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Phase separation and the ‘coffee-ring’ effect in
polymer–nanocrystal mixtures†

Joseph B. Miller,‡a Austin C. P. Usselman,‡a Rebecca J. Anthony,b

Uwe R. Kortshagen,b Alexander J. Wagner,a Alan R. Dentona and Erik K. Hobbie*ac

The coupling between the ‘coffee-ring’ effect and liquid–liquid phase separation is examined for ternary

mixtures of solvent, polymer and semiconductor nanocrystal. Specifically, we study mixtures of toluene,

polystyrene (PS) and colloidal silicon nanocrystals (SiNCs) using real-space imaging and spectroscopic

techniques to resolve the kinetic morphology of the drying front for varied molecular weight of the PS.

Our results demonstrate that the size of the polymer has a significant impact on both phase-separation

and drying, and we relate these observations to simulations, measured and predicted binodal curves, and

the observed shape of the flow field at the contact line. The results inform a deposition process that

reduces the influence of drying instabilities for low-molecular-weight polymers while paving the way for

more detailed and generic computational descriptions of drying instabilities in complex fluids.
1 Introduction

The physics that governs the drying of an isolated droplet is
remarkably complex, and yet the practical implications of this
everyday process can be technologically profound.1 A contem-
porary example of particular relevance is inkjet printing,
whereby uid mixtures of particle, polymer and solvent are cast
as droplets and subsequently dried for a range of coating and
assembly applications.2 A signicant challenge associated with
this process is the need to tame, or in some instances exploit,
the familiar ‘coffee-ring’ effect.3 This well-studied drying insta-
bility is governed by capillary ows that generate differential
evaporation rates across the free surface of a droplet, resulting
in an edge-directed ow that transports dispersed particulates,
or even emulsions,4 toward the contact line in an irreversible
fashion. A familiar example is the dark ring le behind when a
drop of coffee dries on a hard surface, the namesake phenom-
enon of the effect.

‘Pinning’ or xing of the contact line – the closed contour of
liquid–solid–vapor coexistence that comprises the edge of a
drying droplet on a wetting surface – is critical to the emergence
and control of the coffee-ring effect.5 Particle shape has also
recently been shown to play an important role,6,7 as has the
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uid–solid contact angle and the overall affinity of the liquid
droplet to the substrate.8,9 For colloidal nanocrystals dispersed
in organic solvents, enhanced or reduced substrate affinity can
have a signicant impact on the ability to cast homogeneous
droplets and coatings from nanocrystal suspensions and
ternary solvent–nanocrystal–polymer mixtures,10,11 while the
morphology of the nanocomposite can, in turn, impact the
photoluminescent properties of the nanocrystal ensemble.10–12

Texture, porosity and temperature have likewise been demon-
strated to be important substrate parameters that can enhance
or suppress the effect.13–15

When the contact line is pinned, the rate of solvent
removal,16 the size of the droplet,17 and the amount of surfac-
tant18 can further inuence the nature of the instability, and it
has been suggested that the onset of Marangoni ows acts to
counter the edge-directed transport of particles, which in turn
can lead to a more uniform distribution of particulates in the
nal dried state.18 For microscopic polystyrene beads dispersed
in water, the recent use of optical coherence tomography (OCT)
to map the full 3D ow eld supports the view that weak Mar-
angoni stresses can, in some instances, generate eddies or
secondary ow elds in aqueous colloidal suspensions.19 In
general, the instability can be suppressed for micron-sized
particles if the solvent is removed faster than the rate of particle
diffusion.17

The situation can be even more complex when the solvent
evaporates faster than water (e.g., toluene) or the suspension
contains particles that are nanoscopic in size (e.g., polymers or
nanocrystals). A systematic study of the inkjet printing of high-
molecular-weight (Mw $ 80k) polystyrene (PS) from a variety of
solvents, for example, always produced lms with a ring
deposit, but the instability could be suppressed by using a
Soft Matter, 2014, 10, 1665–1675 | 1665
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Fig. 1 (a) Schematic side view of a droplet with the flow (x) and
gradient (y) directions as indicated. We define the positive flow (x)
direction as toward the droplet center. (b) Top view of the droplet,
which leaves a ring when it dries if the contact line is pinned. The
micrograph (right, 50 mm scale) indicates the positive flow (x) and
vorticity (z) directions.
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mixture of solvents with disparate boiling points.20 In contrast,
another recent study concluded that the addition of a water-
soluble polymer (polyethylene oxide) to an aqueous suspension
of micron-sized silica beads can suppress the effect through a
combination of elevated viscosity, which slows particle trans-
port, and enhanced Marangoni ow.21 Although we are not
aware of a general rule, the potential for generating signicant
surface-tension gradients in drying droplets of volatile solvents
could favor Marangoni effects with higher ow rates, while
particle diffusion rates for nanoscale objects would also be
higher. The overall change in Peclet number is what is signi-
cant, and the complexity of the effect implies that any given
system has the potential to behave uniquely, making a priori
generalizations difficult.

Nonetheless, the ability to tune or control the coffee-ring
effect will be critical for applications that seek to print nano-
composite features from solution22,23 or exploit evaporative
self-assembly as a route to engineering structured lms and
coatings.24–26 The tendency for nanoparticles to condense at the
contact line, for example, offers a natural route to printing
conductive ‘lines’ or wires from metallic nanoparticle solu-
tions,27 but the geometry of the deposition needs to be
controlled in a useful fashion. In this regard, the transient
nature of the concentration and ow elds adds an additional
layer of complexity, with one recent study demonstrating an
order–disorder transition within the deposition layer.28

