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Inducing Stratification of Colloidal Mixtures with a Mixed Binary
Solvent

Binghan Liu,% Gary S. Grest,? and Shengfeng Cheng®¢*

Molecular dynamics simulations are used to demonstrate that a binary solvent can be used to stratify
colloidal mixtures when the suspension is rapidly dried. The solvent consists of two components, one
more volatile than the other. When evaporated at high rates, the more volatile component becomes
depleted near the evaporation front and develops a negative concentration gradient from the bulk of
the mixture to the liquid-vapor interface while the less volatile solvent is enriched in the same region
and exhibit a positive concentration gradient. Such gradients can be used to drive a binary mixture
of colloidal particles to stratify if one is preferentially attracted to the more volatile solvent and
the other to the less volatile solvent. During solvent evaporation, the fraction of colloidal particles
preferentially attracted to the less volatile solvent is enhanced at the evaporation front, whereas the
colloidal particles having stronger attractions with the more volatile solvent are driven away from the
interfacial region. As a result, the colloidal particles show a stratified distribution after drying, even

if the two colloids have the same size.

1 Introduction

Evaporation is a ubiquitous nonequilibrium process in which
molecules at the surface of a liquid escapes into the gas phase.”
It plays many important roles. For example, evaporation is cru-
cial for the ecosystem on the earth by being a critical step in the
water cycle. When a material is dried, its liquid content is lost via
evaporation and its wetness is reduced. Drying is therefore a use-
ful technique for fabricating materials.2H6 Nanoparticles can be
dispersed in a suitable solvent and assembled into various packed
states (e.g., a colloidal crystal) after drying. Latex solutions are
frequently applied to various surfaces and dried to create protec-
tive coating layers.”® Evaporating solvent out of the mixtures of
fillers and polymer solutions is often used for the fabrication of
polymer-based composite materials.? Understanding evaporation
and drying is thus of vital importance for a wide range of fields
from environment to industry, 11011

When a multi-component solution is dried, the flow induced by
solvent evaporation competes with the diffusive motion of the so-
lutes. 19712 A plethora of outcomes can be generated. One famous
example is the coffee-ring effect,13 where the capillary flow in an
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evaporating sessile droplet can transport solutes to the edge of
the drop and deposit them at the contact line. Various instabil-
ities can also occur in solution films or droplets undergoing sol-
vent evaporation. In the case of latex films, self-stratification
has been observed when the latex solution contains incompatible
components as binders.27718 These components can be dissolved
in a common solvent but phase separate and stratify when the
amount of solvent is reduced below a certain threshold during
drying. The outcome of stratification is influenced by the surface
tension of the binders, the kinetics of the drying process, and the
presence of various additives. This type of stratification can be
regarded primarily as an equilibrium effect.

Further studies show that self-stratification can occur in suspen-
sions of compatible but polydisperse colloidal particles.T? Such
particles are not expected to segregate even in a dry state if the
mixture is properly equilibrated. Therefore, such size-induced
stratifying phenomena are nonequilibrium in nature and have re-
cently attracted great interest. 419 By extending an earlier model
developed by Routh and Zimmerman, 22 Trueman et al.2I showed
that stratified distribution of colloidal particles can be produced
in a drying suspension of bidisperse colloidal mixtures, usually
with the larger particles distributed closer to the evaporation front
since they diffuse more slowly. They also presented experimen-
tal evidence with blended solutions of acrylic latices to support
their numerical results.22 Fortini et al. later discovered the un-
expected small-on-top stratification in the case of extremely fast
drying rates.23 This discovery has triggered a series of experi-
mental, theoretical, and computational studies to
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reveal the underlying physical mechanism. It is now generally be-
lieved that the small-on-top stratification can be explained on the
basis of diffusiophoresis, where colloidal particles are driven by
the concentration gradient of other solutes (e.g., another type of
particles) in the suspension. 4174359 A5 3 polydisperse suspension
undergoes rapid drying, colloidal particles are enriched at the
evaporation front, creating concentration gradients. The diffu-
siophoretic drive on the larger particles by the concentration gra-
dients of the smaller particles is stronger than that on the smaller
particles by the concentration gradients of the larger ones. Such
asymmetry, which was evident in the theoretical analysis of Zhou
et al.40 pushes the larger particles out of the region near the
evaporation front, thus creating a small-on-top stratified distribu-
tion of the particles.

In addition to serving as a platform for the exploration of rich
nonequilibrium physics, suspensions that can self-stratify after
drying can provide a foundation for the development of novel
formulations to produce stratified coatings. Methods to control
stratification outcomes are thus highly desirable. Martin-Fabiani
et al.24 designed colloidal coatings in which stratification can be
switched on and off on demand by changing the pH value of
the suspension. Via emulsion polymerization, they synthesized
polymeric nanoparticles with a pH-responsive hairy layer, whose
thickness is adjustable with pH. They blended such nanoparticles,
which have smaller sizes, with larger particles whose sizes do not
change significantly with pH to create a bidisperse suspension.
As low pH values, the nanoparticle mixture has a large enough
size ratio so that a small-on-top stratified coating is generated af-
ter rapid drying via the diffusiophoresis mechanism. However, as
the pH value of the suspension is raised, the originally smaller
nanoparticles swell substantially and the size contrast with the
larger particles is reduced. As a result, stratification during evapo-
ration is suppressed and a homogeneous coating layer is produced
after drying. Tang et al.>3 proposed that a temperature gradient
can be used to tune stratification all the way from large-on-top to
small-on-top, on the basis of the observation that thermophore-
sis of nanoparticles is also size-dependent.”2 Li et al. demon-
strated that in a water-borne coating suspension containing silica
nanoparticles, the distribution of silica nanoparticles can be con-
trolled by fine-tuning their interaction with the latex particles in
the coating.®?

