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Novel zone formation due to interplay between sedimentation and

phase ordering
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PACS 82.70.Dd — Colloids
PACS 47.57.ef — Sedimentation and migration
PACS 64.60.Cn — Order-disorder transformations

Abstract. - Usually, we expect large particles to sediment faster than small of the same ma-
terial. Contrary to this intuition, we report a dynamical competition between sedimentation
and phase ordering which leads to smaller particles settling faster than larger ones. We access
this phenomenon using suspensions of polymers and two colloidal species which we image with
confocal microscopy. Polymers mediate attractions between colloids, leading to phase separation
and crystallisation. We find that the dynamical interplay between sedimentation, phase separa-
tion and crystal nucleation underlie this phenomenon. Furthermore, under certain conditions we
find a kinetic pathway leading to an apparent coexistence between a one component crystal and
binary fluid of equal buoyancy. These findings may be relevant to the basic understanding of

sedimentation-induced zone formation in nature and industrial applications.

Introduction. — Under a gravitational field, solid
particles of hard (metals, semiconductors and oxides) or
soft matter (colloids, macromolecules and biological mate-
rials) are inhomogeneously distributed along the vertical
direction: This process is called sedimentation. Key early
advances include the discovery of sedimentation-diffusion
equilibrium by Jean Perrin one century ago [1], where the
number density p as a function of height z is given by
[2] P(2)/kpT = % fzh p(z)dz where P(z) is the (osmotic)
pressure, kp is Boltzmann’s constant and T is tempera-
ture. Sedimentation may be characterised by the gravita-
tional length I, = kT /mg, where m is the buoyant mass
of the colloidal particle and g is the gravitational acceler-
ation. I, may be recast as a Peclet number (Pe = 7p/7g),
the ratio between the time 7p it takes a particle to diffuse
its own radius and the time 79 to sediment its own radius.
The Peclet number characterises the colloidal (Pe < 1)
and granular limit (Pe > 1). An isolated spherical par-
ticle of diameter o settles under gravity, at an average
(Stokes’) velocity ug = mgd. Here m = §pmo3/6 with dp

3
the mass density difference between colloids and solvent
and 7 the viscosity of the solvent. This leads to ug ~ o2:

Larger particles sediment faster.

From this one-particle picture, we expect that a system
with two or more species with different Stokes’ velocity

may separate during the process of sedimentation. How-
ever, reality is not necessarily that simple. In a suspen-
sion of a finite concentration, the kinetics of sedimenta-
tion are strongly influenced by hydrodynamic interactions
between particles [2,3], and direct attractive interactions
between the sedimenting particles can have a drastic ef-
fect and even qualitatively alter the simple picture above
[4]. For example, in a colloid-polymer mixture (C+P),
complex couplings between sedimentation and the poly-
mer concentration come into play [5]. The polymer chem-
ical potential drives the depletion attraction between the
colloids, yet the polymer free volume is itself coupled to
state point of the system [6]. Reflecting this feature, pre-
dictions from free volume theory suggest that highly non-
intuitive behaviour occurs even in equilibrium in the form
of a colloidal liquid floating above a colloidal gas [7]. Fur-
thermore, it was shown that a system of C4+P undergoes
flocculation and then each floc settles much faster than in-
dividual particles, and can couple to phase ordering such
as crystallisation during sedimentation [8]. In the sticky
sphere limit (where the size of the polymer is very small
compared to the size of the colloid) flocculation can lead
to dense colloidal crystals or kinetically arrested gels [9].

Here we consider a system of binary colloid+polymer
mixtures (C4+C+P) with a very small overall concentra-
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Fig. 1: (color online) (a) Schematic phase diagram of C+C+P
showing the three regimes considered here, I, IT and III. Long
dashed line represents the values accessed by changing volume
only. Systems initially in the shaded regions II eventually
reach triple coexistence [5]. (b-f) Final states without float-
ing crystals, corresponding to regimes I (¢% = 0.38) (b,c,d)
and IIT (¢% = 0.73) (e,f) in (a). Here (b) is fluid, and (c,d)
are crystalline. Large particles are embedded in the crystal,
a higher density towards the bottom (d) and reducing rapidly
to a much lower density (c), reminiscent of a ‘sedimentation
front’. (e,f) are sedimented gel with limited local crystallisa-
tion and trapped polymer-rich regions (black). Approximate
heights of images are indicated on the vertical axes. Gravity
points downwards.

