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ABSTRACT: We studied the self-assembly of inorganic nano-
crystals (NCs) confined inside nanoliter droplets (plugs) into

long-range ordered superlattices. We showed that a capillary
microfluidic platform can be used for the optimization of

growth conditions for NC superlattices and can provide insights

into the kinetics of the NC assembly process. The utility of our

approach was demonstrated by growing large (up to 200 «m)
three-dimensional (3D) superlattices of various NCs, including
Au, PbS, CdSe, and CoFe,0,. We also showed that it is possible
to grow 3D binary nanoparticle superlattices in the micro-
fluidic plugs.

1. INTRODUCTION

Many key features of ordinary crystals (e.g, faceting, twinning,
polymorphism, etc.) have been observed in nanocrystal (NC)
superlattices, suggesting that their assembly follows the same
fundamental principles as crystallization of conventional atomic
and molecular solids.' * In contrast to individual atoms and
molecules, which are very difficult to image in real space, NCs
provide a unique chance to study the crystallization of complex
structures in real space and real time. Such studies should provide
important insights into the fundamental aspects of crystal
nucleation and growth, formation of structural defects, etc.
Control over the formation of ordered single—componentw*8
and binary’ "® NC arrays is also important for successful
development of NC-based electronic and optoelectronic devices
such as solar cells, photodetectors, field-effect transistors, and
light-emitting diodes."®

The approaches to growing NC superlattices can be divided in
two categories. In “evaporation-driven” methods, the carrier
solvent is slowly evaporated from a colloidal solution of
NCs.*?"*7* When the NC volume fraction reaches a certain
threshold, the system undergoes a transition from a disordered
state to an ordered one.'” In contrast, “destabilization-driven”
approaches use slow destabilization of a colloidal solution, which
is typically achieved by layering the NC solution with a pre-
cipitant that slowly diffuses into the NC solution. This approach
is similar to the technique of free interface diffusion used in protein
crystallization.'® Tt allows the growth of large three-dimensional
(3D) faceted crystals of long-range-ordered NCs.*>'* 2>

Like many other crystallization experiments, NC assembly
requires numerous trials to find the optimal conditions, especially
in the case of binary nanoparticle superlattices (BNSLs). The
availability of techniques for fast combinatorial screening of
experimental parameters would greatly accelerate such studies.
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In protein research, high-throughput crystallization studies often
employ robotics™ and microfluidics.**~>” The latter case pro-
vides a number of unique advantages, such as ultrasmall materials
consumption and Iprecise control over molecular diffusion and
crystal nucleation."

In this work, we applied a microfluidic platform for studies of the
self-assembly of colloidal NCs. It allowed us to explore the homo-
geneous nucleation and support-free growth of NC superlattices
with fast combinatorial screening of the experimental conditions.

2. EXPERIMENTAL DETAILS

Figure 1a and Figure S1 in the Supporting Information (SI) show our
experimental setup for the formation of nanoliter droplets confined
inside a microfluidic capillary. The capillary (thin-wall Teflon tubing)
was cut and inserted into lithographically defined polydimethylsiloxane
(PDMS) devices. The NC solution and precipitant were simultaneously
injected into a stream of immiscible fluorinated carrier fluid (Figure 1a
and Figure S1). The injection rates were synchronized by a LabView
program controlling several syringe pumps. The width of the plugs was
determined by the inner diameter of the capillary (400 «m), while the
plug volume could be varied by tuning the flow rates of the solutions
entering the capillary, with reproducibility of the plug volumes within
3—20%.>® The separation between plugs was controlled by the flow rate
of the carrier fluid.