Despite the past efforts, more facile approaches to tune strati-
fication that can be easily executed are still of great value, as all
the methods proposed so far are difficult to implement on large
scales. In this paper, we propose a new method based on a binary
solvent mixture to induce and control stratification in a suspen-
sion containing a binary blend of nanoparticles. This method can
be even used to stratify nanoparticles that have the same size and
thus are not expected to stratify at all under most conditions.

Mixed solvents are frequently used for the synthesis and manip-
ulation of colloidal and polymeric materials.©1%8 Solvent mix-
tures are already employed in latex formulations to create self-
stratifying coatings.? The evaporation behavior of liquid mix-
tures is also under active exploration because of its practical
relevance to real systems and technologies where materials in-
volved are typically multicomponent. 7077 Interestingly, Song et
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al. showed that when the mixture of a volatile (methanol) and
a much less volatile (1-butanol) component is evaporated, the
two components develop opposite concentration gradients at the
evaporation front, with 1-butanol enriched and methanol de-
pleted near the interface.Z% It is interesting to explore if such
inhomogeneity in solvent distribution developed during evapo-
ration because of the contrasting volatilities of the mixed solvent
components can be utilized to tune the distribution of colloidal
particles in a drying film. In this paper, we present a proof-of-
concept study based on molecular dynamics (MD) simulations to
demonstrate that indeed a mixture of two liquid solvents with dif-
ferent volatilities can be used to even stratify nanoparticles that
are identical except for their contrasting preference to the differ-
ent solvent components.

This paper is organized as follows. In Sec. [2} the MD method-
ology of modeling liquid mixtures with Lennard-Jones monomers
(the more volatile component) and dimers (the less volatile com-
ponent) and suspensions of nanoparticles in such mixed solvents
is described. In Sec. |3 the evaporation behavior of the liquid
mixtures at various evaporation rates, bulk temperatures, and
mass percent composition ratios is analyzed. Then the simula-
tion results are presented on using such mixed solvents to induce
nanoparticle stratification during drying. A brief summary is pre-
sented in Sec.[d

2 Simulation Methodology

A mixture of Lennard-Jones (LJ) monomer beads and dimers (i.e.,
two-bead molecules) is used as the model of a binary solvent.
Non-bonded beads are point masses of mass m interacting with
each other through a standard LJ 12-6 potential,

wm=se|(7)-(3)] o

where ¢ is the interaction strength, ¢ is the unit of length, and
r;j is the distance between two beads, i and j. The LJ potential is
truncated at r. = 3.00. All relevant units can then be expressed
in terms of m, €, and o. For example, the unit of time is 7 =
Vmo?l/e.

The two beads in a dimer are connected by the finitely extensi-
ble nonlinear elastic (FENE) potential,ZZ

()]
(2)-(2)

where K =30¢g/ 062, R, =1.50, and r; j is again the inter-bead dis-

tance. The LJ term in Ug(r;;) is truncated at r, = 21/65. The
minimum of Up(7;;) is located at a separation r;; ~ 0.960.

1
UB(r,-_,-) = —EKR(Z, In

+4e +e, 2)

Three mixtures at different mass percent composition ratios
(CRs) are constructed, as shown in Table |I| where “Total” refers
to the total number of solvent beads in a system. All the mixtures
are placed in a rectangular cell of dimensions Ly x L, x L, to es-
tablish a liquid-vapor coexistence state with an interface parallel
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Fig. 1 (a) Visualization of the CR; mixture of monomer (green) and
dimer (red) beads at liquid-vapor equilibrium; (b) Visualization of an
equilibrium state with a uniform dispersion of two types of particles (or-
ange and purple) in the CR; mixture.

Table 1 Systems with different composition ratios (CRs)

System Total Monomers | Dimers | CR
CR; 906512 452432 227040 | 1.0
CR; 906498 604314 151092 | 2.0

CRys 906498 302184 302157 | 0.5

with the xy-plane. For the results reported here, L, = L, = 88c
and L, =2870. An example of an equilibrium state is shown in
Fig.[T)(a) for the mixture CR;, which has an equal mass fraction of
monomers and dimers. Periodic boundary conditions are imposed
in the xy plane. Along the z-direction, the mixture is confined be-
tween two flat walls, one below the liquid phase at z =0 and one
above the vapor phase at z = L;. The solvent-wall interaction is
governed by the following LJ 9-3 potential,

9 3
weo=s[F(2)-(2)] @
where r| is the perpendicular distance of a solvent bead from
the wall. For the solvent-wall interaction, &, = 1.0e and o,, =
1.00. At the lower wall, the potential is truncated at 3.0c so that
the liquid mixture adheres to the wall. The interaction between
the solvent beads and the upper wall is purely repulsive with a
cutoff distance of r, = 0.8580. At equilibrium, the liquid-vapor
interface is ~ 1150 away from the top wall and the liquid film has
a thickness of ~ 170c.
To implement evaporation, a slab within 200 below the top
wall is designated as the deletion zone. To model evaporation
into a vacuum, all beads in the deletion zone are removed every
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7. To model slower evaporation at a fixed rate, a small number
(4 or 12) of solvent beads are removed every t. The evaporation
rate, jo(t), is defined as the number of beads removed per unit
area and time, which can be computed as

_ 1 dNe(r)
]E(t) - LxLy dt )

€]

where N,(r) is the number of the removed beads accumulated
over time.