The scenario for polydisperse suspensions and mixtures has
particular relevance to contemporary applications, such as the
blending and printing of polymers and nanocrystals, and the
instability could potentially impact the processing of multi-
phase nanouids.29 Polydisperse colloids, for example, can
exhibit size fractionation within the contact line30–32 and viscous
ngering within the ring,33 while one recent study examined the
deposition prole during the spinodal decomposition of
colloid–polymer mixtures.34 The overall pattern was controlled
by Marangoni eddies – which have recently been linked to
excess surfactant35 – with entropic phase separation into
colloid-rich ow-aligned domains.34 These observations are in
remarkable agreement with simulations of spinodal decompo-
sition in drying polymer-blend solutions, where lateral phase
separation at the uid–air interface ‘templates’ segregation
within the bulk of the lm.36 Such simulation results are inti-
mately linked to diffusive dynamics, and the regular patterns
are a generic feature of diffusive phase-separation fronts, where
the domains can orient either parallel or orthogonal to the
front.37–39

In this contribution, the coupling between the coffee-ring
effect and liquid–liquid phase separation is examined for
ternary mixtures of volatile solvent, polymer and colloidal
nanocrystal. Specically, we study mixtures of toluene, poly-
styrene and nanocrystalline silicon (SiNCs) using optical tech-
niques to resolve the morphology of the drying front for varied
molecular weight of the polymer. Our results demonstrate that
the size of the PS has a signicant impact on the phase behavior
and character of the drying instability, and we relate our
observations to lattice-Boltzmann simulations, a free-volume
theory of the equilibrium phase behavior, and the observed
1666 | Soft Matter, 2014, 10, 1665–1675
nature of the ow eld at the contact line. Our ndings inform a
deposition process that reduces the inuence of drying insta-
bilities for low-molecular-weight polymers, while isolating the
effects of phase separation for medium and high-molecular-
weight polymers. This has signicant implications for applica-
tions that seek to print homogeneous or textured patterns from
multicomponent solutions of nanoscale objects, and our results
set the stage for more detailed and predictive computational
models of drying instabilities in multiphase complex uids.
2 Results
2.1 Experiments

Experimental details are given in the Materials and methods
section. The mean diameter of the SiNCs was 4 nm, and the
nanocrystals were surface passivated with a covalently bonded
1-dodecene ligand approximately 1.4 nm in length. Polystyrene
(PS) standards of weight-averaged molecular weight (Mw)
21.36 � 103 (denoted 200k, polydispersity index ¼ 1.01), 18.1 �
103 (denoted 18k, polydispersity index ¼ 1.01), and 2.4 � 103

(denoted 2.4k, polydispersity index ¼ 1.07) were obtained from
Sigma-Aldrich, and dilute PS suspensions were prepared in
toluene, a good solvent, at varied PS : SiNCmass ratio at specic
mass densities cPS and cSiNC. The radius of gyration, Rp, of each
polymer in toluene is 1.3 nm (2.4k), 4.3 nm (18k), and 19 nm
(200k), and the polymer overlap concentration, c*, is 12 mg
ml�1 (200k), 85 mg ml�1 (18k), and 425 mg ml�1 (2.4k).40 These
mixtures were then cast as 5 ml droplets on clean untreated glass
slides, and time-resolved bright-eld, photoluminescence (PL),
and phase-contrast optical microscopy and time-resolved PL
spectroscopy were used to monitor the drying front. Particle
tracking was also used to map the ow eld near the front.

The geometry of the experiment is shown in Fig. 1a, with the
ow (x), ‘gradient’ (y) and ‘vorticity’ (z) directions as indicated.
Measurements were also performed on all of the pure compo-
nents. Contact-line pinning always occurred in the presence of
SiNCs, suggesting that the nanocrystals have a signicant
affinity for the glass substrate. Such pinning was never observed
This journal is © The Royal Society of Chemistry 2014
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for the pure polymer solutions, however. The typical ring
pattern of a dried deposit is shown in Fig. 1b, and the varied
morphologies observed at the contact line are shown in Fig. 3, 5
and 6. In the x–y plane, suspended solids typically travel out to
the edge at the substrate and back toward the center at the free
surface, although this can get obscured due to localized circu-
lation (eddies).

Liquid–liquid phase separation has a signicant impact on
how the polymer–nanocrystal mixtures dry, and we are
primarily interested in how this thermodynamic instability
couples to the hydrodynamic instability of the coffee-ring effect.
To measure the equilibrium binodal curves, we thus developed
a transient technique ideally suited to the small sample
volumes of interest. A rectangular microcapillary 520 mm by 250
mm in cross section, open at both ends, was lled with an initial
PS–SiNC–toluene solution, and the average local PL immedi-
ately measured along the length of the tube. The capillary was
then allowed to sit for several hours while the solvent slowly
evaporated. Drying occurs through a pinning of the gas–liquid
interface at one of the open ends, with a mobile liquid–gas
interface at the other end that then moves down the capillary as
the solvent evaporates. A particle concentration gradient thus
develops and phase separation occurs in a narrow band at some
point along the tube (le and middle inset, Fig. 4a). The ratio of
the total PL at the point of phase separation to that of the initial
mixture gives a measure of the SiNC concentration at the
stability limit, and the known PS : SiNC ratio of the initial
mixture then gives the corresponding PS concentration. While
this approach is somewhat crude, it provides a consistent
measure of the binodal for each molecular weight of the
polymer.
2.2 Lattice-Boltzmann simulations

The coffee-ring effect underlies all of the phenomena of interest
here. As a simple starting point, we thus model the simulta-
neous deposition of nanocrystal and polymer at the edge of the
drying drop using a lattice-Boltzmann (LB) approach. This
provides us with a novel description of the effect while giving us
a sense of the importance of Marangoni ows, which have a
critical inuence on the observed patterns. Details of the
simulation are given in the Materials and methods section. A
two-component system of solvent and vapor was set up as a
droplet on a locally wetting substrate, where the wetting surface
was used to maintain a constant 2D shape for the base of the
droplet. In the simulated images (Fig. 2), the vapor phase is
indicated in green and the uid is white. A nearly uniform
chemical potential gradient was then imposed through a
nonequilibrium boundary condition on the top of the drop,
which breaks the conservation law associated with solvent
volume, allowing for evaporation. Temperature variation within
the drop and a temperature dependent surface tension were
used to reproduce Marangoni effects. The nanoparticles (both
PS and SiNC) were treated as massless tracer particles that can
only reside inside the drop.