As the carrier fluid, we used a mixture of perfluoro-tri-n-butylamine
and perfluoro-di-n-butylmethylamine (FC-40) or perfluorotripentyla-
mine (FC-70). These fluids showed the lowest miscibility with alcohols
and toluene.” FC-40 and FC-70 have high boiling points (155 and
215 °C, respectively) and preferentially wet the surface of the Teflon
capillary. The latter allowed us to minimize the contact area between the
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Figure 1. (a) Microfluidic device used for NC self-assembly. The
nanoliter plugs were formed by mixing the NC colloidal solution with
the precipitant. The inset shows an optical photograph of a typical
PDMS device during an experiment. (b) Optical image of an array of
plugs containing PbS NC superlattices. (c) Optical images of plugs
containing superlattices formed from various NCs: 11 nm CoFe,Oy,
10 nm PbS, 3.5 nm CdSe, and 7 nm Au (left to right). (d) SEM image of
a faceted superlattice of 11 nm CoFe,O, NCs grown by incubation of
plugs containing NCs in the ethanol/toluene solution. The inset shows
an optical image of the plug containing exactly the same superlattice. (e)
High-resolution SEM image of a superlattice self-assembled from 20 nm
CoFe,0,4 NCs.

plugs and the capillary walls. The plugs were injected directly into the
Teflon capillary (Figure 1a and Figure S1) to minimize the contact of
PDMS with toluene and prevent PDMS swelling.*® To further suppress
swelling, PDMS channels were treated with silane and covered with
Teflon using a fluoropolymer solution.*"**

In this work, we used magnetic (CoFe,0,) 33 semiconducting (CdSe
and PbS),** and metallic (Au and Pd) NCs synthesized by colloidal
chemistry techniques. Before carrying out the microfluidic experiments,
we confirmed the ability of all of the NC samples to form superlattices
using conventional evaporation-driven and destabilization-driven methods.

Two modes of superlattice growth were used to mimic the destabi-
lization-driven and evaporation-driven approaches. In the former case,
the NCs, solvent, and precipitant were combined in each plug. In the
latter experiments, solutions of NCs in toluene or tetrachloroethylene
(TCE) were introduced into plugs without the addition of a precipitant.
Over time, toluene and TCE slowly diffused into the carrier fluid and
evaporated through the walls of the Teflon capillary, leading to a gradual
reduction of the plug volume up to complete solvent evaporation. We
noticed extremely small amounts of sample consumption during the micro-
fluidic experiments, typically 30—50 uL of colloidal solution per
1000 plugs.

3. RESULTS AND DISCUSSION
Destabilization-Driven Self-Assembly of NCs in Microflui-

dic Plugs. To generate plugs containing different precipitant/
toluene ratios, we systematically varied the relative flow rates of

solvent and precipitant (Figure la). Previous studies with dye
molecules added for in situ concentration measurements con-
firmed the accuracy of such concentration tuning.””** Short-
chain alcohols such as ethanol, isopropanol, and n-butanol were
found to be suitable precipitants. To minimize solvent evapora-
tion through the Teflon walls, the capillary was placed inside a 3
mm diameter glass tube filled with FC-70 and sealed with wax at
both ends (Figure S2). The samples were then incubated for
5—10 days until the initially strongly colored plugs turned into
nearly colorless solutions containing one or several 3D super-
lattices (Figure 1b,c).

Superlattices typically nucleated in the bulk of solution close to
the center of the plug (Figure 1b,c). However, in the case of
20 nm CoFe, O, NCs, we observed nucleation at the interface
with the carrier fluid when ethanol was used as the precipitant,
while nucleation occurred in the bulk solution when isopropanol
was used to destabilize a colloidal solution of the same NCs
(Figure S3).

The typical dimensions of the 3D superlattices ranged from a
few to several hundred micrometers, comparable to the largest
reported NC superlattices obtained by colloidal crystallization in
test tubes.*®'"~** Proper tuning of the precipitant/solvent ratio
allowed an impressive plug-to-plug reproducibility of the crystal-
lization conditions, as demonstrated in Figure 1b, where only one
PbS NC superlattice nucleated and grew in the center of
each plug.