All simulations are performed with the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).78
The equations of motion are integrated with a velocity-Verlet
algorithm at a time step of 8¢ = 0.017. All the solvent beads
in the simulation box are thermalized at a fixed temperature
(Tp) using a dissipative particle dynamics (DPD) thermostat,
which conserves momentum locally The DPD thermostat is
implemented through a pairwise dissipative force. For a pair of
solvent beads, i and j, at a separation r;; within a cutoff distance
re, the magnitude of the dissipative force is given byZ?

2
AN
F(rij) = —7’( —7]) (Fij-¥ij) +

c

+uy (1 - %’) (31>, ©)
where 7 is a friction coefficient, #;; is a unit vector pointing from
bead i to bead j, ¥;; is the relative velocity of bead i with respect
to bead j, u = \/2kgT,y with kg being the Boltzmann constant,
and y is a Gaussian random number with zero mean and unit
variance. A force with the above magnitude and in the direction
of #;; is applied to bead j while an opposite force is applied to
bead i. The sum of the dissipative forces between any pair of
solvent beads is therefore 0 and the total momentum of the pair
is not influenced by the thermostat. This feature guarantees that
the local evaporation behavior of the solvent is properly captured.

The simulation results using the DPD thermostat are further
compared with those in which a weak Langevin thermostat is ap-
plied only to those solvent beads in a thin slab (~20c) adjacent to
the bottom wall. 525380 The comparison corroborates the validity
of utilizing a DPD thermostat to control the bulk temperature of
an evaporating liquid (see Fig. @ below).

After the binary solvent CR; is equilibrated at 7, = 1.0¢/kg,
a binary mixture of nanoparticles with radius a = 2.5¢ is added
to the liquid phase of the solvent. The initial volume fraction
is about 4.5% for each type of nanoparticles. The nanoparticles
interact with each other via an integrated LJ potential between
two spheres, which can be decomposed into an attractive and a
repulsive component®L,

Ucc(r) = Ua(r) + Ug(r) , 6)

where r is the center-to-center separation of two nanoparticles.
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The functional forms of the attractive term is®!
Acc 2a1ay 2a1ay
Ualr) = — 2 272 2
6 [rf—(a1+a2)® r*—(a1—a)

2 2
+In <7r (QIMZ)ZH , %)

r?— (a1 —a3)

where Acc is a Hamaker constant controlling the strength of
interaction, and a; and a, are the radii of the two nanopar-
ticles involved in the interaction, respectively. In this work,
Acc = 39.5¢, and a; = a; = a = 2.506. The repulsive component
of the nanoparticle-nanoparticle interaction is

Acc O'6

37800 r

Ur(r) =

2 —Tr(ay +ap) +6(a} + Tajaz +a3)
(r—ai—ap)’

+r2 +7r(a; +az) +6(a% +Tayan +a%)
(r+ay+ap)?

B 2 +7r(a) —az) +6(a? — Tajaz +a3)
(r+a; —ap)?

B 2 Tr(a; —az) +6(a% —Tayay +a%)
(r—a1 +a2)7

®

The potential Ucc/(r) is truncated at r. = 5.5950 so that the inter-
action between nanoparticles is purely repulsive and the nanopar-
ticles can be easily dispersed in the binary solvent to form a uni-
form solution.

The interaction between a solvent bead and a nanoparticle is
given by an additional integrated LJ potential between a point
mass and a sphere, 81
2ACS a3 63

Ucs(r) = 3 x [1—-

9 (@)

(5a8 +45a*r* 4+ 63a*r* +15r%) 66
15(a—r)%(a+r)d

9

Here Acs is another Hamaker constant. The two types of nanopar-
ticles, labeled « and f3, are identical except for their interaction
strengths with the two solvent components, which are controlled
by the corresponding Hamaker constants. In this work, for the
a-monomer and f-dimer interactions, Ay, = Apq = 100¢ while
for the a-dimer and -monomer interactions, Aqy = Ag,, = 150¢.
That is, the a-type nanoparticles interact more strongly with
the dimers while the B-type nanoparticles have stronger inter-
actions with the monomers. Since all the nanoparticles have a
radius of 2.50, the solvent-nanoparticle interaction is truncated
at r, = 6.50 to include the attractive tail of Ugg(r) so that the
nanoparticles are well solvated by the binary solvent.

