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olloidal self-assembly is a general

processing technique spontaneously

fabricating ordered arrangement of
small building blocks. The assembly is dri-
ven by various forces such as intermolecular
force, electrostatic force, capillary force, or
convective motion of solvents.' ™ The key
factor of the self-assembly is that the as-
sembled building blocks are close to or ata
thermodynamic equilibrium. Various types
of self-assembly have been explored to
produce a hexagonally closely packed 2D
or 3D array for photonic crystals,* inverse
opals,” and chemical sensors and bio-
sensors.® Some of the simplest techniques
include sedimentation and centrifugation
procedures,”° which are time-consuming
and cause macroscopic defects in the crys-
talline order. Alternative methods have
been tried to increase the speed of crystal
formation and to enhance the colloidal
ordering with a controlled thickness of
the assembly. Capillary deposition,'® spin-
coating,'" electrophoretic assembly,'*'> ¢
vective assembly,14 vertical deposition,
and other initiative designs'”'® are included
in this category. However, these methods
often require complex configurations or long
deposition time.

Since Pelton and Chibante reported the 2D
arrays by an air-drying process, the drying
method involving the Langmuir—Blodgett
(LB) process has been used to prepare 2D
colloidal crystals.'® The solvent evaporation
technique at an air—water interface has pro-
vided the basis for designing a model scheme
for the quick formation of assembled colloidal
crystals. There have been many studies on the
monolayer assembly of particles at the air/
water interface via the LB process. The assem-
bly of particles with different sizes and shapes
by the LB method has recently been reviewed
by Yang and co-workers.?° The LB approach
employs a nonpolar liquid suspension of the
particles typically using hexane or chloroform

on-
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ABSTRACT A facile and quick approach to prepare self-assembled monolayers of water-
dispersible particles on the water surface is presented. Particle suspensions in alcohols were dropped
on a water reservoir to form long-range ordered monolayers of various particles, including spherical
solid particles, soft hydrogel particles, metal nanoparticles, quantum dots, nanowires, single-wall
carbon nanotubes (SWCNTS), nanoplates, and nanosheets. A systematic study was conducted on the
variables affecting the monolayer assembly: the solubility parameter of spreading solvents, particle
concentration, zeta potential of the particles in the suspension, surface tension of the water phase,
hardness of the particles, and addition of a salt in the suspension. This method requires no
hydrophobic surface treatment of the particles, which is useful to exploit these monolayer films
without changing the native properties of the particles. The study highlights a quick 2D colloidal
assembly without cracks in the wafer scale as well as transparent conductive thin films made of
SWCNTs and graphenes.

KEYWORDS: self-assembly - particle assembly - monolayer assembly - 2D assembly -
colloidal assembly

in order to trap the particles at the interface.
Using a nonpolar solvent requires modifica-
tion of the particle surfaces to be hydropho-
bic. A wide variety of nanoscale materials
protected with aliphatic capping agents have
been assembled into 2D monolayers using
the LB technique.?' —3° Now that the environ-
ment-friendly synthesis is the current direc-
tion in solution-based particle production,
most particles are obtained in polar solvents,
desirably in water. Hydrophobic treatment is
an additional process for the hydrophilic par-
ticles. In some materials, the hydrophilic func-
tional groups
applications. For example, the oxygen func-
tional groups such as epoxides, alcohols, and
carboxylic acids in graphene oxides play a
critical role in graphene-based sensors.’’
Some materials are not easy to modify or they

are critical for diverse
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lose their unique advantages after hydropho-
bic modification. Hydrogel particles (pNIPAM
in this study) are difficult to turn hydrophobic,
and they lose their pH- or temperature-sensi-
tivity once they are modified. The 2D mono-
layer of particles with hydrophilic functional
groups on a substrate allows specific
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patterning by selective treatment, which is advanta-
geous over the assembly of particles with hydrophobic
moieties. The local chemical treatment of the particles
can lead to densely multifunctionalized arrays. The use
of the chemical patterning can be amplified with metal
nanoparticles such as gold and silver to study optical
properties and related sensor applications. Conse-
quently, the conventional LB method is not enough
to render full applicability of the monolayer formation.
We need a new method that allows direct assembly of
hydrophilic particles without any surface modification.