tion of one of the colloidal species. While the sedimen-
tation behaviour of colloid-polymer mixtures has received
some attention, its effect on binary hard-spheres is little
understood. In bulk equilibrium binary hard spheres have
been studied via experiment, [10-12], computer simulation
[13] and theory [14-17], and exhibit a plethora of plas-
tic crystals [18], binary crystal superlattices [13,17], and
Laves phases [19]. Here the interplay between sedimen-
tation and the equilibrium phase diagram (see fig. 1(a)
[5])and phase ordering leads to fascinating unexpected ki-
netic pathways. We emphasise that C+C+P is not merely
a complication of C+P, but a minimal system exhibit-
ing both phase condensation, driven by depletion, and
frustration against crystallisation due to polydispersity.
The competition between these two effects is crucial to
understand the formation of sediment layers in nature.
Moreover, we will show that it is in fact possible to gain
much insight into the physics of C4+C+P mixtures where
small colloids dominate the large by considering the un-
perturbed C+P case for the initial kinetics, and the binary
hard sphere case to describe the dense sediment.

Experimental. — We used poly(methyl methacry-
late) (PMMA) colloids, sterically stabilised with polyhy-
droxyl steric acid. The large (L) and small colloids (S)
have diameters of o, = 1.20 ym and og = 0.680 pum
(ésr, = os/or, = 0.57) and polydispersity 5% and are la-
beled with 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol (NBD)
and rhodamine isothiocyanate, respectively. The solvent
was cis-decalin whose relative dielectric constant is 2.4.
Results on the electrostatic charging in solvents of com-
parable dielectric constants [20] suggest that we expect
only a handful (< 10) charges per particle in this system,
implying electrostatic interactions between colloids which
are inferior to kgT.

The polymer used was polystyrene (PS) with a molec-
ular weight of 3.1 x 107 (M,,/M,, = 1.3). We estimate
the polymer radius of gyration in an ideal solvent as
R = 160 nm: the theta temperature of a PS/cis-decalin
mixture is 12 ° C; following [21] we assume that our sys-
tem is reasonably well-described assuming polymer ideal-
ity. Some deviations are observed, particularly at higher
colloid volume fraction [22, 23], however, we argue that
a scaled particle approach is appropriate for the level of
this work. This assumption was discussed in more detail
in [23]. The polymer-large colloid size ratio is estimated
as {pr, = op/or, = 0.27 implying a polymer-small colloid
size ratio of £pg = 0.47. According to [6], a S+P system
would undergo gas-liquid phase separation, but not a L+P
system, however experiments showed gas-liquid phase sep-
aration for a size ratio around 0.25 [24]. Neither can be
considered as the sticky sphere limit.

Gravitational lengths for large and small colloids are
lgL = 1.75 pym and lgS = 9.64 pm respectively. Peclet num-
bers are 0.684 and 0.0705 respectively. We set the re-
spective quantities of large and small particles in order
to have ¢% = 50¢%. Here the superscript 0 denotes the
volume fraction at time=0, i.e., the mean colloid volume
fraction. Similarly, we set the polymer concentration to
keep ¢% = 4R%pp/3 = 1.8¢%, where pp is the polymer
number density. The solvent volume fraction is our ex-
perimental variable. Here we specify this solvent volume
fraction by the polymer concentration ¢%.

We used a Leica SP5 confocal microscope, using 488 nm
and 532 nm laser excitation for the NBD and rhodamine
labelled colloids respectively. Local volume fractions of
large colloids were estimated by particle tracking. For
the small colloids we used intensity measurements which
were calibrated calibrated against homogeneous samples of
known concentrations. In both pure fluid and pure crystal
systems of small particles, we found linear dependencies of
measured intensity against colloid volume fraction respec-
tively. The volume occupied by the crystals were given by
image segmentation. Rectangular sample cells (height: 40
mm, width: 5.0 mm and depth 2.0 mm) were used. Sed-
imentation is a slow process and we use the term “final
state” to express an apparent steady state after the time
needed for a single particle to sediment from the middle to
the bottom of the cell (a few weeks). There is practically
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no observable change after two weeks. This final state is
not the lowest free energy state, the time needed to reach
the free energy global minimum runs to years, due to the
slow diffusion of the particles in the dense sediment.