All nanoparticles are confined in the simulation box by the
same two walls used to confine the solvent beads. The
nanoparticle-wall interaction is also governed by the LJ 9-3 po-
tential in Eq. with g, = 2.0¢ and o,, = a = 2.56. The potential
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is truncated at r. = 0.8580,, at both top and bottom walls so that
the nanoparticles do not adhere to the walls.

With the DPD thermostat only applied to the solvent beads, the
system is equilibrated for at least 2 x 10° prior to evaporation.
A visualization of one equilibrated solution is shown in Fig. [I{(b).
Evaporation is initiated by removing solvent beads in the deletion
zone as described earlier. Three schemes are studied. In the first,
all solvent beads in the deletion zone are removed every 7, mim-
icking evaporation into a vacuum where the evaporation rate is
initially high, then decreases over time, and eventually reaches a
plateau value of j,. In the second, 12 solvent beads in the dele-
tion zone are randomly removed every 7 to yield a constant evap-
oration rate of j,. This is referred to as the intermediate-rate
scheme. In the slow-rate scheme, 4 solvent beads are removed
from the deletion zone every 7, corresponding to an evaporation
rate j; ~ j,/3. Since the entire dimer is removed if a dimer bead
is randomly selected for deletion, the actual number of removed
beads every T can sometimes be slightly more than 4 in the slow-
rate scheme or 12 in the intermediate-rate scheme.

3 Results and Discussion

3.1 Evaporation of Monomer-Dimer Mixtures

The mixture CR; is used first to illustrate the behavior of mixed bi-
nary solvents under the fastest and slowest evaporation schemes.
The accumulated number of evaporated beads, N,(r), is plotted as
a function of time in Fig.[2(a), where the time when evaporation
is initiated is designated as + = 0. The corresponding evapora-
tion rate, jo(t), is plotted in Fig. [2[(b). Note that j,(¢) is the total
evaporation rate of both monomers and dimers.

35
(a) 1.2 (b) 12
3.0 10 710
25 o o0
" 0.8 e
S50 ‘ 204
-~ RS 06 202
=15 s () semes——
S 000 005 0.10 0.15
1.0 N /10
0.5/ 02
0.0 1

00 05 10 15 20 %8005 10 15 20
t/10%r t/10%r

Fig. 2 (a) Accumulated number of evaporated beads (N,) and (b) evapo-
ration rate (j.) vs. time (#). Data are for CR; at T}, = 1.0¢ /kg evaporating
into a vacuum (red) or at a fixed rate (green, j, ~5.5x 107*c2771).
The inset of (b) shows the variation of j, over time from the start of
evaporation to 1.5 x 1037.

In the evaporating-into-vacuum scheme, the evaporation rate
is initially large (j. ~ 1.0 x 1026727~!) and even increases
slightly to about j, ~ 1.2 x 10726~27~! since the saturation va-
por density of LJ monomers is high. A similar behavior was ob-
served previously for an evaporating liquid consisting purely of
LJ monomers.82 As evaporation proceeds further, the evapora-
tion rate of the monomer-dimer mixture decreases with time as
the vapor gets depleted quickly and the rate eventually flattens
into a plateau value of j, ~ 1.7 x 107 36~27~!, which is a factor
of 7 smaller than the peak value. In the slow-rate scheme, N,(t)
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essentially grows linearly with time and the resulting evaporation
rate has a constant value of j; ~5.5x 10~*6—27~!, which is as ex-
pected slightly higher than the rate (~ 5.2 x 10~*627~1) corre-
sponding to removing exactly 4 beads every 7. The slow rate j; is
about 1/3 of j,, the plateau rate in the evaporating-into-vacuum
scheme.

Although LJ dimers and monomers are miscible, they differ in
their vapor density and volatility.®? As a result, their distribu-
tion in the drying mixture may become nonuniform. To under-
stand the behavior of monomers and dimers during evaporation,
5 systems are studied with various composition ratios and bulk
temperatures under either the evaporating-into-vacuum scheme
or the slow-rate scheme. The density profiles of dimers and
monomers at 6 evenly spaced times, starting at t = 0 when evap-
oration is initiated, are plotted in the top row of Fig. With
a lower volatility, dimers start to concentrate near the evapora-
tion front, leading to a positive density gradient in the liquid do-
main. Monomers have a larger saturation vapor density and evap-
orate faster than the dimers. Consequently, monomers become
depleted and their density decreases as the liquid-vapor interface
is approached from the liquid side.

As shown in Fig. [3] the distribution of dimers and monomers
in the mixture develops inhomogeneity during evaporation. To
characterize this inhomogeneity, a local order parameter S(z) is
introduced,

S@:m@—m®7

Pa(2) +pm(2)

where p,(z) and p,,(z) are the local number density of dimer
beads and monomer beads, respectively, in a slab in the xy-plane
spanning from z — Az to z+ Az with Az = 0.50. In a uniform mix-
ture, S(z) is a constant. A positive S(z) indicates that in the local
region there are more dimer beads than monomer beads while
a negative S(z) corresponds to monomer beads having a higher
local concentration than dimer beads. The results on S(z) for the
5 evaporating systems are plotted in the second row of Fig. 3| As
expected, in the equilibrium mixtures prior to evaporation, S(z)
has a constant value across the liquid domain. During evapora-
tion, S(z) varies with z and its local value indicates the extent of
nonuniformity of the local distribution of dimers and monomers.
In all cases, S(z) increases with z in the liquid phase and reaches
a peak value at the receding liquid-vapor interface, where the dif-
ference between p,(z) and p,,(z) is most significant.