A gradient in chemical potential between the edge of the
simulation and the surface of the drop develops and the drop
This journal is © The Royal Society of Chemistry 2014
begins to slowly shrink. For very small droplets that have
dynamics dominated by diffusion, the effect of hydrodynamics
can be neglected. Such droplets quickly evaporate and their
shape deviates from a spherical cap. The evaporating interface
collects the suspended nanoparticles and enriches their
concentration at the free surface, leaving a higher particle
concentration in the middle of the drop. The non-spherical
shape of the interface implies that the pressure inside the
droplet is not constant; the pressure at the edges is lower than at
the top.

For macroscopic droplets with hydrodynamics, the pressure
imbalance sets up a ow that restores the spherical shape.
However, once the spherical shape has been restored, the
maximum hydrodynamic effect has been achieved. Reducing
the viscosity or increasing the droplet size will not induce a
more pronounced hydrodynamic effect. The ow eld estab-
lished in this scenario will then sweep particles from the
enriched regions near the free surface toward the edge of the
drop where the contact line is pinned. This leads to the trans-
port of the majority of particles to the contact line, consistent
with the experiments.

An additional important feature of the drying process relates
to the pinning strength of the contact line. As the droplet
evaporates, the contact angle at the edge of the drop decreases,
and (with the exception of the scenario of total wetting) the
contact line will always become unpinned once the equilibrium
contact angle of the wetting patch is reached. The resulting
evaporation dynamics will then lead to a much reduced
hydrodynamic effect and the remaining nanoparticles in the
drop (those that have not already been deposited at the contact
line) will then be deposited more evenly. The two critical
underlying phenomena in the pattern formation are thus
contact-line pinning and solvent evaporation.

When the effect of latent heat is included, the surface of the
drop undergoes evaporative cooling. The simulations keep the
substrate at a constant temperature such that heat is diffused
from the substrate to the surface of the drop. The portion of the
interface closest to the substrate receives this heat most effi-
ciently, creating a temperature gradient along the interface that
generates a gradient in surface tension. The surface tension
gradient, in turn, induces a rotational ow, as shown in Fig. 2.
The overall ow eld is a combination of the original edge-
directed ow and a ow toward the region of lower surface
tension. An additional effect is that the mechanical equilibrium
of a drop with varying surface tension is no longer spherical,
and our simulations suggest that an unsteady ow results. Two
typical ow elds are shown in Fig. 2a and b. In Fig. 2a, there is
a vortex at the right edge of the simulation section. This vortex
then migrates le toward the edge and leaves the drop, as
shown in Fig. 2b. These dynamic vortices are reminiscent of the
unsteady vortices observed in the experiments, although further
study is needed to quantitatively link the two effects. The net
local ow over several such oscillations is along the interface
toward the center. Since the interface shows the highest
concentration of particles, this leads to a migration of particles
toward the center of the drop. The overall hydrodynamics,
however, maintains a net ow toward the edge. As the drop
Soft Matter, 2014, 10, 1665–1675 | 1667
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Fig. 2 (a and b) Lattice-Boltzmann simulation showing the velocity field of the solvent and vapor at two consecutive times during drying, where
white denotes solvent, green denotes vapor, and different shades denote different values of the chemical potential. (c) Histograms of the
distribution of nanoparticles across the basal diameter (x) of the simulated droplet at different times (in units of 102 lattice time steps).
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evaporates, the Marangoni effect is diminished and particles
migrate to the edge (Fig. 2c).
2.3 Free-volume theory

As noted previously, what makes the uid mixtures studied here
especially interesting is PS–SiNC phase separation above a
threshold concentration in the toluene solutions. Phase segre-
gation occurs through both entropic (depletion) and enthalpic
(van der Waals) effects. Since the drying instability concentrates
the particles at the contact line, it can thus be anticipated that
the mixtures will become immiscible there. This is shown in
Fig. 3 for low-molecular-weight (2.4k) PS. Although from a
coarse perspective the ring deposit looks uniform, closer
inspection reveals phase separation into nanocrystal-rich and
Fig. 3 (a) Bright-field image of the edge of a dried droplet (50 mm
scale, 0.01% Mw ¼ 2.4k PS and 0.1% SiNC). (b) AFM image of the outer
edge of the same dried droplet (width¼ 40 mm). (c) Bright-field image,
(d) reflection optical image, and (e) PL-based composite optical image
(red¼ SiNC, blue¼ PS) of the dried droplet edge, where the scale of 10
mm applies to each of the three panels. In (b–e), the contact line is at
the top and the x direction is down.

1668 | Soft Matter, 2014, 10, 1665–1675
polymer-rich domains. This texture can be seen in atomic-force
microscopy (AFM) images (high and low regions, Fig. 3b),
bright-eld images (Fig. 3c), reection optical images (different
colors in Fig. 3d) and PL-based images (different colors in
Fig. 3e).

Themeasurements of the binodal curves were therefore used
to calibrate a free-volume theory of polymer–colloidmixtures, as
detailed in the Materials and methods section and as shown in
Fig. 4b. Our model is an extension of the Asakura–Oosawa–Vrij
model.41,42 Specically, we adapt the theory of Schmidt et al.,43

extending the original theory of Lekkerkerker et al.44 to mixtures
of interacting colloids and polymers in a good solvent. The
theory contains two free parameters – a van der Waals (vdW)
parameter for the strength of vdW attraction between nano-
particles45 and a nanoparticle–polymer penetration parameter
for the free energy cost incurred when a nanoparticle penetrates
a polymer coil. We know that the latter effect is important
because toluene solutions of the ligand (1-dodecene) and
polymer (PS) phase separate upon drying. Fig. 4b shows the
predicted binodals for the three mixtures based on these two
tting parameters, where the critical point for 200k PS is indi-
cated as a star. All of the drying experiments considered here
occur along lines of constant SiNC : PS mass ratio between the
two red lines in Fig. 4b.
3 Discussion

Although coupling between the coffee-ring instability and
liquid–liquid phase separation is clearly a complex problem, a
simple and intuitive picture emerges by considering the impli-
cations of the simulations and the equilibrium phase behavior
independently. Since the drying process concentrates particles
at the contact line independent of type (polymer vs. nano-
crystal), it can be anticipated that the mixtures will phase
separate as the solvent is removed, or as the mixtures impinge
on the contact line. The morphology of phase separation will
then be inuenced by the nature of the local ow eld. As can be
seen from the ESI movies,†46 the experiments are in quite
reasonable agreement with this simple perspective.