To illustrate the generality of this approach, we prepared
superlattices from Au, CdSe, PbS, and CoFe,O4 NCs of various
sizes (Figure lc and Figure S4). Low-magnification scanning
electron microscopy (SEM) images showed well-defined super-
lattice facets (Figure 1d and Figure S4). A survey of high-
resolution SEM images revealed characteristic low-index projec-
tions of a face-centered cubic (fcc) lattice (Figure SS) with clearly
resolved surface terraces, steps, vacancies, “adatom” ledges, and
kinks (Figure le and Figure SS). All of these features were
analogous to those expected for fcc crystals in the terra-
ce—ledge—kink model of Burton, Cabrera, and Frank.> Many
superlattices contained twin planes, which was rather expected
because of the low twinning energy in fcc NC superlattices.*
Some superlattices also showed screw dislocations (Figure SSb),
which could play an important role in the nucleation and growth
of free-standing NC superlattices in a way similar to the nuclea-
tion and growth of ordinary crystals from a screw dislocation.*®

To find the conditions leading to large NC superlattices with
well-developed facets and few structural defects (e.g., Figure 1d
and Figure S6), we systematically screened the precipitant/
solvent ratio in the plugs. Figure 2a shows an example of
ethanol/toluene ratio screening for 10 nm PbS NCs. The
concentration of ethanol in the plugs was continuously increased
from 10 to 40% (Figure S7d), while the concentration of NCs
was kept constant at ~2 x 10'> NCs/mL. At particular ethanol/
toluene ratios, we observed sharp transitions from plugs contain-
ing only NC colloid to plugs with crystals surrounded by solution
and then to plugs with a disordered precipitate.

The conditions for NC self-assembly could be further refined
by using precipitants with different polarities (Figure 2b and
Figure S7). As an example, we compared the destabilization of
toluene solutions of 11 nm CoFe,O4 NCs (~1 x 10" NCs/mL)
by ethanol, isopropanol, and n-butanol with systematic variation
of the alcohol/toluene volume ratio from 10 to 80%. The
destabilization of NC colloids occurred almost immediately
when the concentration of ethanol in the plug was in the range
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Figure 2. (a) Systematic screening of the precipitant/solvent ratio in
the microfluidic plugs. A solution of 10 nm PbS NCs in toluene was
mixed with ethanol. The ethanol concentration was systematically
increased from ~10 to 40%. As the toluene concentration decreased,
we observed a transition from plugs with clear NC solutions to plugs
containing large NC superlattices to plugs with disordered precipitate.
(b) “Phase diagrams” for self-assembly of 11 nm CoFe,O4 NCs in an
array containing 26 microfluidic plugs. Depending on the polarity of the
precipitant, the transitions from plugs with solution to those with
superlattices to those with precipitate were observed at different
precipitant/toluene ratios (see the text for further details). (c) Kinetic
study showing the nucleation and growth of 3 nm CdSe NC superlattices
in a microfluidic plug containing toluene and ethanol as the solvent and
precipitant, respectively.

from ~2S to 80% (Figure 2b). In the case of n-butanol, fast
destabilization of the colloidal solutions was observed in plugs
containing ~65—80% alcohol. The crystal growth occurred
rapidly in the presence of ethanol and much more slowly in
the presence of n-butanol. The first crystals appeared in 1 day in
ethanol/toluene plugs and 3 days in butanol/toluene plugs.
Isopropanol showed behavior intermediate between those of
ethanol and n-butanol. Generally, the use of a less-polar pre-
cipitant such as n-butanol resulted in a broader window of
concentrations suitable for self-assembly of high-quality NC
superlattices because of gentler destabilization of the colloidal
solutions. We also noticed high reproducibility of the crystal-
lization experiments. For example, Figure S8 shows the results of
four experiments where the n-butanol concentration was system-
atically varied from 20 to 80 vol %. In all cases, large superlattices
formed in the plugs at identical precipitant/solvent ratios.
Kinetics of Homogeneous Superlattice Nucleation in Na-
noliter Droplets. The microfluidic plugs can be used to study the
kinetics of colloidal crystallization, which is hardly accessible in
conventional experiments. In the case of 3 nm CdSe NCs, the
transparency of the colloidal solution permitted easy monitoring
of the nucleation and growth of NC superlattices in individual
plugs by simple optical microscopy (Figure 2c). We generated
plugs with high concentrations of CdSe NCs (~10"" NCs/mL)
and a 1:4 ethanol/toluene ratio and monitored their evolution by
taking micrographs every 15 min. No precipitation was observed
during the first 4 days. During this time, the plug volume decreased
by ~25% because of slow evaporation of toluene (which is much
more soluble in FC-40 and FC-70 than ethanol*) through the walls
of the Teflon tubing (Figure 2c). After 103 h, the concentration