To further quantify the extent of inhomogeneity developed in
the dimer-monomer distribution during evaporation, the differ-
ence between the peak value of S(z) at the liquid-vapor interface
and the value of S(z) for the mixture adjacent to the bottom con-
fining wall at z =0 is taken as the overall magnitude of inhomo-
geneity, AS. One example is shown in Fig. [3|(b1), where the peak
and base values are taken at the locations indicated by the two
arrows. The difference of the two values yields AS.

The results for AS as a function of the extent of drying are plot-
ted in the third row of Fig. The extent of drying is defined
as 1 —H(t)/H(0), where H(t) is the thickness of the liquid do-
main along the z-axis at an elapse time of ¢ after the initiation
of evaporation and H(0) is the equilibrium thickness. At =0,
1 —H(t)/H(0) = 0 and the overall magnitude of inhomogeneity

(10
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(AS) is obviously O by definition. As shown in Fig. AS ex-
hibits a similar trend with time for all 5 evaporating systems. It
first grows quickly as evaporation starts, then reaches a maximum
value (ASmax) at 1 —H(¢)/H(0) ~ 0.3 (i.e., at H(t) ~0.7H(0)), and
finally decreases with time in the late stage of drying. The maxi-
mum value of AS varies significantly from one system to another.
For the CR; mixture at 7, = 1.0¢/kg evaporating into a vacuum,
ASmax ~ 0.8. For the same CR; mixture at 7, = 1.0¢/kg evapo-
rating at a fixed small rate of j;, ASmax is only around 0.44. The
comparison of these two cases indicates that the inhomogeneity
of the dimer-monomer distribution during evaporation is larger at
faster evaporation. For the CR| mixture evaporating at j; but with
T, lowered to 0.9¢/kg, the variation of AS with time is more pro-
nounced and ASmax =~ 0.63. This can be understood by noticing
that the same evaporation rate j, is a relatively faster rate for the
system at 7, = 0.9¢ /kg than for the same system at 7;, = 1.0¢ /kg,
as the former has a lower vapor density.

The results in the last two columns of Fig. |3| are for the CRy 5
and CR, mixtures, respectively. Both systems are evaporated at a
fixed rate of j; with 7}, = 1.0¢ /kg. The value of ASpax is ~ 0.36 for
the former and 0.4 for the latter, slightly smaller than the corre-
sponding value for the CR; mixture under the same evaporation
condition. Furthermore, for the CR, mixture, AS decreases with
the extent of drying more quickly after reaching its maximum
value, which is caused by the faster depletion of monomers as
there are relatively fewer monomers in the CR, mixture.

The results presented so far are all obtained using a DPD ther-
mostat to maintain a constant temperature throughout the mix-
ture. The DPD thermostat is adopted as it preserves momentum
locally, which is important for a proper description of an evapora-
tion process. However, it removes evaporative cooling effects. An-
other strategy, which was used in several previous studies, >2/>3:80
is to only thermalize a thin layer of liquid adjacent to the bot-
tom wall with a Langevin thermostat, mimicking a thermal con-
tact with a substrate held at a constant temperature. That is,
the solvent beads in the thin slab bounded below by the bottom
wall move according to the Langevin equation while the solvent
beads in the other region still follow Newton’s equation of mo-
tion. In this approach, evaporative cooling naturally occurs and
the temperature at the evaporating interface becomes lower than
the “bulk” temperature in the thermalized layer, especially at high
evaporation rates.

In Fig. |4} two sets of results on the temperature field and the
local order parameter of inhomogeneity, S(z), along the z-axis are
shown, with one set from the MD simulations based on the DPD
thermostat while the other from the simulations in which the sol-
vent beads within 200 from the bottom wall are thermalized with
a Langevin thermostat. The damping time in the Langevin ther-
mostat is set to 107. The data are for the CR| mixture evaporating
at j; with 7;, = 1.0¢/kg. Here T}, is the target temperature in the
entire simulation box in the case with the DPD thermostat and in
the solvent layer being thermalized in the case with the Langevin
thermostat. As expected, evaporative cooling occurs in the latter
case with the interfacial temperature lower than 7;, by about 5%
(see Fig. a)). However, the profiles of S(z) from the two simula-
tions using the different thermostats essentially trace each other,
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Fig. 3 Top row: the density profiles of dimer beads (red) and monomer beads (green) as a function of z at various times for the 5 evaporating systems.
Middle row: the corresponding local order parameter of inhomogeneity between the two solvent components. Bottom row: the overall magnitude of
inhomogeneity as a function of the extent of drying. From the first column on the left to the fifth column on the right, the 5 evaporating systems are:
CR; at T, = 1.0¢/kg evaporating into a vacuum; CR; at T, = 1.0¢ /kg evaporating at the slow rate j;; CR; at T, = 0.9¢/kg evaporating at j;; CR;y at

Ty, = 1.0¢ /kg evaporating at js; CRos at 7, = 1.0¢ /kg evaporating at j;.

