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FIG. 4. Static USAXS profiles for SP and JP samples well below
T. and their corresponding evolution above T.. Red lines display
modeling in terms of the scattering functions (form factor) of poly-
disperse homogeneous spheres (R = 231 nm and PD = 0.054) for
SP and polydisperse spheres with a hemispherical cap (Ry = 200
nm, PD = 0.15 and dy; & 40 nm) for JP. Scattering profiles of JP
have been multiplied by a factor 0.05 for clarity.

USAXS profiles for SP and JP below and above 7. The
scattering profiles of SP sample are adequately described by
noninteracting polydisperse sphere scattering function (red
lines) [17] for the colloid concentrations used in this study
(volume fraction ~ 0.01), i.e., the structure factor of interac-
tions, S(q) ~ 1. Here the T jump bypassed the aggregation
region of SP and the particles are repulsively stabilized at
both temperatures. The main difference between the scattering
profiles of SP below T, and above 7. is that the concen-
tration is roughly twice larger in the 3MP-rich phase since
all particles have migrated to that phase above 7, (the x-ray
beam passed through the upper part of the cell where the
3MP-rich phase was formed). The scattering profile of the JP
sample below T, can be described by a model incorporating
the hemispherical nickel cap on to polydisperse silica spheres
[20,44]. The mean radius of silica core obtained is smaller
than the initial particles (Rgy = 200 nm) with PD ~ (.15
and the thickness of the nickel cap is about 40 nm. This
suggests that the size distribution of particles changed in the
processes of nickel plating and subsequent separation. The
first minima in the data is more smeared than the model,
which is attributed to some inhomogeneity of nickel caps and
unseparated particle clusters (as suggested by slight upturn
at low ¢g). The polydispersity in the cap thickness is not
included in the model. The thickness of the nickel cap is
mainly determined by the sharper fall in the intensity at higher
q values and the discrepancy at the first minimum does not
change the thickness value significantly. In the two-phase
region, JP formed clusters as indicated by a sharp low-q
upturn in the scattering profile with a slope of —2. In these
measurements, the x-ray beam traversed close to the position
of the liquid-liquid interface. The ¢~2 behavior may imply flat
assembly of particles rather than mass fractal aggregates [20].

C. Investigation of the dynamics

In this section, the main results obtained from XPCS
measurements are presented. The colloid dynamics in the
one-phase region and two representative cases of the time evo-
lution upon T jumps into the two-phase region of the solvent
are described. Additional data are provided in Ref. [42].

1. Colloid dynamics in the one-phase region

For these studies the samples were heated stepwise to
40°C and at each temperature XPCS measurements were
performed to verify the stability of the suspension. Figure 5
shows the typical g»(g,t) functions for SP (a) and JP (b)
systems well below T.. As expected the decay of g»(q,t)
is well described by a single exponential function, Eq. (2),
and the corresponding relaxation rates are presented in the
insets. The g dependence of I'(g) is in agreement with passive
Brownian particles, i.e., ['(q) = Dy qz. The derived Dy value
is lower for JP than the SP which can be attributed to the
thicker nickel layer as well as possible dimers and larger
clusters present in the suspension. Nevertheless, the functional
form has not deviated from a single exponential decay. The D
value of SP system is consistent with previous work [17]. The
corresponding Ry is about 245 nm using the viscosity value
of 1.6 mPa for the critical solvent mixture [45].
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FIG. 5. Typical g,(q, t) functions for (a) SP and (b) JP depicting
the normal diffusive dynamics before the T jump at 40°C. The
red lines are fit curves using Eq. (2) with 8 >~ 0.32. Insets present
corresponding relaxation rates vs g°. Dy values 0.59 um? /s (SP) and
0.32 wm?/s (JP) are obtained from the slope.