Very recently, there have been a few reports about
monolayer formation of water-dispersible particles at
the air/water interface by employing alcohol media
instead of nonpolar solvent. McNamee et al. have
demonstrated that TiO, particles (0.3—20 um) gener-
ated stable monolayers on the water surface from an
ethanol suspension of the particles.? Lee and co-
workers have also successively created a monolayer
of polystyrene (PS) particles on the water surface from
an ethanol suspension.®® In order to fully utilize the
process, it is significant to understand the mechanism.
Several variables are involved in the particle assembly,
including the flotation/lateral capillary force, the inter-
particle electrostatic or van der Waals forces, and the
particle—interface potential energy.

So far, a systematic study on the mechanism and
variables has not been conducted, yet. This report is
the first mechanistic investigation about the direct
monolayer assembly of hydrophilic particles on the
water surface. In this study, we found that particle
aggregation in the alcohol phase at the early stage of
spreading on the water surface is critical to obtain the
particle monolyers. On the basis of the DLVO theory
and the suggested mechanism, we investigated the
effects of zeta potential, salt concentration, particle
concentration, and compatibility with water of a par-
ticle suspension. We successfully demonstrated the
production of monolayers from various particles in-
cluding spherical SiO, and PS, quantum dots, Ag
nanocubes, pNIPAM hydrogel particles, Te nanowires,
single-wall carbon nanotubes (SWCNTs), Co(OH), na-
noplates, and graphene oxide nanosheets. The yield
of the particles floating on the water surface was
significantly increased by reducing the compatibility of
the alcohols to water, raising particle concentration in
the alcohol suspension, reducing zeta potential of the
particles in the suspension, adding a salt (NaCl) in the
suspension, and utilizing soft particles. The experimen-
tal results are summarized in Table 1.

RESULTS AND DISCUSSION

Scheme 1 depicts the process of the formation of an
assembled monolayer on the water surface. Alcohol
suspensions of particles are dropped on a water re-
servoir. Although alcohols are thermodynamically
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miscible with water, the kinetics of mixing largely
depends on the viscosity and compatibility with water.
Once the solvents (alcohols) are dropped on a still water
surface, they quickly spread on the water surface and
generate a temporary alcohol—water bilayer. Some
fraction of the alcohols evaporates, and the other is
gradually mixed in the water. Once the alcohol suspen-
sions are dropped on water, the particles spread on the
water surface along the alcohol flow. Ethanol's solubility
parameter is slightly different from that of water
(AOwater—alconon- It starts to mix in the water phase at
the relatively early spreading stage, indicating that the
particles submerge into the water phase before the
particles form aggregates in the alcohol phase. Mean-
while, 1-butanol, having a large Adyater—alconor CaN keep
spreading a long distance where a thin alcohol layer is
formed. The particles suspended in 1-butanol are
trapped in the thin 1-butanol layer during the spreading.
The concentration of the particles increases at the thin
alcohol layer partly because the alcohol evaporates
faster as the solvent layer becomes thinner and partly
because the particles are accumulated at a long spread-
ing distance due to the reduced moving speed. The
increased particle concentration can lead to their loose
aggregation, which is deformable under external shear
stress. Further spreading makes the alcohol layer thin-
ner, and the particles start to be flocculated in a two-
dimensional way and are finally trapped in the air—
water interface. It is well known that two similar objects
floating on a liquid interface attract each other due to
capillary force.>* Since a liquid surface is supposed to be
flat owing to the surface tension, the meniscus of water
at the particle surface increases the energy of water.
Assembly of the particles effectively decreases the
deformation of the liquid surface. Once assembled at
an air—water interface, the collective motion of the
particles can stabilize their floating, preventing submer-
sion in the water phase. Continuous addition of the
particles from the suspension eventually leads to an
assembled monolayer film of the particles on the water
surface. After the monolayer of the particles covers the
whole area of a container, there was no room for
spreading. More drops of the particle suspension stayed
at the dropping site on the water surface for a short time
and submerged in the water phase with the particles.
Thereafter, additional drops made the water phase
opaque and did not lead to any change in the particle
monolayer.