of NCs reached the nucleation threshold, and we observed the
sudden appearance of red crystals. These crystals quickly grew to
their near-final size within 1 h (Figure 2c and Figure S9; also see
the video clip in the SI). The fast growth was followed by
continuous, very slow growth of NC superlattices over the next 2
days. Finally, discoloration of the colloidal solution evidenced the
completion of NC superlattice formation. Very similar kinetics
was observed in other plugs with the same ethanol/toluene ratio
(Figure S10).

In contrast to conventional test tube experiments based on the
interdiffusion of solvent and precipitant layers,**'°~>* the pre-
cipitant/solvent ratio in microfluidic plugs was established al-
most immediately during formation of the plug. Any spatial
variations of composition promptly equilibrated as the plug
moved through the capillary.’” Diffusion of toluene out of the
plugs resulted in a slow but continuous increase of the ethanol/
toluene ratio. The observation of steplike growth kinetics shows
that homogeneous nucleation of an NC superlattice is preceded
by strong supersaturation of the colloidal solution. Right after the
nucleation event, the fast growth of superlattices was controlled
by diffusion of NCs inside the plug. This fast growth proceeded
until the chemical potential of the superlattice became equal to
the chemical potential of the colloidal solution. The slow kinetics
of further superlattice growth was probably governed by slow
diffusion of toluene out of the plug.

Evaporation-Driven Self-Assembly of NCs in Microfluidic
Plugs. When no precipitant was added to a plug containing a
colloidal solution of NCs, the crystallization threshold was
approached by slow evaporation of solvent through the micro-
porous walls of the thin-walled Teflon tubing when samples were
left under open air without the extra glass tubing (Figure 3a).
Typically, toluene evaporated from 130—150 nL plugs contain-
ing 10**—10" NCs/mL at a rate of ~1 nL/h. The plug volume
gradually decreased, with complete evaporation of the solvent
occurring after 5—6 days. In contrast to commonly used solvent
evaporation on transmission electron microscopy (TEM) grids,
the plug evaporation occurred in the absence of a solid substrate.

A low-resolution SEM image (Figure 3b) showed round-
shaped precipitates. This was strikingly different from destabili-
zation-driven assembly, which always produced faceted crystals.
Close inspection of the round assemblies by SEM revealed that
nearly all of the NCs were packed into long-range-ordered
superlattices (Figure S11).

Formation of Binary NC Superlattices in Microfluidic
Plugs. By combining two kinds of NCs, we attempted to grow
BNSLs in microfluidic plugs using both the destabilization-
driven and evaporation-driven approaches. Various combina-
tions of 4 nm Pd, 7 nm Au, 8 nm CdSe, and 10 nm PbS NCs with
11 and 20 nm CoFe,O4 NCs were prepared and studied at
various NC concentration ratios (1:2 to 1:10).

In the destabilization-driven experiments, we extensively
screened combinations of a precipitant (ethanol, isopropanol,
or butanol) with toluene or TCE. No BNSL structures were
found in any of the studied samples. Instead, we reproducibly
observed macroscopic phase separation of the NCs into fcc-
packed individual components. For example, the mixture of
20 nm CoFe,O4 NCs and 10 nm PbS NCs crystallized into
well-faceted, phase-separated fcc superlattices (Figure 3c and
Figure S12).