2. Colloid dynamics upon T jumps into the two-phase region

In these experiments, the sample was rapidly heated from
40°C to the desired temperature above 7, at the rate of
0.33 K/s, bypassing the aggregation region. The observed
evolution of the dynamics is not sensitive to the starting tem-
perature as long as it is below T,. Typically the temperature
equilibration is achieved in about 20 s. But for the kinetics of
phase separation, the time #;, started from 0 when the heating
stage reached the final temperature. At this condition the
phase separation of the solvent is expected to take place via
the spinodal mechanism. Figures 6(a) and 6(b) display the typ-
ical evolution of dynamics upon a T jump of AT = 1.3K for
SP and JP systems, respectively. Evidently, the dynamics has
significantly enhanced and the azimuthally averaged g,(g, t)
deviated from a simple exponential relaxation behavior. The
leading contribution to the enhanced dynamics comes from
the advection of particles upon phase separation of the solvent.
The characteristic oscillations in the g,(q, t) functions indi-
cate nearly constant v dominates the dynamics. Therefore
Eq. (8) provided the best description of the data, which is also
similar to that was found in the previous study [20]. However,
in this case the initial decay of g»(q,t) is resolved by an
order of magnitude better, which in turn permitted a direction
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FIG. 6. Evolution of the azimuthally averaged g, (g, t) functions
at ¢ = 0.00345nm™! after a T jump of AT = 1.3K for (a) SP and
(b) JP systems. The insets depict the time evolution of the velocity
fluctuations, §v. The red lines are fit curves using Eq. (8) and small
deviations at longer times are attributed to the anisotropy of the
advective dynamics.

dependent analysis. The insets in Fig. 6 show the resulting §v
as a function of f,. It is evident that §v increases rapidly and
then decays upon the progression of phase separation in the
case of SP system while for JP sample the decay of v is even
earlier. This difference is attributed to the accumulation of JP
near the interfaces and associated clustering effect [20], while
SP follow the 3MP-rich phase.

A better insight into this out-of-equilibrium dynamics can
be obtained by the direction dependent analysis of g»(q, ?).
Figures 7 and 8 display representative g, (g, t) functions along
the horizontal, g»>(q. , ), and vertical, g2(g), t), directions for
SP and JP systems. Additional sets of data can be found in
Ref. [42]. It is clear that the dynamics changed immediately
upon the sample reaching the set temperature. Both g>(g., 1)
and g>(qy, t) are well-described by Eq. (8). In the one-phase
region, the correlation length of concentration fluctuations
exceeds the particle size near 7, [23]. When a critical binary
fluid mixture undergoes phase separation, the fluid velocity
fluctuations are expected to follow the concentration fluctua-
tions in the mode-coupling analysis of the spinodal dynamics
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FIG. 7. Direction dependent analysis of g-(q, t) functions for SP system: the top row presents g>(gy, ) in the vertical direction at three
different times during phase separation and the middle row displays the corresponding g,(¢q,,t) for the horizontal direction. For better
comparison between g»(gy, ¢) and g2(q., t), they are plotted together for ¢ = 0.00345 nm ™" in the bottom row. Red lines are fits to Eq. (8).

[30,46]. Therefore, the initial velocity fluctuations (#, <
30 s) are likely induced by the large concentration fluctuations
in the solvent upon T jump into the unstable region [26,28].
At later times, the faster advective motion of the particles
along the vertical direction is likely due to gravity-driven
hydrodynamic flow when the domain sizes become larger
than the typical capillary length, /. [27,29,31]. Where [, >~
Jo/Apg, o, Ap, and g are the interfacial tension, density
difference and acceleration due to gravity, respectively. An
additional complication is that in the two-phase region just
above T, the solvent mixture is in a complete wetting regime
[11] that in the presence of SP, the 3MP-rich phase wets the
walls of the container [10]. Therefore the faster dynamics
along the vertical direction compared to that in the horizontal
direction, may also be augmented by the dynamic coupling
between wetting and phase separation [31]. Irrespective of
the mechanism, the faster dynamics along ¢ signifies the
net advection of particles along the vertical direction to the
preferred phase as schematically depicted in Figs. 2(b) and
2(c). The conventional sedimentation of particles to the bot-
tom of capillary under the influence of gravity could also lead
to a similar anisotropic advective dynamics [41]. However,
the effect of sedimentation is excluded from the concentration
profile observed by the USAXS intensities after each XPCS
measurement and by direct observation of the sample (few
particles were found at the bottom region of the capillary).