S(z)

100
zjo

150

50
z/o

100

Fig. 4 Comparison of (a) the temperature field and (b) the local order
parameter of inhomogeneity as functions of z from simulations based on
the DPD thermostat (black solid line) and the Langevin thermostat (blue
dashed line) when ~ 60% of the liquid solvent remains. The results are
for the CR; mixture with 7, = 1.0¢ /kg evaporating at j;.

as shown in Fig. b). The minor visible difference between the
2 curves in Fig. [4[(b) is caused by the slight difference in the ex-
tent of drying at which the data are collected. Such comparison
corroborates the robustness of the results reported above on the
evaporation behavior of dimer-monomer mixtures.

6| Journal Name, [year], [vol.], 1

3.2 Evaporation of Colloidal Suspensions with a Monomer-
Dimer Mixture as Solvent

The inhomogeneity in the monomer-dimer distribution developed
during evaporation can be exploited to stratify nanoparticles in a
drying film. To demonstrate this idea, we employ the CR; mixture
at T, = 1.0e /kg as a solvent. Two types of nanoparticles, labeled
o and B, are dispersed in the liquid mixture and the resulting
suspension is then equilibrated for 2 x 10°t. The number of each
type of nanoparticles is 900, yielding a volume fraction of ~ 4.5%
for each nanoparticle species in the initial suspension. One snap-
shot of the equilibrated suspension is shown in Fig. [I(b), where
the nanoparticles are clearly uniformly dispersed in the mixed
solvent.

Three evaporation schemes for the mixture solvent are inves-
tigated, including evaporating into a vacuum, evaporating at a
fixed intermediate rate equal to the plateau rate j, in Fig. b),
and evaporating at an even slower rate of j; (~ j,/3). A series
of snapshots showing the evolution of nanoparticle distribution
in the drying film are shown in Fig. |5| for the third scheme. The
results for the other two schemes are qualitatively similar. Prior
to evaporation, nanoparticles are uniformly dispersed in the lig-
uid film, though there is a slightly higher concentration of -
type nanoparticles at the liquid-vapor interface. The underlying
reason is that at the liquid-vapor interface the concentration of
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Fig. 5 Snapshots showing the evolution of nanoparticle distribution (a-
type in orange and fB-type in purple) in the drying film with the CR;
mixture solvent evaporating at the rate of j;. The snapshots are ordered
from left to right and top to bottom with the first snapshot taken at r =0
when evaporation is initiated. The elapsed time between two consecutive
snapshots is 1.9 x 10*7.

monomers is higher than that of dimers as the monomers have
a lower surface tension. Since the f-type nanoparticles interact
more favorably with monomers, there are more 3 nanoparticles
at the equilibrium liquid-vapor interface than a nanoparticles.
As evaporation progresses, the enrichment of § nanoparticles
at the receding interface becomes more pronounced, as shown in
the top row of Fig.[5| At the same time, since dimers become con-
centrated while monomers get depleted near the interface during
evaporation (see the top row of Fig.[3), the a-type nanoparticles
start to accumulate just below the surface layer of f nanoparti-
cles that are trapped at the interface. Driven by the density gra-
dient of monomers, other -type nanoparticles initially dispersed
in the bulk suspension start to move towards the lower part of
the suspension. The final distribution of nanoparticles exhibit a
stratified B-a-fB sandwich structure. But it should be pointed out
that stratification is not 100% in the drying film as in the f-layer
adjacent to the bottom wall, there are still domains of @ nanopar-
ticles. Sandwich structures have also been observed in the ex-
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periment of Liu et al. on bidisperse nanoparticle suspension films
being dried quickly, where depending on the size ratio of the
binary nanoparticles, large-small-large or small-large-small sand-
wich layering were found.

(al) (b1) (c1)

Fig. 6 Volume concentration profiles of the two types of nanoparticles
(o in orange and B in purple) in the drying film under three solvent
evaporation schemes: (al)-(ab) evaporating into a vacuum, (b1l)-(b5)
evaporating at a fixed intermediate rate of j, (the terminal plateau rate
in the evaporating-into-vacuum scheme), (c1)-(c5) evaporating at a fixed
rate of j; ~ j,/3. All three runs start with the same initial equilibrium
state at f = 0 (first row). Panels (a2)-(a5) are for r =2.1 x 10%1, 4.2 x 101,
6.3x 101, and 8.4 x 10*; (b2)-(b5) are for 1 =0.3 x 10°7, 0.6 x 10°7, 0.9 x
10%7, and 1.2 x 1037; (c2)-(c5) are for t = 0.65 x 103, 1.3 x 1037, 1.95 x
1057, and 2.6 x 10°7, respectively. In all cases, the final film thickness is
about 620, as shown in the last row.

The evolution of nanoparticle distribution in the drying film
is quantified as concentration profiles along the z-axis shown in
Fig.|6l Here a volume concentration (¢,) is used. Considering a
slab in the xy-plane spanning from z — Az to z — Az, ¢,(z) refers to
the fraction of slab volume occupied by each type of nanoparti-
cles. To compute ¢,(z), the volume of each nanoparticle needs to
be partitioned to a series of adjacent slabs that the nanoparticle
intersect with. Results on ¢,(z) at Az = 0.1250 for both @ and f8
nanoparticles under the three evaporation schemes are included
in Fig. evaporating-into-vacuum [Figs.|§ka1)—(a5)], fixed inter-
mediate rate [Figs. |§|(b1)-(b5)], and fixed slow rate [Figs. |§|(c1)-
(c3)].