Interestingly, the molecular weight of the polymer has a
striking inuence on the morphology of the drying ring, as
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Microcapillary method for measuring the equilibrium bino-
dals, where I(h) is the ratio of the final PL intensity (h is the distance
along the tube from the pinned end) to the initial homogeneous PL
intensity. The images are micrographs of the structure (scale¼ 10 mm).
(b) Equilibrium binodal curves plotted as polymermass fraction (cPS) vs.
nanocrystal mass fraction (cSiNC), where the markers represent
measurements and the curves are computed. The two red lines are the
drying lines that bound all of the nonequilibrium data presented in the
paper. Blue markers are 200k PS, green markers are 18k PS and violet
markers are 2.4k PS.
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shown in Fig. 5. We observe three fundamental structures, as
denoted in the state diagrams in Fig. 5a–c. The morphology
sequence at xed cPS and increasing cSiNC is the same as that for
xed cSiNC and decreasing cPS. The upper-le morphology is
‘edge-deposited’, or a microstructure of concentric stratied
rings (Fig. 5d); the middle structure is spoke-like or ‘radial’
(Fig. 5e–g), and the lower right morphology is inverted or
continuous (Fig. 5h and i). The radial morphology has been
observed in drying experiments on droplets of microscopic
colloid–polymer mixtures,34 and it has been predicted for
drying-induced spinodal decomposition.36 Here, the radial
morphology is further stratied into anisotropic droplets or
domains, as shown in Fig. 5e. The dashed lines in the diagrams
indicate approximate transitions, where the lower dashed line
also corresponds to the anticipated inversion line of 50/50
volume fraction.

As the molecular weight of the polymer decreases, the width
of the radial region shrinks until it becomes difficult to discern
(dashed blue line, Fig. 5c). The other obviousMw dependence is
the domain size, which increases according to Rz f M0.36

w for
This journal is © The Royal Society of Chemistry 2014
1 : 10 PS : SiNC by mass and Rz f M0.42
w for 50 : 50 PS : SiNC by

mass, where Rz is the mean width of the domains along the z
direction determined from optical micrographs. We suggest
that these two effects are related; the shrinking middle pattern
with decreasing Mw reects a decrease in domain size that
moves the edge-directed morphology to lower cPS and higher
cSiNC. In general, the nal size of the domains will be R f

Ð
N
0 g

[c(t)]/h[c(t)]dt for some local history c(t), where c(t) is the solvent
concentration, g is the interfacial tension between the two
phases, and h is the shear viscosity. If we assume that Rz scales
as g/hPS, the relation hPS f M0.73

w for PS in toluene47 then
suggests g f M1.1

w or M1.15
w , with an exponent close to unity.

Physically, the domain size will be determined primarily by the
competing effects of interfacial tension, which drives coars-
ening, and viscosity, which limits the time scale for growth.
While both of these depend on Mw, the data suggest that the
molecular-weight dependence of g dominates. This is consis-
tent with the state diagrams in Fig. 4b, which indicate that the
quench depth (although somewhat ill-dened for a drying
droplet) should increase with increasing Mw.

A critical feature of the experiments that the current version
of the simulations accounts for is the presence of strong
vorticity or circulation, presumably associated with Marangoni
ows. Such ows would be anticipated, given the strong
gradient in particle concentration near the contact line. These
effects are most easily seen in the ESI movies.†46 Rotating ow is
always observed at the edge of the front, primarily in the x–y
plane but also in the x–z plane. This leads to a shear stress in the
x–y plane that ruptures and distorts the domains, as shown in
the lower panels of Fig. 5. The process is depicted as a function
of time in Fig. 6. The crescent-like shape of the SiNC-rich
domains in Fig. 5 and 6 is due to vorticity in the x–z plane,
which pulls the two ends of a domain back toward the center of
the drying droplet. The observed trend of outward ow (toward
the contact line) at the wetting surface of the droplet is repro-
duced by the simulations, however. This is intuitive, since the
solvent leaves through the top surface and the concentration of
particles is thus highest there. The net ow of uid toward the
contact line becomes more pronounced in the latter part of the
simulations.

The instabilities we describe here will hinder the formation
of homogeneous polymer–nanocrystal mixtures, which in turn
will impact the ability to print nanocomposite features from
complex uids. Because of this rather important implication,
we further explored a possible ‘printing’ scheme to stabilize the
drying process. Our approach is motivated by somewhat similar
work on solutions of polymers and CdSe nanocrystals recently
carried out by Kim et al.48 Fig. 7a shows PL spectra of the ring
deposits, with PL lifetime (s) shown in the inset. Since PL
quantum yield is proportional to lifetime,10,11 the inset to Fig. 7a
suggests relatively little variation in quantum yield among the
dried mixtures, although there is a weak redshi with
decreasing Mw (Fig. 7b). During drying, the PL intensity
increases most strongly with time for the pure SiNC suspen-
sions, as would be anticipated (Fig. 7b). To control the shape
and location of the contact line, an automated blade-printing
technique was used to deposit a series of parallel lines or ‘wires’,
Soft Matter, 2014, 10, 1665–1675 | 1669
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Fig. 5 Morphology diagrams (initial cPS vs. initial cSiNC) for PS molecular weights of (a) 200k (b) 18k and (c) 2.4k, where the dashed lines indicate
the approximate locations of transitions. (d) A bright-field image of the edge-deposited morphology (green squares, 2.5 mm scale, 0.3% Mw ¼
2.4k PS, 0.1% SiNC). (e) A wide bright-field view of the ‘radial’ morphology (blue squares, 10 mm scale, 0.1% Mw ¼ 200k PS, 0.1% SiNC), (f) a PL
image of the same pattern (5 mmscale, 0.1%Mw¼ 200k PS, 0.1% SiNC), and (g) the pattern at higher polymer concentration (10 mm scale, 0.3%Mw