Since, both SP and JP systems display a similar behavior for
horizontal and vertical dynamics, the enhancement of dynam-
ics is primarily contributed by the concentration fluctuations
and hydrodynamic flow associated with the late stage of the
spinodal phase separation [27,31].

Figure 9 presents the main fit parameters Deg, dv, and
o from the direction dependent analysis. The fluctuations
in the parameter values suggest intermittent behavior, which
could be smoothed out by longer averaging of the g»(q,?)
measurement. The faster dynamics of colloids after the T
jump is also associated with a larger D that is consis-
tent with previous results [17]. The earlier slowing down of
the advective dynamics in the case of JP is clearly visible
in the fit parameters for Dy and Sv, which is attributed
to dynamic clustering effect. The Dy presented in Fig. 9
are derived assuming ¢”> dependence of '.(g). By analogy
with active Brownian particles, the Dy can be related to
the Péclet number (Pe) of directed motion, Degr = Do (1 +
2/9 Pe?) [6,47]. Where Pe is given by the ratio of diffu-
sive and ballistic times, Pe = 2 Rg x v/Dy. This enables to
deduce independently v from the derived Deg values. The
maximum value of D¢ presented in Fig. 9 corresponds to v =~
10 wm/s which is consistent with the time scale of the appear-
ance of clear macroscopic liquid-liquid interface. In addition,
this value of v justifies the assumption |g; 7(g,)|> ~ 1 in
Eq. (5).
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FIG. 9. Fit parameters from the direction dependent analysis presented in Figs. 7 and 8 for (a) SP and (b) JP systems, respectively. The
parameters increase rapidly upon the sample reaching the set temperature. In JP system, the parameters decay abruptly due to clustering effect
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FIG. 10. Effective relaxation rates, I'er Vs g obtained from the
analysis shown in Figs. 7 and 8 for (a) SP and (b) JP systems,
respectively at representative #,. The ¢ dependence changed from
quadratic to a smaller exponent that may signify a superdiffusive
behavior.

Further difference from passive Brownian particles is ev-
ident in the g dependence of [ at different f;, shown in
Fig. 10. The faster decays are characterized by a weaker ¢ de-
pendence of [ than ¢? behavior in Fig. 5. This suggests that
the diffusion of particles has become anomalous with an en-
hanced Deg. Furthermore, e ~ g* with u < 2 in both sys-
tems signify an anomalous diffusion analogous to superdiffu-
sion [48]. This superdiffusive process may involve Lévy flight
like steps [49], while particles transport through the bicontinu-
ous domains of the phase separated solvent following spinodal
decomposition [31]. This means that the particle diffusion is
strongly coupled with the concentration fluctuations in the
solvent. For symmetric active Brownian particles (without
net propulsion), a superdiffusive regime is expected between
inertial (ballistic motion without dissipation) and diffusive
ranges [22]. In the case of asymmetric active particles (with
net propulsion), propulsive and anomalous modes coexist over
a certain time range below the rotational diffusion time [22].
In summary, both SP and JP systems display certain hallmarks

100 gm g™ .
S o,
: LR
? 10—1 L . 0 3 > \.\.\.\.\\_
Lo ° q) °
»  full azimuthal average
102

200 400
tkin [S]

FIG. 11. The decay of velocity fluctuations, §v normalized by its
maximum value for SP system. The spread is roughly exponential,
which is similar to the behavior in colloidal sedimentation [41].

of active colloids when the solvent mixture undergoes phase
separation.

Indeed, a weaker g dependence may also arise from the
remnant coupling with the advective term. In other words, the
advective term is not fully accounted by a uniform distribution
of 6v. However, the characteristic features of g>(gy,?) and
g2(q., t) functions justify the assumption of constant §v. In
addition, both SP and JP systems show a similar trend in the
g dependence of I'er. The anomalous g dependence of I
could not be resolved in previous studies [17,20], because of
the limited time range of the initial decay of the measured
g2(gq, t) functions. Similar behavior was observed for deeper
jumps upto AT = 5 K except that the dynamics became faster
and the phase separation was completed in a shorter time. For
deeper T jumps JPs tend to form larger clusters, that resulted
in a slowly decaying tail in the g>(g, t) function, as already
observed in the previous study [20].