Because floating of particles depends on various
conditions, calculation of the floating yield is an im-
portant step to analyze the process. With analogy to
the Beer—Lambert law (A = &lC), the light scattering
from each particle does not interfere with each other at
a very dilute particle concentration. The total scattering
intensity of the suspension is linearly proportional to
the particle concentration in that case. Therefore, the
degree of attenuation of the incident UV—visible light
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TABLE 1. Possibility of Monolayer Formation of Various Materials Used in This Study®

surface functional group

PS particle (500 nm) —0S05H X
PS particle (100 nm) —0S0;H X
Si0; particle (700 nm) —OH X
pNIPAm particle (400 nm) —NH, 0
Ag nanocube (45 nm) PVP’ stabilized X
Au nanoparticle (40 nm) PVP stabilized X
Au nanoparticle (11 nm) (TAC stabilized X
quantum dot methacrylate X
quantum dot —OH 0
Te nanowire negative charge of Te X
SWCNT —NH, 0
Co(OH); plate —0H X
graphene oxide —CO00H X

“0: successful monolayer formation, x: lack of success. ® PVP: poly(vinylpyrrolidone).
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Scheme 1. Schematic illustration showing the formation of
a monolayer film on the water surface. Particle suspensions
in alcohol are dropped on a water reservoir. Particles
suspended in spreading alcohol with a small difference in
the solubility parameter (Adwater_alcohol)s €-g, €thanol, are
easier to sink into the water phase. Particles dispersed in
1-butanol fall into flocculation at the early stage of
spreading. The capillary attractive force leads to a closely
packed assembly as the 1-butanol layer becomes thinner
due to mixing in water and evaporation. Additional supply
of the particles eventually generates a large-area mono-
layer of the particles

caused by the particle scattering can be correlated
with the particle concentration. In this study, measur-
ing the relative fraction of the particles submerged in
the water phase gives the floating yield of the parti-
cles. The floating yield (Y) of the particles can be
calculated, Y =1 — (C/C,) =1 — (A/A,). Here, C, and
C represent the particle concentration of the initial
particle suspension and of the water phase after
dropping the suspension. A, and A are the absor-
bance corresponding to the concentration. We
checked the reliability of the idea at various incident
light wavelengths and particle concentrations. Figure
1 shows an example with polystyrene spherical
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Figure 1. Standard curve showing the linear dependence of
the PS particle concentration with absorbance, that is, light
scattering, at different wavelengths.

particles (500 nm in diameter). The particle concen-
tration in pure water was varied in a dilute regime,
and the absorbance was measured. As shown in the
figure, the absorbance linearly increased with the
particle concentration at any wavelength, especially
at long wavelengths at which absorbance by the PS
molecules can be excluded. This linear relationship
allows drawing a standard curve on the concentration
of the particles; thus, the calculation of the floating
yield is straightforward. The floating yields presented
in the study were obtained from the calibration
curves of the corresponding particles.

For a systematic study on the factors facilitating the
formation of the assembled monolayer, we employed
the PS particles (500 nm in diameter) dispersed in
alcohols. First, the effect of compatibility of the alco-
hols with water was investigated. The solubility para-
meter difference (Adyater—alcohol) Was varied by mixing
isopropyl alcohol (IPA) and 1-butanol with mixing
ratios as follows: (1) 10:0, (2) 8:2, (3) 6:4, (4) 4:6, (5) 2:8,
and (6) 0:10 (vol:vol). Figure 2 exhibits the difference
according to the mixing ratio. When dispersed in pure
ethanol or IPA, all the PS particles were submerged in
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Figure 2. (A) Photographs of the area occupied by the
floating PS particles (d = 500 nm) on the water surface as the
volume fraction (f;_putanol) Of 1-butanol in the suspension
solvent was raised. (B) UV—vis absorbance from the water
phase of the corresponding samples. Absorbance at 550 nm
wavelength was taken for the calculation of the floating
yield.

the water phase instead of floating on the water
surface. In contrast, the particles dispersed in 1-buta-
nol readily floated. When dispersed in a solvent
mixture of 1-butanol and IPA, the floating yield
increased with the volume fraction of 1-butanol
(foutanol)- As seen in the photographs of Figure 2A,
the water surface occupied by the floating PS parti-
cles expanded as the volume fraction of 1-butanol in
the suspension increased. After dropping a fixed
amount of PS suspension on the water reservoir in a
Petri dish, a small volume was taken from the water
phase for the UV absorbance measurement. For the
sample for A,, the same amount of the alcohol
suspension was directly injected in the water phase.
Figure 2B exhibits the UV—vis absorbance of the
water phase indicated in Figure 2A. The absorbance
linearly increased with the PS particle concentration
at each wavelength. Thus, any wavelength could
be chosen to calculate the yield of monolayer forma-
tion. For the PS particles, we chose the absorbance at
550 nm.