¼ 200k PS, 0.1% SiNC). (h) Inverted morphology (red squares) for the high-molecular-weight polymer (10 mm scale, 0.03% Mw ¼ 200k PS, 0.3%
SiNC) and (i) the same inverted structure for the low-molecular-weight polymer (5 mm scale, 0.033%Mw ¼ 2.4k PS, 0.1% SiNC). All images are in
the x–z plane, where the positive flow (x) direction is perpendicular to the contact line and directed up.

Fig. 6 (a) Image sequence of coarsening for the ‘radial’ morphology
(3.5 mm scale, 0.1% Mw ¼ 200k PS, 0.1% SiNC), where time increases
from bottom to top. (b) Rotating particle trajectory (yellow trace) in the
region away from the front (width ¼ 6 mm, 0.1% Mw ¼ 200k PS, 0.1%
SiNC), where the time step is 0.033 s. Bright-field images of the
coarsening front at (c) t¼ 1 s, (d) t¼ 10 s and (e) t¼ 50 s (width¼ 6 mm,
0.1%Mw¼ 200k PS, 0.1% SiNC). The positive x direction is from bottom
to top in all images.

1670 | Soft Matter, 2014, 10, 1665–1675
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as depicted in Fig. 7c. A pool of SiNC–PS–toluene solution is
maintained behind the edge of a stationary angled blade while
the substrate is periodically moved and then held in position for
120 s. At each blade location with respect to the moving
substrate, solution seeps out from under the blade, where
drying and edge-directed ow lead to the deposition of partic-
ulates at the substrate contact line (Fig. 7c). Since the small
volume of mixture on the obtuse side of the blade is connected
to the larger pool on the acute side, there is only one contact line
on the printing side, which allows for the deposition of a single
line. When the substrate is then translated to print the next line,
the reservoir of liquid behind the blade is swept over the
previous back contact line, redissolving any solids deposited on
the acute side (le of the blade, Fig. 7c).

The printing method is capable of systematically depositing
homogeneous pure SiNC and PS–SiNC nanocomposite wires for
the 2.4k PS, but mixtures of higher Mw are still hindered by
phase separation, as shown in Fig. 7d–h. For 18k and 200k PS
mixtures, the morphology of the phase-separation pattern in
the printed nanocomposite lines is consistent with the state
diagrams in Fig. 5a–c, but the ‘crescent’ droplet shape is sup-
pressed. The Mw dependence of the structure is also evident in
resistivity measurements of the printed wires, as shown in
Fig. 7i. While the transport characteristics of the 2.4k PS
structures are nearly identical to those of the pure SiNCs, the
two higher molecular weights (18k and 200k) show transport
characteristics that begin to approach the response of the bare
glass substrates (Fig. 7i). We suggest that the formation of iso-
lated SiNC-rich domains, such as those shown in Fig. 7e and h,
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (a) PL spectra and lifetimes (inset) for nanocomposites and pure SiNCs. (b) Time-dependent PL (solid) and emission wavelength (dashed,
right scale) at the droplet edge during drying. (c) Schematic of the blade-printing setup. (d) Printed nanocomposite ‘lines’ (250 mm scale, 0.3%
2.4k PS, 0.3% SiNC). (e) Nanocomposite line printed from 18k PS (120 mm scale, 0.3% PS, 0.3% SiNC). (f) Line morphology for pure SiNCs (20 mm
scale), (g) a 2.4k PS nanocomposite (20 mm scale, 0.3% PS, 0.3% SiNC) and (h) an 18k PS nanocomposite (20 mm scale, 0.3% PS, 0.3% SiNC). (i) Line
resistivities for nanocomposites and pure SiNCs. In (d–h), the slide moves in the direction indicated by the arrow in (c) and (d) while the blade is
stationary.
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hinders the tendency for the nanocomposites to form percola-
tion pathways suitable for charge ‘hopping’ and transport.
These observations should provide useful insight for developing
schemes that can print controlled and well-dened morphol-
ogies from volatile nanoparticle mixtures, ranging from
homogeneously dispersed composites to periodically segre-
gated structures.
4 Conclusions

The coupling between the coffee-ring effect and liquid–liquid
phase separation has been examined for ternary mixtures of
toluene, polymer and colloidal semiconductor nanocrystal.
Simultaneous drying and phase separation have been studied
for varied polymer molecular weight using PL-based optical
techniques to resolve the domain morphology at the contact
line. Our results demonstrate that the molecular weight of the
PS has a signicant impact on the phase behavior of the
mixtures and hence the character of the drying instability. We
explain these observations with (i) a novel lattice-Boltzmann
scheme that accounts for particle deposition at a pinned
contact line and (ii) a free-volume theory of the equilibrium
phase behavior that then accounts for phase separation at the
front as the solvent is removed. Empirical observations of the
shape of the ow eld at the contact line offer a physical picture
of the coupled instabilities.
This journal is © The Royal Society of Chemistry 2014
These ndings help us formulate a liquid printing process
that reduces the inuence of drying/mixing instabilities for low-
molecular-weight polymers while isolating the effects of phase
separation for medium and high-molecular-weight polymers.
The morphology of printed nanocomposite wires is found to be
dictated by details of the coupling between drying and phase
separation, as further conrmed by conductivity measurements
performed on printed arrays of parallel lines. This insight
should have signicant implications for applications that seek
to print homogeneous patterns frommulticomponent solutions
of nanoscale objects, but it should also help guide efforts that
seek to exploit phase separation as a way to engineer patterned
microstructures from binary solutions of polymers and nano-
particles. In addition, our LB results lay a foundation for more
detailed and predictive computational models and simulations
of drying instabilities in multiphase complex uids.