All three evaporation simulations start with the same equilib-
rium suspension and the corresponding concentration profiles of
nanoparticles are repeatedly shown in the first row of Fig.[6] In

Journal Name, [year], [vol.], 1 |7
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equilibrium, there is a clear concentration peak for the B-type
nanoparticles at the liquid-vapor interface as the interface of -
favoring monomers protrudes that of o-favoring dimers. The
subsequent evolution of concentration profiles shown in Fig. [6]
reveals interesting trends as the solvent evaporation is slowed
In all cases, the B concentration peak at the evapo-
ration front grows quickly and then saturates after the solvent
evaporation is turned on. Right below this surface f-layer,
o nanoparticles begin to concentrate as evaporation proceeds
and the degree of concentration is stronger in the evaporating-
into-vacuum scheme, which has the fastest solvent evaporation
rate. At the same time, a nanoparticles are depleted and f
nanoparticles are enriched in the lower part of the film. In the
evaporating-into-vacuum scheme, a second smaller concentration
peak of B nanoparticles emerge below the concentrated region of
o nanoparticles [see Fig. [f(a2)]. A similar peak, though even
weaker, appears at a progressively later time under slower evap-
oration [see Figs. E](b?)) and (c4)]. This trend is an outcome of
the weakening density inhomogeneity of the two solvent compo-
nents and thus a weaker drive to move nanoparticles when the
evaporation rate is reduced.

The concentration profiles in Fig. [ confirm that the two types
of nanoparticles eventually form the 3-a-f sandwich distribution,
which is easily detected in the film of a thickness of ~ 62 (see the
last row of Fig.[6). In the middle a-layer, there are no 8 nanopar-
ticles but in the lower f-dominated layer, o nanoparticles are still
present. The nanoparticle concentration also exhibits oscillation

near the bottom wall, reflecting the epitaxial order induced by the
1.182

down.

wal

The trends reflected in Fig. [f] can be further understood by
examining the competition between the convective motion of
nanoparticles imposed by solvent evaporation and their diffu-
sion. The former is characterized by the receding speed, v, of the
liquid-vapor interface and the latter by the nanoparticle diffusion
coefficient, D. Independent simulations were performed to com-
pute D for both @ and 8 nanoparticles in the CR; mixture with
the same particle volume fractions as in the equilibrium suspen-
sion prior to evaporation. For the a-type, Dy ~ 4.5 x 107362 /1
and for the B-type, Dg ~ 4.8 x 1073 6?/7. The two are close and
we will simply use D = (D +Dp) /2 ~4.65 x 10~ /7 for the dis-
cussion here. The receding speed of the liquid-vapor interface is
controlled by the solvent evaporation rate (see Supporting Infor-
mation). Under the evaporating-into-vacuum scheme, v, ~ 1.4 x
10736 /7; for the fixed intermediate rate, v, ~0.92 x 1035 /7; for
the fixed slow rate, v, ~ 0.40 x 10 35/7.

The ratio D/v, sets a characteristic length scale, /., which rep-
resents the thickness of the zone at the receding interface that
is significantly perturbed by solvent evaporation. For the three
evaporation schemes, [, ~ 3.3, 5.1, and 11.50, respectively. As
expected, [, is larger at slower evaporation. The middle three
rows of Fig. [f] also reflects this trend. As the evaporation rate
is reduced, the thickness of the middle «-rich layer gets larger,
where the two types of nanoparticles are driven into phase sep-
aration by the contrasting density gradients of monomers and
dimers. In the later stage of evaporation, the evaporation rate
in the evaporating-into-vacuum scheme approaches the interme-
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diate rate, j,. As a result, the thickness of the middle a-layer
becomes comparable in the two cases, which is about 21c for
the drying film of a thickness of ~ 62 (see Figs. E](aS) and (b5)
and Supporting Information). On the other hand, under the slow
evaporation rate j; (~ j,/3), the a-layer has a thickness of about
260 (see Fig.[6|(c5) and Supporting Information). In this case, the
volume concentration of o nanoparticles in the lower B-layer is
also reduced.

Figure [f] indicates that the degree of stratification is enhanced
in the slow-rate evaporation scheme, though the overall magni-
tude of inhomogeneity of the monomer-dimer distribution under
this scheme is much smaller than that in the evaporating-into-
vacuum scheme (see Fig.[3). When the solvent evaporates more
slowly, the nanoparticles have more time to diffuse and phase sep-
arate more strongly according to the distribution of dimers and
monomers, thus improving stratification. However, at very slow
evaporation, dimers and monomers are expected to be always
uniformly distributed in the evaporating mixture and the inhomo-
geneity of their distribution does not develop. In this case, there
is no driving force for the two types of nanoparticles to phase sep-
arate as they are identical except for their coupling strengths with
the two solvent components. Therefore, stratification of nanopar-
ticles is not expected to occur at all at very slow evaporation
rates. To summarize, there exists an optimal evaporation rate
at which the degree of nanoparticle stratification is maximized.
This echoes a previous finding that for size-driven stratification in
drying colloidal suspensions, the degree of stratification reaches
a maximum value at some optimized evaporation rate.24 The ex-
istence of an optimal rate in evaporation-induced ordering was
also found in a previous simulation study of nanoparticle assem-
bly driven by solvent evaporation.®3