Figure 3 exhibits the continuous increase in the
floating yield of the PS particles as the volume frac-
tion (fputanol) Of 1-butanol in the suspension was
raised. The floating yield of the PS particles reached
60% when suspended in pure butanol. The other
choice of the wavelength gave the same floating
yield. The particle assembly in this study proceeds
with loose aggregation in the alcohol phase near the
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Figure 3. Floating yield (%) of the PS particles (d = 500 nm)
according to the volume fraction of 1-butanol in the solvent
mixture with IPA. The blue line indicates the zeta potential
corresponding to the respective suspensions.

Figure 4. (A) SEM image of the assembled PS particles (d =
500 nm) after being transferred onto a Si wafer. (B) Tilted
SEM image showing the monolayer of the same particles.
(C) SEM image of the assembled PS particles (d = 100 nm).

dropping point of the suspension. At this point, the
alcohol layer is still thick enough. The aggregation
was discernible with the naked eye. The loose aggre-
gates seem to be essential to obtain the final mono-
layer assembly because their collective motion can
prevent submerging of the particles into the water
phase. The Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory predicts that the electrostatic repul-
sion between charged spheres prevents the particles
from falling into a distance of primary minimum

voL.5 = NO.11 = 8600-8612 = 2011 ACINJANI(C)

WWww.acsnhano.org

8603



potential (¢).

¢tota| + ¢attractive + ¢repu|s|ive
= — Ar/(127d) 4 2meoeorE? exp( — kd) (1)

where A, d, r, &0, &, &, and k' are denoted as the
Hamaker constant, the particle separation, radius of
the particles, the permittivity of the vacuum, relative
permittivity, the zeta potential, and the Debye length,
respectively. From eq 1, the repulsive force is directly
proportional to the absolute value of the zeta poten-
tial, which is dependent on the species of alcohols.
Since the attractive force is not sensitive to the
alcohol species, a decrease in zeta potential facilitates
the aggregation in the alcohol phase, thereby the
final floating yield of the particles. The right axis in
Figure 3 exhibits the change in zeta potential of the
particles. The zeta potentials in ethanol and IPA were
—70.1 and —67.9 mV, which are considered to stabi-
lize the particles. Meanwhile, the zeta potential of the
particles in 1-butanol was —14.9 mV, which is in the
regime of weak stabilization. The zeta potential line-
arly increased as the volume fraction of 1-butanol was
raised in the cosolvent. The overall tendency of the
zeta potential and the floating yield was the same, as
demonstrated in Figure 3, indicating the role of
particle aggregation for the final monolayer assembly
on the water surface.

Figure 4 displays the assembled PS particles obtained
from a suspension in 1-butanol. The assembled layer on
water was transferred onto a Si wafer to check. Figure 4A
shows a monolayer of hexagonally close-packed parti-
cles. The dislocations are considered to take place
during the evaporation of water involved in the transfer
process. Figure 4B verifies the monolayer assembly of
the particles. The dried PS monolayer film was iridescent
in color, as shown in the photograph in the inset. PS
particles with a diameter of 100 nm were also assembled
into a close-packed monolayer film (Figure 4C) with a
similar floating yield, which is not readily obtainable by
other techniques for monolayer assembly.

From the result in Figure 3, the floating yield of the
PS particles was zero when ethanol or IPA was used as
the solvent. Equation 1 indicates that a decrease in the
zeta potential and the Debye length can facilitate the
aggregation of the particles in the alcohol phase, which
is expected to enhance the formation of an assembled
monolayer. An effective way to decrease both the
zeta potential and the Debye length is addition of a
salt that dissociates into an ionic form. We added NaCl
to the PS particle suspension in IPA. The floating yield
substantially increased, as seen from the photos of the
water phase (Figure 5A). A clear water phase indicates
most particles were floating. Figure 5B exhibits the
floating yield of the PS particles as the weight ratio of
NaCl increased. The floating yield substantially in-
creased and reached a plateau value (88%) when the
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Figure 5. (A) Cameraimages taken for the water phase after
spreading a fixed amount of the PS particle (d = 500 nm)
suspension in IPA. (B) Floating yield (%) and zeta potential
(blue) of PS particles in IPA with addition of salt (NaCl).