For PS : SiNC concentration ratios just above the inversion
line in Fig. 5, the phase separation morphology coarsely
resembles the pattern predicted by simulations of phase sepa-
ration in drying ternary mixtures.36 Here, this morphology
consists of ow-aligned SiNC-rich domains periodically spaced
along the contact line. The spoke-like pattern is observed for the
18k and 200k PS but is suppressed for the 2.4k PS, which we
suggest is due to the greater quench depth for phase separation
at higher PS molecular weight and subsequent coarsening
driven by stronger interfacial tension. At smaller length scales,
details of the microstructure, such as stratication of domains
Soft Matter, 2014, 10, 1665–1675 | 1671
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into crescent-shaped subdroplets, are dictated by the nature of
circulatory Marangoni ows.

The blade printing method likely has an impact on the
morphology because it suppresses Marangoni ow along the
relevant direction (perpendicular to the blade). This can be seen
by comparing the morphology in Fig. 7h with that in Fig. 5e; the
crescent domain shape and the stratication of domain struc-
ture along the ow (x) direction are suppressed in Fig. 7, where
the morphology more closely resembles that of the simulations
in ref. 36. An additional factor is likely the rapid drying time of
the blade printing approach, which relies on a limited sub-
volume of the initial mixtures with a large surface area. In the
ESI movies† that support Fig. 5, the structure at the contact line
of a free droplet is seen to redissolve and reform as the
concentration of the ternary solution uctuates due to circu-
lating ows. If the solvent is removed quickly, the PS–SiNC
composite will vitrify without sufficient time to coarsen,
particularly if the thermodynamic driving force for phase
separation is weak, as the equilibrium theory suggests is the
case for the 2.4k PS. Our ongoing work is focused on modifying
the LB simulations to correctly account for phase separation in
the presence of Marangoni effects. Once this is achieved, the
geometry of drying can be adjusted to mimic the blade-printing
approach.

5 Materials and methods
5.1 Nanocrystals and polymers

Silicon nanocrystals (SiNCs) were synthesized in a nonthermal
low-pressure plasma reaction and surface treated through a
liquid-phase thermal hydrosilylation process in a 5 : 1 mixture
of mesitylene and 1-dodecene to impart colloidal stability in
common organic solvents.49 Stock SiNC–toluene suspensions
were prepared at varied mass concentration, and the mean
nanocrystal diameter (around 4 nm) and polydispersity index
(1.06) were determined using transmission electron microscopy
(TEM) as described elsewhere.10 The solutions were processed
and handled in a glovebox under a nitrogen atmosphere to
avoid oxidation and maintain a steady value of the photo-
luminescence (PL) quantum yield.10 Although SiNC size puri-
cation is commonly done in our laboratory,10 this step was not
taken in the present study.

Optical measurements were taken at varied magnication on
a customized invertedmicroscope with a gray-scale Adimec1000
CCD and ber-coupled Ocean Optics QE65000 spectrometer.
The PL was excited with either a variable-power 1 mW ber-
coupled 365 nm LED or an XCite 120Q metal halide lamp.
Spectra were processed by applying measured optical correc-
tions and image analysis was performed using ImageJ. To
assess the quantum yield, we also measured the PL lifetime, s,
of the dried deposits, where modulated pulsed excitation was
delivered with a ber-coupled pulsed UV laser (Advanced Laser
Diode Systems, PiL037, 375 nm, 30 ps pulse width, 140 mW
peak power, 1 kHz modulation) ber coupled to a photo-
multiplier tube (Hamamatsu H10721-20). Aer the lms dried,
atomic-force microscopy (AFM) was used to measure the
topography of the deposited ring. Silver electrodes were
1672 | Soft Matter, 2014, 10, 1665–1675
deposited on printed nanocomposite wires, as indicated in
Fig. 7c, and the resistance was measured using an Agilent
B1500A semiconductor analyzer.
5.2 Lattice Boltzmann simulations

To simulate drying, we consider a droplet of pure solvent in a
two-component system of droplet and gas. Diffusive dynamics
driven by a chemical-potential gradient requires the dri-
diffusion equation

vtf + V$(fu) ¼ VM$Vmf, (1)

where the order-parameter f ¼ ra � rb is the density difference
between the majority phases. The eld f is advected with
velocity u, M is the mobility, and mf is the chemical potential
associated with f, which is derived from a f4 free energy,

F ¼
ð
dx3

�
A

2
f2 þ B

4
f4 þ k

2
ðVfÞ2

�
; (2)

as

mf ¼ dF

df
¼ Afþ Bf3 � kV2f: (3)

The total density r ¼ ra + rb obeys a continuity equation

vtr + V$(ru) ¼ 0 (4)

and u obeys a Navier–Stokes equation

vt(ru) + V$(ruu) ¼ �Vp + fVmf + V$h(Vu + (Vu)T), (5)

where h is the viscosity. Neglecting inertia, we model the
equation of state as an ideal gas, p¼ rkBT, and eqn (4) simplies
to V$u ¼ 0. To pin the contact line, we x the contact area
through inhomogeneous preferential surface wetting. Equilib-
rium occurs when the drop covers the wetting surface, the
chemical potential is constant, and the uid is quiescent. Eqn
(1) ensures that the integral of f is constant, and we need to
violate this conservation law to initiate evaporation.

The drop described above will exhibit purely edge-directed
ow during evaporation, but the experiments suggest a rota-
tional ow that moves away from the contact line at the free
surface of the drop. Such effects have previously been observed
and are attributed to Marangoni ows, and we thus follow the
approach of Hu and Larson18 by including latent heat effects
and a temperature-dependent surface tension. The temperature
T obeys

vtT þ V$ðTuÞ ¼ V$ðDVTÞ þ 1

cV
V$uþ LðfuþMVmÞ$Vf; (6)

where D is the thermal diffusivity, cV is the specic heat and L is
related to the latent heat. We implement a T-dependent surface
tension through k(T) ¼ Tk0.