The formation of BNSLs was observed in the evaporation-
driven experiments when TCE was used as the solvent for the
colloidal NCs. Figure 3d shows a fragment of a 3D BNSL formed
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Figure 3. (a) Schematic illustration of evaporation-driven NC assembly
in microfluidic plugs. (b) SEM image of an NC plug after complete
solvent evaporation. (c) SEM image of phase-separated fcc superlattices
formed in a plug containing a mixture of 20 nm CoFe,O4 NCs and
10 nm PbS NCs. Toluene and isopropanol were used as the solvent and
precipitant, respectively. The inset shows a photograph of a plug
containing two single-component superlattices assembled from Co-
Fe, 0, NCs (brown) and PbS NCs (black). (d) SEM images of 3D AlB,-
type binary superlattices grown in plugs containing 20 nm CoFe,O,
NCs and 8 nm CdSe NCs. (e, f) TEM images of BNSL fragments
prepared by the evaporation-driven method (e) in a plug and (f) on a
TEM grid.

in a plug containing a mixture of 20 nm CoFe,O, NCs and 8 nm
CdSe NCs. To the best of our knowledge, this is the first
observation of large 3D BNSLs.

The BNSL projection shown in Figure 3d could belong to one
of several lattices [e.g,, CuAu(001), AlB,(110), or CsCl (001)].
To make a further structural assignment, we gently sonicated the
BNSLs in ethanol and studied the obtained small fragments using
TEM. Figure 3e shows a fragment that was assigned to the (110)
projection of the AIB, lattice. In the control experiment, we
slowly evaporated a solution of 20 nm CoFe,O, NCs and 8 nm
CdSe NCs in TCE using a TEM grid as a substrate and also
observed the formation of AlB,-type BNSLs (Figure 3f and
Figure S13). The effective NC size ratio of 0.48 was calculated
taking into account the thickness of the ligand shells.'* This size
ratio corresponded to the stability region for the AIB, phase.*®

The differences in the outcomes for the destabilization-driven
and evaporation-driven approaches could have their origin in the

thermodynamics of the NC self-assembly process. Spontaneous
assembly of NCs from a disordered state (colloidal solution) to
the ordered state (superlattice) leads to minimization of the
Helmholtz free energy F = U — TS. Previous studies have shown
that the internal energy (U) is dominant when different types of
NCs have opposite electrical charges® or when there is a large
contrast in the van der Waals forces between the large and small
NCs.* The latter case is typical when dielectric NCs (e.g,, CdSe,
PbS, or CoFe,0,) coassemble with metallic NCs (e.g., Au, Ag,
Pd, etc).">'>'® In the other cases, the entroIpic term (TS) is the
major driving force for BNSL formation.'”'*"> The entropy
alone can drive self-assembly of spherical particles only in very
concentrated solutions where NCs occupy about half of the total
solution volume.'” Such conditions can be realized only during
evaporation-driven assembly.

In the destabilization-driven process, the NC volume fraction
in solution remains small, thus minimizing the effect of entropy,
while the concentration of the precipitant determines the
attractive potentials between hydrocarbon ligands at the NC
surface. In this regard, destabilization-driven assembly is a U-
driven process. If more than one type of particle is present in the
solution, stepwise destabilization of the colloid occurs, starting
with NCs exhibiting the strongest van der Waals forces. This
effect is widely used for size-selective fractionation of polydis-
perse colloidal solutions.*’

4. SUMMARY

Our study has demonstrated the utility of microfluidic tech-
niques for self-assembly of colloidal NCs. The developed
approach offers fast combinatorial screening of the crystallization
conditions with very low materials consumption. We successfully
grew large superlattices from metallic, semiconducting, and
magnetic NCs as well as large 3D BNSLs. Further development
of microfluidic platforms for NC assembly will open up many
new opportunities, such as the control of surface chemistry to
guide NC nucleation*"** and directed assembly of NCs under
external electric and magnetic fields.

B ASSOCIATED CONTENT
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