(C) Change in the interaction energy between PS particles
along with the particle separation. The thick lines indicate
the total energy, which is the sum of attractive energy (van
der Waals, black dotted line) and repulsive energy (thin
lines).

concentration of NaCl was 10 g/L in the colloidal
suspension. The corresponding zeta potential of the
PS suspension decreased as the amount of NaCl was
raised (see the blue line in Figure 5B). In a suspension of
symmetric monovalent electrolyte, the Debye length
(k") of the colloids can be expressed as follows:>*

1 &0&RT
= V 2,2¢, @

where ¢, is the permittivity of free space, ¢, is the
dielectric constant, R is the gas constant, F is the
Faraday constant, and C, is the molar concentration
of the electrolyte (mol/L). Figure 5C shows the change
in the chemical potential according to the interparticle
surface distance (d). The calculation is based on the
assumptions that the Hamaker constant of the parti-
cles is not sensitive to the electrolyte concentration
and NaCl in IPA is fully ionized. The energy barrier for
the aggregation in the alcohol phase effectively de-
creased as the NaCl concentration was increased. From
Figure 5B, 10 g/L of NaCl was enough to reach the
maximum floating yield, which corresponds to 21.7
Nm. A 150 g/L concentration led to spontaneous
flocculation of the particles without any energy barrier.
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Figure 6. Floating yield (%) with respect to the concentra-
tion of PS particles (d = 500 nm) suspended in 1-butanol.

The loose aggregation of the particles in the alcohol
phase during the initial stage of spreading was essen-
tial for the formation of monolayer assembly. The
experimental observation indicates that there should
be a certain critical particle concentration to be
reached during the spreading process. Because the
increased particle concentration (N) enhances the
collision frequency (Z2) between the particles with a
relationship of Z =< N?, increasing the particle concen-
tration should be an effective variable for the formation
of the assembled monolayer. Figure 6 indicates that
the floating yield of the PS particles dispersed in
1-butanol sharply increased with the particle concen-
tration, which was varied from 0.88 to 14 g/L. The
concentrated suspension has a higher probability of
reaching the critical concentration at the early stage of
spreading, thereby leading to an enhanced floating
yield. In contrast, we could not observe any particle
floating at low concentration (0.88 g/L).

The result in Figure 6 indicates that there is a clear
limitation in the floating yield in pure 1-butanol even at
very concentrated particle suspensions. The maximum
floating yield is determined by the volumetric ratio
between the spreading alcohol and submerging alco-
hol in water. Therefore, the monolayer formation
should be directly related with the spreading capability
of the solvent, which is denoted by the spreading
coefficient (S). A liquid can spread on other media
(water in this study) when the spreading coefficient is
positive:3

S = Vw,a _(yl,w+yl,a) = ()/W,a _yl,w) _)/I,a >0
(3)

where ywa Viw and y,, are the interfacial tensions
between water—air, liquid—water, and liquid—air, re-
spectively. Since the alcohols and water are thermo-
dynamically miscible, the relative value of the
spreading coefficient can determine the floating yield.
In order to investigate the spreading coefficient effect,
we added ethanol to the water phase to reduce the
surface tension of the water phase and dropped the PS
suspension dispersed in pure 1-butanol. Since both
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Figure 7. Floating yield (%) of PS particles (d = 500 nm) with
addition of ethanol in water phase. The blue line indicates
the corresponding spreading coefficients.

water and ethanol are polar solvents, the decrease
in the interfacial tension is less than the decrease
of surface tension of the water phase, thereby, (ywa. —
Yiw) > 0 by addition of ethanol in water. The hydro-
phobic part of ethanol molecules®” is considered to
decrease the surface tension of water. Figure 7 shows
the floating yield of the PS particles and change in
spreading coefficient of the alcohol phase with respect
to the volume fraction of ethanol in the water phase.
The interfacial tensions were obtained by the solubility
parameters of the 1-butanol and a value calucluated by
a linear combination with the volume fraction of
ethanol in water. The floating yield decreased to zero
when the volume fraction of ethanol was 20% in the
water phase.

Monodisperse spherical SiO, particles have been
employed to fabricate planar opals or 3D photonic
crystals. The Langmuir—Blodgett process has been
successful in generating a monolayer of hexagonally
packed silica particles, but the hydrophilic silica parti-
cles produced by the sol—gel process had to be first
made hydrophobic. To demonstrate a silica particle
monolayer with the close packing without any surface
treatment, bare silica particles (700 nm in diameter)
synthesized through the sol—gel method were dis-
persed in 1-butanol, and then the suspension was
dropped on the water reservoir in a Petri dish. As seen
in Figure 8A, the SiO, particle monolayer was quickly
obtained on the water surface. The floating yield of the
particles was 100%. The digital camera image in the
inset shows the dried monolayer film transferred onto
a Si wafer. The SEM image in Figure 8B confirms the
monolayer hexagonal ordering of the silica particles.