Results. — Since the vast majority of the colloids are
small, it is instructive to consider the S+P system [fig.
1(a)], whose kinetic (and equilibrium) behaviour has been
studied [5]. We identify three regimes of initial composi-
tion, I leading to colloidal fluid or phase separation into
a colloid-rich and colloid-poor fluid phases, IT leading to
triple coexistence [5] and ITI leading to arrested phase sep-
aration (gel). We distinguish regimes I and IT by whether
the system undergoes homogeneous nucleation or not. In
fact, regime I has the potential for colloidal gas-liquid type
phase separation to dominate the early kinetics, which is
similar to regime II. However, as we discuss below, it is
in the longer-time kinetics that a clear difference between
regimes I and IT is seen.

In regime I, the final state resembles a binary hard
sphere fluid (BHS): fluid at the top with a small ¢;, and
crystals of S particles (XS) at the bottom with very few
grain boundaries and some large particles included indi-
vidually as defects in the XS lattice. These defects were
more concentrated at the bottom of the crystals, as ex-
pected. Due to the small ¢?, no XL is observed. In other
words, without phase separation of the majority (small)
species, the behaviour is consistent with the naive expec-
tation above [fig. 1(b,c,d)]. Experimentally, by changing
the polymer concentration from ¢% ~ 0.40 to ~ 0.43, we
cross the boundary between regime I and II. Note that
in the underlying S+P phase diagram [5], the polymer
volume fraction of ¢% ~ 0.40 is required for triple coexis-
tence. In regime I1I, with a high polymer volume fraction
(¢% > 0.73), we observed a (XS) gel with some evidence
of local crystallinity coexisting with a colloidal gas, [fig.

1(e,f)].

Regime II. — More intriguing is the final state of
C+C+P between the two previous cases, regime II, to
which we devote the remainder of the discussion. A simple
equilibrium expectation would be a final state very similar
to regime I, but with a gas-liquid interface. However, we
observed the following multi-zone structure from bottom
to top (see fig. 2). At the bottom of the sediment, we
find a binary amorphous solid (zone 1) [fig. 2(f)], followed
by a coexistence between XS and a binary fluid (zone 2)
[fig. 2(e)]. Crystals of small particles are limited in extent
(20~30 pm) and the binary fluid between them percolates
from the upper to the lower bound of this zone. Neither
melting nor growth of the crystals were detected, suggest-
ing that crystal and fluid are really coexisting ‘thermody-
namically’. This is further supported by Supplementary
movie 1 which reveals diffusion in the binary fluid, showing
that the system has some degree of thermal motion and
is not completely jammed. (zone 3) Crystals of small par-
ticles almost fill space but with a lot of grain boundaries
[fig. 2(d)]. The size of each single crystal is 20-100 pm.
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Fig. 2: (color online) (a) Sedimentation profile of a C+C+P
sample (regime IT) during sedimentation, with its bottom part
already in the final state. Symbols represents the measured
local volume fractions of each component in each phase. Lines
are the theoretical floating volume fractions. (b) The fraction
of the volume occupied by XS. Overall composition:¢% = 0.004,
¢2 = 0.186 and ¢% = 0.45. Total size of the sample: 3 cm (only
the bottom is shown here). (c) gas (zone 5)-liquid (zone4)
interface. (d) ice pack (zone 3). (e) floating crystals (zone 2).
(f) glass with a few crystallites (zone 1). Bright (red) regions
are XS. Very bright (green) dots are large particles.

¢, is very small. We refer to this zone as the “ice pack”
because it is a crystalline state situated over a phase with
a lot of fluid. (zone 4) The liquid phase is dominated by
small colloids. At high altitude, we recover the gas phase
of small colloids (zone 5) [fig. 2(c)].

The composition profile of each phase as a function of
height is shown in fig. 2(a), and the volume occupied by
the crystals in fig. 2(b). The present data were taken
before the complete sedimentation of zone 4, but samples
observed 3 month later showed no quantitative changes in
their lower part (zones 1-3). Due to further crystallisation,
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the upper bound of the “ice pack” was higher and the
liquid extended only ~ 10 gravitational length before the
gas-liquid interface. This is consistent with simple C+P
mixtures [5].

The most striking feature of the multi-zone structure
is that the compositions of the coexisting phases (¢ =
0.22 + 0.02, ¢s = 0.34 £ 0.02, ¢x = 0.56 £+ 0.02) are
almost constant over zone 2. We note that the macroscopic
vertical extent of zone 2, (~ 2 mm), is thousands times of
the colloidal gravitational length. This indicates that the
two coexisting phases, XS and the binary fluid have the
same density, otherwise they should be separated under
the gravitational field. This is confirmed graphically on
fig. 2(a) by the correspondence between ¢, + ¢pg and ¢x.