4  Conclusions

Evaporation-driven auto-stratification is potentially a useful tech-
nique for fabricating layered materials by dispersing particles in
a proper solvent and then drying the resulting suspension under
appropriate conditions. Not surprisingly, approaches to induce
and control stratification are of great interest. It was previously
demonstrated that for a bidisperse particle suspension, stratifica-
tion can be tuned from large-on-top to small-on-top by imposing a
temperature gradient in the direction of drying and utilizing the
accompanying thermophoretic response of the suspended parti-
cles.?3 In this paper, a different approach is discussed, where a
binary solvent mixture is employed to drive a binary blend of
nanoparticles of the same size to stratify through contrasting cou-
plings between the two types nanoparticles and the two solvent
components.

In the equilibrium state, there is a relatively higher concen-
tration of the more volatile solvent at the liquid-vapor interface,
which results in a thin layer of nanoparticles, favored by the more
volatile solvent, at the liquid/vapor interface. When evaporation
starts, the top layer of the more volatile solvent quickly evapo-
rates and the less volatile solvent becomes concentrated at the
interface. As a result, the thin layer of nanoparticles which fa-
vors the more volatile solvent are trapped at the interface (i.e.,
the evaporation front) by the amassing of mainly the other type
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of nanoparticles in the zone just below the liquid-vapor interface.
This inhomogeneity in the distribution of the two solvents thereby
prompts stratification of a binary mixture of nanoparticles even if
the size of the two nanoparticles are comparable. As evaporation
proceeds, right below the thin layer of the trapped nanoparti-
cles at the interface, the nanoparticles that interact more strongly
with the less volatile solvent become enriched while the nanopar-
ticles that interact more strongly with the more volatile solvent
are driven towards the bottom of the drying film. The final dis-
tribution of the two types of nanoparticles becomes a sandwich
film.

Using a solvent mixture is a frequently attempted technique
for processing materials.©1768 The results presented here shows
that a mixed binary solvent can be used to induce nanoparticle to
develop stratified layered distributions during evaporation. This
approach is more facile and feasible than the previous suggestion
based on thermophoresis>? as it is hard to induce and maintain a
desirable temperature gradient in an evaporating suspension. It
is hoped that the reported simulations can motivate experimen-
tal work to realize the control of stratification with a mixed sol-
vent. To this end, at least 3 factors need to be considered and
fulfilled. First, two solvent components in the mixture must have
sufficiently different volatilities so that they evaporate at very dif-
ferent rates. Second, the different types of nanoparticles must
have strikingly different coupling strengths with the different sol-
vent components. Experimentally, an asymmetric coupling be-
tween nanoparticles and solvent components can be achieved by
coating the nanoparticles with different materials such as poly-
mers. Third, overall solvent evaporation must be rapid enough so
that the distribution of the different solvent components become
inhomogeneous during evaporation. When these conditions are
satisfied, it expected that the differing density gradients of the
various solvent components developed during evaporation can be
utilized to drive nanoparticles to form a drying film with a strati-
fied distribution.

The stratification scheme proposed here relies on the condition
that the mixed solvent is spatially uniform in the plane perpen-
dicular to the evaporation direction. That is, evaporation needs
to be essentially one-dimensional in the direction of the evaporat-
ing film’s thickness and translationally invariant along its surface.
Otherwise, various instabilities can emerge, 1418 which are often
associated with composition gradients parallel to the film surface
and thermal gradients. These gradients can lead to local varia-
tions of the liquid-vapor interfacial tension that drive Marangoni
flows.®¥ They can also drive Bénard-Marangoni convection.1#
Fractures and cracks can appear as well, 1085186/ When these insta-
bilities occur. The structure of the resulting dry film will be more
complicated than (one-dimensional) stratification. However, it
would also offer opportunities for fabricating colloidal materials
beyond layered films. Understanding the mechanisms of various
instabilities in a drying colloidal film and their effects on the film
structure is still an exciting research direction.Z

In the simulations reported here, only uncharged spherical
particles are considered. Aspherical colloids are of interest as
depletion interactions between particles may depend on their
shapes.889 Research on understanding the effect of particle
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shape in film formation during rapid solvent evaporation will
be reported in the future. Colloidal particles are often charged,
which can help stabilize colloidal suspensions and prevent ag-
gregation. Solutions also often contain salts. The direction of
motion of a colloidal particle under the density gradients of the
solvent and other solutes depends on their mutual interactions,
to which electrostatic interactions may contribute significantly.22
Therefore, a neutral hard-sphere-like system may behave very dif-
ferently from its counterpart where the particles are charged. Fur-
thermore, tuning electrostatic interactions may be another exper-
imental approach to realize the asymmetric particle-solvent cou-
plings utilized here to drive particle stratification. Clearly, more
research is needed on understanding the drying behavior of col-
loidal suspensions of charged particles.
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