At the late stage of phase separation, the average domain
size (aq) is expected to follow a power-law, aq ~ #3,, with
the exponent, n >~ 1-1.5 depending on the specific coarsening
mechanism [29,31,50]. Parameters v and Dy in Fig. 9
do not show a straightforward relationship with a4. This
demonstrates that the induced dynamics is controlled by the
composition fluctuations between different domains within
the scattering volume than the domain size. The dynamics
reverts to normal diffusive behavior when the solvent com-
position fluctuations and hydrodynamic flow subside prior to
the appearance of the macroscopic liquid-liquid interface. In
the case of SP system, the decay behavior of §v is roughly
exponential as shown in Fig. 11, which is similar to that found
for sedimentation [41]. This similarity of late stage of phase
separation with sedimentation has already been suggested
[27]. In JP system, the clustering effect dominates the dynam-
ics at later stages that makes the decay of v more abrupt and
much earlier than the completion of domain growth.

3. Evolution of dynamics for smaller T jumps
into the two-phase region

As the final temperature becomes closer to 7, the
interfacial tension almost vanishes [11], which makes it
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FIG. 12. Representative azimuthally averaged g»(q, ¢) functions for small T jumps: (a) AT ~ 0.05K for SP and (b) AT < 0.1K for JP
systems. The fit curves correspond to Eq. (9). The lower panels (c) and (d) show the corresponding fit parameters from direction dependent
analysis shown in Figs. S6 and S7 for SP and JP systems, respectively. Dashed vertical lines represent #;, values for azimuthally averaged
g2(q, t) functions shown in the upper panel. Notice that the enhanced dynamics of JP system persists for longer times.

insufficient to support the accumulation of particles at the
liquid-liquid interface in the JP system. As a result, the
particle layers collapsed to the bottom of the capillary. This
sedimentation effect prevented measurement of the dynamics
for longer times. Since, the concentration of 3MP is critical,
the phase separation is still expected to take place via spinodal
decomposition.

Figure 12 presents the observed behavior of SP and JP
samples for T jumps just above T. (AT < 0.1K). Qualita-
tively, there is a difference in the functional form of the
decay of g»(g, t). While for JP the g»>(q, t) functions display
the features of Eq. (8) as in the case of larger T jumps,
SP dynamics can be described by Eq. (6) at least at shorter
times. In order to make the comparison straightforward,
g2(g,t) functions in both systems were fitted to Eq. (9).
This corresponds to the velocity fluctuations following a
Gaussian distribution instead of a constant profile. This ob-
servation is consistent with the assumption of Gaussian dis-
tribution of concentration fluctuations in the mode-coupling
analysis of spinodal decomposition [46]. Furthermore, it is
similar to the velocity fluctuations in turbulent convection
[51] and this analogy between the phase separation and

fully developed turbulence has already been suggested [30].
Figure 12 (bottom panel) shows the corresponding fit param-
eters Degr, 6v, and o for SP and JP systems. Since Eq. (9)
has the same ¢ dependence for both advective and diffusive
terms, it is difficult to completely decouple the g dependence
of Ter. In SP system, it is consistent with g* behavior but
JP system shows a clear trend to a weaker ¢ dependence of
It as presented in Fig. 13(b). The full direction-dependent
analyses are presented in Figs. S6 and S7 [42]. Once again,
the time evolution of parameters does not display a direct
correspondence with the expected domain growth dynamics,
aq ~ t, nin'