Phase behaviour. — Now we consider how such float-
ing crystals may be rationalised, taking a binary hard
sphere mixture (BHS) as a minimal system exhibiting this
phenomenon. The more involved C4+C+P, whose essential
features are similar for these purposes to BHS, due to the
very low polymer concentration in the colloid-rich phase
[6], will be presented elsewhere. However, we note that the
inclusion of polymers tends to destabilise binary crystals,
which we neglect here. Furthermore, no binary crystals
were observed in the experiments. Following [17], in fig.
3 we focus on the binary fluid (index A), the two possi-
ble one component crystals (index X) and their respective
equilibria, including the three-phase eutectic region.

Let us consider a monodisperse fluid-crystal coexistence
of hard spheres of diameter g = 1. The buoyancy differ-
ence between the two coexisting phases is proportional to
their volume fraction difference A¢p = px —pa > 0. If we
add one sphere of diameter o, = 20 in the fluid and keep
the osmotic pressure balance against the same crystal, we
have to remove one small sphere to keep the same number
density. But the large particle occupies more volume than
the small particle that was removed so the volume fraction
in the fluid increases. So A¢ decreases with the introduc-
tion of large particles in the fluid. This effect should lead
ultimately to A¢ = 0 for a given ¢]. If both colloidal
species are the same material, both phases have the same
buoyancy, just as a zeppelin floats in the air. This is a
single point on the phase diagram because ¢ and ¢% are
fixed due to coexistence relations: the “floating point”.
For a crystal of large particles coexisting with a binary
fluid, Ar+s < X, adding smaller particles to the fluid
enhances A¢, consistent with [25].

More quantitatively, it is possible to integrate a binary
hard sphere fluid equation of state (here Hansen-Goos-
Roth [16]) and a hard sphere crystal equation of state
(here Alder-Wainwright [26]) to obtain the reduced excess
chemical potentials in both phases [17]. For the fluid we

get
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with ¢; =
tions. At Apys < X coexistence, we have equality of
the pressure and of the chemical potential of L in each
phase:

(2)

3

— (o) + n 2

o 3)

(4)

Starting from the known monodisperse coexistence, we
integrate eqs.(3) and (4) numerically using eq.((1)). This
gives us the parametric representation of the XL crystalli-
sation line in the (¢, ¢s) plane. The XS crystallisation
line is similarly obtained. Being interested in the respec-
tive buoyancy of the phases, we plot the phase diagram
(fig. 3) in the (¢o,0) plane, with ¢g = ¢, + ¢s the total
volume fraction and 6 = ¢r,/¢¢ the volume proportion of
L particles. Of course, § = 1 in the crystal XL and 0 in
XS. In order to display the coexisting phases in fig. 3,
the melting lines of the two crystals were drawn as fol-
lows: the crystal compositions ¢x; and ¢xg are drawn
with respect to 6 in the coexisting fluid. Therefore, on the
abscissa we see the respective buoyancies of the fluid and
coexisting crystal. The crossing of the two curves indicates
the floating point.

As expected, A¢ is broadened by adding S in the
Apis <> X coexistence. In the Ap g < Xg coexistence,
adding L shrinks the buoyancy gap, leading to a floating
point whose position depends on the size ratio {15 (see
fig. 4). Moreover, for {rg > £7°§" ~ 0.464, the floating
point is not located in the stable Ay g < Xg coexistence
region, but unstable against further phase separation (X7,
crystallisation). This is the case ({5 = 0.57) our experi-
mental system belongs to [see fig. 3 (b)]. Nevertheless, the
floating point was realised in our experiments, suggesting

1i (¢, ¢s)

pa(PL, ds) = pxr(dxL)-
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Fig. 3: (color online) Theoretical phase diagram of binary hard spheres for sz, = 0.45 and £sr = 0.57. Melting curves are
represented by continuous lines as a function of 0 = ¢, /¢o in the coexisting fluid. Dashed curves are prolonging phase boundaries

and melting curves unstable to further phase separation.

the agreement between experimental and theoretical float-
ing compositions shown in fig. 2 (a). No X, crystallisation
was detected in the experimental time window.
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Fig. 4: £1s dependence of eutectic (line) and floating (dash)
volumic proportion of L (top) and total volume fraction (bot-

max

tom). Inversion appends for £rg = £77§% ~ 0.464.