The numerical simulation is a standard LB approach for
binary uids. The LB equations for the three distributions fi, gi
and hi are associated with a D2Q9 velocity set; {vi} ¼ {(0, 0),
This journal is © The Royal Society of Chemistry 2014
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(1, 0), (0, 1), (�1, 0), (0,�1), (1, 1), (�1, 1), (�1,�1), (1,�1)}. The
evolution equations are

fiðxþ vi; tþ 1Þ ¼ fiðx; tÞ þ 1

sf

�
f 0i � fiðx; tÞ

�þ Fiðx; tÞ; (7)

giðxþ vi; tþ 1Þ ¼ giðx; tÞ þ 1

sg

�
g0i � giðx; tÞ

�
; (8)

hiðxþ vi; tþ 1Þ ¼ hiðx; tÞ þ 1

sh

�
h0i � hiðx; tÞ

�
: (9)

From these we obtain the hydrodynamic variablesX
i

fi ¼ r; (10)

X
i

gi ¼ f; (11)

X
i

hi ¼ T ; (12)

X
i

fivi ¼ ru; (13)

from which we derive the local stress tensors

Pf ¼ ruu + rq1, (14)

Pg ¼ fuu + mf1, (15)

Ph ¼ Tuuþ T

3
1: (16)

We express the local equilibrium distributions in terms of
these locally conserved densities as

f 0i ¼ rdi0 þ wi

�
3ru$vi þ 9

2
Pf : vivi � 3

2
Tr
�
Pf

��
; (17)

g0i ¼ fdi0 þ wi

�
3fu$vi þ 9

2
Pg: vivi � 3

2
Tr
�
Pg

��
; (18)

and

h0i ¼ Tdi0 þ wi

�
3Tu$vi þ 9

2
Ph: vivi � 3

2
TrðPhÞ

�
; (19)

with {wi} ¼ {4/9, 1/9, 1/9, 1/9, 1/9, 1/36, 1/36, 1/36, 1/36}. The
forcing term in eqn (7) is given by

Fi ¼ wi

 
3fVm$vi þ 9

2

f2VmVm

r
: vivi � 3

2

f2ðVmÞ2
r

!
: (20)

A no-slip boundary condition is implemented at the bottom
surface as a standard bounce-back operator; all densities that
cross the boundary with velocity vi are reinserted along the link
on the same lattice site with�vi. The Laplacian of f in eqn (3) is
calculated by assuming prescribed off-lattice densities f(x, �1)
that allow control of the wetting properties of the surface. At the
top, f assumes a prescribed value fbound. This sets up a
chemical-potential gradient and diffusion to the top boundary
leads to evaporation. Similarly, we set the temperature at the
This journal is © The Royal Society of Chemistry 2014
bottom surface to Tbound ¼ 1. We use periodic boundary
conditions for the remaining two vertical boundaries. Unless
otherwise stated, q¼ 1/3, sf¼ sg¼ sh¼ 1, A¼�0.1, B¼ 0.1, k0¼
0.13, and L ¼ 1. A standard derivation of the hydrodynamic
equations from the LB equations gives M ¼ sg � 0.5, D ¼ (sh �
0.5)/3, and h ¼ r(sf � 0.5)q.

To zeroth order, we model the suspended nanoparticles as
massless tracers with an initially uniform distribution and we
let the drop equilibrate. Such an equilibrium state shows no
spurious velocity uctuations because of the choice of forcing
term in eqn (20).50 This is important, since the advection
velocities are on the order of 10�4 lattice units, which is the
typical magnitude of spurious velocities. Tracers are advected
with the uid unless they impinge on the uid–gas interface,
while particles at the interface experience an orthogonal
restoring motion. Specically,

x(t + 1) ¼ x(t) + U(t), (21)

U(t) ¼ Uf(x) + Q(�f)f2Vf, (22)

where Q is the step function and Uf(x) is the interpolated
velocity at the off-lattice site x. The additional velocity term acts
when a particle is outside of the drop (dened as f < 0) in the
direction of Vf to ensure that the tracer particles are swept up
by the retreating interface. The boundary conditions are then
engaged and evaporation begins.
5.3 Equilibrium theory

We consider a mixture of nanoparticles (n), modeled as attrac-
tive hard spheres of radius Rn (diameter sn ¼ 2Rn), and polymer
coils (p), modeled as penetrable spheres of radius Rp (diameter
sp ¼ 2Rp) in a good solvent at temperature T and volume V, with
number densities ri and volume fractions fi¼ (4p/3)riRi

3 (i¼ n,
p). The nanoparticles interact via a combination of attractive
vdW interactions and a repulsive hard-sphere pair potential:
vhs(r)¼N for r < 2Rn, 0 otherwise, where r is the center-to-center
separation. The nanoparticle–polymer and polymer–polymer
interactions are modeled by penetrable-sphere step potentials:
vnp(r) ¼ 3np for r < Rn + Rp; vpp(r) ¼ 3pp for r < 2Rp, 0 otherwise.
The system is thus characterized by four dimensionless
parameters: the polymer-to-nanoparticle size ratio, q ¼ Rp/Rn,
the reduced polymer interaction energies, 3np/kBT and 3pp/kBT
(with kB the Boltzmann constant), and a vdW interaction
parameter A*vdW (see below).

The total Helmholtz free energy density is separated as f¼ fid
+ fex, with an ideal-gas contribution,

fid ¼
X
i¼n;p

ri
�
ln
�
riLi

3
�� 1

�
; (23)

Li being the thermal wavelength of species i, and an excess
contribution, fex, from interactions. The excess free energy is
further separated into nanoparticle and polymer components
as fex ¼ fn + fp. The nanoparticle contribution is modeled
through a vdW perturbation approximation:

fn(rn) ¼ fhs(rn) � AvdWrn
2, (24)
Soft Matter, 2014, 10, 1665–1675 | 1673
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where fhs(rn) is the excess free energy density of a hard-sphere
uid, which is accurately described by the Carnahan–Starling
approximation,54,55

fhsðfnÞ ¼ rnkBT
fnð4� 3fnÞ
ð1� fnÞ2

; (25)

and AvdW is a vdW interaction parameter, which depends on the
Hamaker constant of the nanoparticles in toluene and on the
interparticle separation at closest approach. We dene a cor-
responding dimensionless parameter, A*vdW h bAvdW/sn

3, where
b h 1/kBT.