In léP system, after a short burst D.y remained at the
expected range of Dy and velocity fluctuations displayed
smaller magnitude and shorter duration as compared to larger
T jumps. On the other hand, the superdiffusive-like motions
in JP system (Iefr ~ g* with u < 2) did not decay rapidly
unlike in the case of larger T jumps. This may be an indication
of the coexistence of propulsion and anomalous diffusion as
predicted for asymmetric active Brownian particles [22]. Fig-
ure S8 shows the behavior of g,(qg, t) for JP system when the
jump temperature was below T [42]. There was no significant
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FIG. 13. Effective relaxation rates, [t VS ¢ obtained from the
direction dependent analysis of the data in Fig. 12 and presented in
Figs. S6 and S7 on a log-log representation for (a) SP and (b) JP
systems. The JP system shows a trend towards linear g dependence.

change in the dynamics in that case, clearly demonstrating
that the induced fast dynamics observed in the previous cases
are intimately related to phase separation of the solvent. With
SP sample, a similar T jump protocol cannot be performed
because particles reversibly aggregate below 7.. Moreover,
near T of the binary mixture, colloidal interactions are further
complicated by critical Casimir interactions [12] and dynamic
coupling between wetting and phase separation mentioned
above [31].

IV. SUMMARY AND CONCLUSION

The results presented in the previous sections illustrate the
peculiar dynamic behavior of colloids when the solvent is
undergoing a liquid-liquid phase separation. The combined
effects of phase separation and wetting result in migration
of colloids to specific regions depending on the surface
specificity (reduction of surface energy) of the particles. In
the case of SP, particles migrate to the 3MP-rich phase
while JP accumulate near the liquid-liquid interface. The
associated phoretic dynamics is determined by the concen-

tration fluctuations and gravity induced hydrodynamic flow
for larger T jumps into the two-phase region. Large velocity
fluctuations dominate the observed dynamics, which is remi-
niscent of early stage of sedimentation [41]. In addition, the
diffusive part of the dynamics becomes anomalous with a
superdiffusive-like g dependence [48]. The JP system also
shows similar dynamics at the early stage for larger T jumps,
though the phase behavior is significantly different. The parti-
cle clustering effect interrupts the enhanced dynamics induced
by the phase separation of the solvent. At longer times, Janus
particles cluster into different configurations and partition in
the coexisting phases. Nevertheless, it can be concluded that
in both systems, the observed phoretic dynamics is intimately
related to the concentration fluctuations during the spinodal
phase separation of the solvent mixture without a direct cor-
respondence with the expected domain growth kinetics. The
link between the anomalous diffusion and the concentration
fluctuations needs to be scrutinized more quantitatively by
computer simulations.

The direction dependent analysis showed that the dynam-
ics is not completely isotropic during the phase separation
process though the functional form of g>(q, ¢) is not altered
significantly. For smaller T jumps, the phase separation ki-
netics appeared to affect the colloid dynamics only at the
early stage. At the late stage of phase separation, the col-
loid dynamics reverted to more diffusive-like behavior in the
SP system. In other words, the hydrodynamic flow was not
sufficient to modify the colloid dynamics dramatically (low
Pe value). In the JP system, the enhanced dynamics persists
for longer times, which is likely the most relevant condition
for activity of the asymmetric particles upon self-heating that
leads to local phase separation of the solvent [8]. The overall
evolution of the dynamics closely resembles the observations
in previous studies [17,20] involving nucleation and growth.
This may be attributed to the similarities in the concentration
gradients within the coarsening patterns at the late stages of
phase separation in both cases. Main differences are in the
extent of velocity fluctuations, the anisotropy and the faster
onset of enhanced dynamics in the spinodal case.

USAXS and USA-XPCS enabled probing the change in
colloid microstructure and dynamics in turbid systems when
the solvent is undergoing spinodal phase separation. The
measured g»(q, t) functions can be decomposed to advective
and diffusive components of particle dynamics. Therefore,
these scattering methods are suitable for the investigation
of concentrated active colloids. In particular, the relevant g
and time scales involved in active dynamics can be accessed
in 3D systems. This could be an alternative approach for
probing active Brownian dynamics upon turning on the ac-
tivity by light [52] and derive quantitative information on
their stochastic behavior in 3D. It will be also interesting to
study the organization and dynamics of active Janus particles
at the liquid-liquid interface using surface sensitive grazing
incidence SAXS and XPCS methods.
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