Kinetics. — We now describe the dynamic sequence
by which a sample in regime II reaches the final multi-
zone structure. The initially homogeneous sample first
undergoes a gas-liquid phase separation, induced by the
depletion attraction. Then, droplets of colloidal liquid

sediment. After 2 days, the sample is separated into a
colloidal gas in the upper part of the sample and binary
liquid in the lower part. We did not see any heterogeneous
nucleation of crystals at the bottom, unlike regime I. We
believe this is because the bi-dispersity dramatically sup-
presses nucleation of crystals in the bottom binary fluid.
Without flocculation, particles in this fluid should sedi-
ment individually. After another 2 days, the higher sed-
imentation speed of the large particles leads to a zone at
the top of the liquid, almost devoid of large particles. The
sample is thus divided in three zones: colloidal gas at the
top, liquid with few large particles in the middle, and a
binary fluid rich in large particles at the bottom.

Above the sedimentation front of large particles, ¢y, is
low so homogeneous nucleation of S crystals proceeds.
Here we emphasize that this removal of large particles
from a liquid phase of small particles due to sedimenta-
tion is crucial for the initiation of homogeneous nucle-
ation of S crystals and the resulting inverted distribu-
tion of large and small particles. Reduction of frustration
against crystallization is a necessary condition for frequent
crystal nucleation to be realised [27,28]. Considering the
buoyancy difference between a crystal nucleus of diam-
eter aog and of volume fraction ¢x and the surround-
ing S fluid (¢g), the Peclet number of the nucleus can be
expressed function of the Peclet number of a single par-
ticle S: Pex = a*(¢x — ¢s)Pes. For ¢x — ¢5 = 0.1,
a crystal nucleus of a diameter larger than 3.40g has
Pex > 1. Thus, such crystals experience little Brown-
ian motion and simply sediment quickly. However, when
these crystals reach the sedimentation front of the large
particles [fig. 5(a)], the sedimentation velocity drastically
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Fig. 5: (color online) The kinetics of phase ordering and sed-
imentation in a phase separating C+C+P system, regime II:
(¢% = 0.36) (a) Sedimentation front of large particles in the
fluid. Time-lapse (every 10 min) picture showing crystals of
small particles falling into the binary fluid. Total time = 3
days, total image width 0.1 mm. (b) The same place in the
final state (one month), covered by the ice pack.

reduces, as the binary fluid has a higher total volume frac-
tion and is therefore denser than the almost monodisperse
fluid. The relevant Peclet number for the crystals is then
Pex = 10*(¢px — ¢o)Pes. If the fluid and crystal com-
positions are close to the floating point, ¢x ~ ¢g, which
means Peyx < 1, the crystals float. After another 3 days,
the crystals piled up from the bottom to the top of the
large sphere sediment [fig. 5(b)]. The crystals did not
grow after entering the binary fluid zone and we conclude
that XS and the binary fluid appear to “coexist”.

When the pile of the floating crystals reaches the top of
the large-sphere-rich sediment, crystal nucleation is still
active in the upper monodisperse S fluid. So crystals con-
tinue to pile up above the large sphere sediment. In the
monodisperse fluid, however, there is no mechanism which
prevents further growth of the crystals, and thus they fill
all the available space to form the “ice pack” [see fig. 2(c)].
This fluid-crystal phase separation finally stops when the
monodisperse liquid layer reaches a stable depth of a few
gravitational lengths, which leads to the final state.

Conclusions. — To sum, we found that the introduc-
tion of attractive interactions between binary colloid mix-
tures leads to complex dynamic interplay between sedi-
mentation and phase ordering. This kinetic pathway is
fundamentally different from that of sedimenting binary
hard sphere mixtures, where sedimentation is followed by
heterogeneous nucleation: crystallisation is followed by
sedimentation. Despite the complex nature of this mul-
ticomponent C+C+P system, we are able to rationalise
many of our findings by appeal to previous C+P work, due
to the low overall concentration of the larger colloids, and
to binary hard spheres, due to the low polymer concentra-
tion in the colloid-rich phase after phase separation. The
dynamic sequence we have observed leads to the forma-
tion of a multi-zone structure, including an exotic floating
crystal zone and an ice pack zone. This final multi-zone
state is a metastable state, likely connected to a hidden

floating point. Our study indicates that the introduction
of phase ordering in sedimentation leads to a rich variety
of the final zone formation, which may contribute to the
deeper understanding of zone formation industrial appli-
cations and the natural world.
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