The polymer contribution, fp, is derived from the homoge-
neous limit of a geometry-based density-functional theory:43

bfp
�
rn; rp

� ¼ �rp ln a1ðfnÞ þ
b~vpp
2

rp
2½1� ln a2ðfnÞ�; (26)

where ~vpp is the integrated polymer–polymer pair potential,

~vpp ¼ 4p

ðN
0

drr2vppðrÞ ¼ ð4p=3Þ3ppsp
3: (27)

Here, a1(fn) is the volume fraction accessible to a single
polymer in the presence of hard-sphere nanoparticles at volume
fraction fn, and a2(fn) is the ratio of the six-dimensional
volume accessible to a pair of two overlapping polymer spheres
and the same quantity in the absence of particles, the latter
being 4pVsp

3/3.
In a mean-eld approximation that neglects correlations

between particles and polymers,43

a1ðfnÞ ¼
�
1� ~fn

�
exp

 
�
X3
m¼1

Cð1Þ
m gm

!
;a2ðfnÞ

¼ exp

 
� 1

8

X4
m¼1

Cð2Þ
m gm

!
; (28)

where g h ~fn/(1 � ~fn) and ~fn h [1 � exp(�b3np)]fn is an
effective nanoparticle volume fraction that accounts for pene-
tration. The coefficients in eqn (28) are: C(1)

1 ¼ 3q + 3q2 + q3, C(1)
2

¼ (9q2/2) + 3q3, C(1)
3 ¼ 3q3, and C(2)

1 ¼ 8 + 15q + 6q2 + q3, C(2)
2 ¼ 15q

+ 24q2 + 7q3, C(2)
3 ¼ 18q2 + 15q3, C(2)

4 ¼ 9q3. Note that in this
approximation the ai both depend solely on fn and q and
decrease monotonically with increasing fn, starting from a1 ¼
a2 ¼ 1 at fn ¼ 0. At xed fn, both free-volume fractions also
decrease monotonically with increasing q. Combining eqn (23)–
(26), the total free energy density is

bf ¼
X
i¼n;p

ri
�
ln
�
riLi

3
�� 1

�þ rn
fnð4� 3fnÞ
ð1� fnÞ2

� bAvdWrn
2

� rp ln a1ðfnÞ þ
b~vpp
2

rp
2½1� ln a2ðfnÞ�: (29)

All that remains is to determine the nanoparticle–polymer
and polymer–polymer interaction amplitudes, 3np and 3pp. The
nanoparticle–polymer interaction amplitude can be interpreted
as the average free energy cost of a nanoparticle penetrating a
polymer, which has both entropic and energetic components.
The average entropic cost of inserting a hard sphere into a
polymer coil in a good solvent is predicted by polymer eld
1674 | Soft Matter, 2014, 10, 1665–1675
theory51–53 to scale as q1/n�d for q[ 1, where the exponent 1/n�
d ¼ �1.29932 for a polymer in d ¼ 3 dimensions in a good
solvent with Flory exponent n ¼ 0.588. A simple scaling argu-
ment suggests the same q dependence for the penetration
energy. Assuming that the latter scales (for large polymer
molecular weightMw) as a power of q and is proportional to the
average number density of monomers (�Mw/Rp

d), and using the
fact thatMw � Rp

1/n, we nd that 3np � q1/n�d. Therefore, we may
model the nanoparticle–polymer interaction amplitude as

3np ¼ Vnp

q1:29932
; (30)

where Vnp is a parameter that governs the average free energy
cost of a polymer coil to accommodate a nanoparticle. From the
fact that each nanoparticle carries a dense brush of dodecene
ligand and the experimental observation that PS and free
dodecene in a toluene solution demix at sufficiently high
concentration, we expect bVnp to exceed the purely entropic
value of 4.40724.51–53

For our step-function model of polymer–polymer interac-
tions, 3pp is simply related to the second virial coefficient A2
through

1� e�b3pp ¼ 10�25 A2M
2

Rp
3
; (31)

which depends on both the molecular weight, M, and the
polymer–solvent combination. Using light scattering, Berry
measured A2 for polystyrene in toluene.56 From his data, we get
b3pp ¼ 0.17, 0.25, and 0.42 for M ¼ 2.4k, 18k, and 200k,
respectively.

To compute the phase behavior, we impose a xed chemical
potential mp and construct a Maxwell common tangent to the
semigrand potential, u(fn) ¼ f � mp(fn)rp, where

bmpðfnÞ ¼ b
�
vf =vrp

�
fn

¼ ln
�
rpLp

3
	
� ln a1ðfnÞ þ b~vpprp½1� ln a2ðfnÞ� (32)

is a transcendental equation for fn(mp). For comparison with
the experiments, we convert from volume tomass fraction using
cSiNC ¼ rSifn/rtol(1 � fn) and cPS ¼Mrp/Nartol(1 � fn), where rSi
¼ 2330 kg m�3, rtol ¼ 866.9 kg m�3, Na is Avogadro's number,
and the factor 1/(1 � fn) accounts for nanoparticle excluded
volume. By tting the predicted binodals to the experimental
data for 18k and 200k PS in Fig. 4b, we determine the two free
parameters of the theory: A*vdW x 5.5 and bVnp x 7. Although
difficult to relate directly to microscopic interactions, these
values are consistent with the experimentally observed liquid–
vapor phase separation of pure solutions of nanoparticles at
higher volume fractions and the observed demixing of PS and
free dodecene on drying in toluene.
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