As an alternative to crystals made of hard particles,
crystals consisting of soft colloidal spheres can offer
distinct properties that arise from the flexible polymer
components.®®3° Specific interest has been given to
hydrogel particles such as poly-N-isoropylacrylamide
(pNIPAm) due to their synthetic ease and thermore-
sponsive volume change. The pNIPAm particles used
in this study were 400 nm in diameter, which is a
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Figure 8. (A) Photograph of SiO, particle (d = 700 nm)
monolayer on the water surface. The inset shows the film
transferred onto a Si wafer. (B) SEM image showing the
resultant SiO, monolayer film. The inset is the tilted image.

volumetric size at room temperature in water. In con-
trast to other particles tested in this study, the pNIPAm
particles suspended in any alcohol gave 100% floating
yield. The reason is attributed to the capability of the
pNIPAm particles to bear the solvent inside, which is
different from solid particles such as silica or PS. The
compatibility of water molecules with the pNIPAm
polymer chains comes from the hydrogen bonding
between water and the polymer chains, not from the
surface charges. When the hydrogen bonding breaks
at increased temperatures (T > 38 °C), the pNIPAm
polymer chains precipitate in water. Therefore, the
pNIPAm particles have poor compatibility with water
as long as they are occupied with alcohols. The low
compatibility is maintained until the alcohols inside
the particles evaporate and water molecules fill the
particles. The pNIPAm particles are considered to pack
each other quickly before water molecules replace
alcohol in the particles. The morphology of the dried
pNIPAmM monolayer film was characterized with AFM
and SEM in Figure 9. The pNIPAm monolayer film on
the water surface was able to be transferred onto a 4 in.
Si wafer without any dislocation line. In solid particles,
water accompanies the particle monolayer during the
transfer process onto a new substrate. When the water
evaporates, the capillary force leaves a long cleaved
line in the assembly, which has been a long-term
problem in the self-assembly of solid particles. In
contrast, hydrogel particles can bear water molecules
inside during the transfer process. This unique char-
acter allows evaporation of water molecules from the
particle surfaces, not from the interparticle spaces, so

MOON ET AL.

pNIPAmM particles

Figure 9. AFM (A) and SEM (B) images of the pNIPAm (d =
400 nm) monolayer film after transferring onto a Si wafer.
The inset is a photograph of the pNIPAm monolayer trans-
ferred onto a 4 in. Si wafer.

that the convective force of solvent drying should be
very weak. This is a potential advantage of the hydrogel
particles for generating 3D colloidal photonic crystals
without cracks. After complete drying, the particles
were collapsed into hemispheres (500 nm in lateral
diameter and 123 nm in height). The height profile of
the pNIPAm particle monolayer is exhibited in the
Supporting Information (Figure S1).

Long-range ordering of the particles is important for
practical applications. The particles larger than 100 nm
in diameter exhibited excellent low-defect hexagonal
long-range ordering, as seen in the above results.
Mesoscale particles had no problem with the long-
range ordering as long as they are dispersible in
alcohols. However, the enhanced van der Waals attrac-
tion versus the mass of the nanoparticles may narrow
the conditions at which the nanoparticles can form a
monolayer with a long-range ordering. An assembled
monolayer of nanoparticles has been a widespread
interest for biological and optical uses. A common
route is evaporation-induced assembly on a solid
substrate, which is simple, but results in low surface
coverage or multilayer pile-up. The Langmuir—Blod-
gett method using a hydrophobic layer on the water
surface has been actively employed.”® However, the
use of capping organic molecules can decrease the
potential uses of the nanoparticles especially when the
hydrophilic surfaces of the nanoparticles are required.
We investigated the monolayer formation and order-
ing of various nanoparticles via the alcohol-assisted
spreading approach.
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We found that the monolayer formation and high-
quality ordering of nanoparticles are sensitive to the
surfactants or the capping agents, while the surface
molecules in mesoscale particles did not play a critical
role in the ordering. The nanoparticles stabilized with
PVP successfully generated monolayers without local
aggregation. With Ag nanocubes with ~40 nm side
length, the formation of a monolayer with self-assem-
bly was successful through the same process using
1-butanol (Figure 10A). As Xia and co-workers have
demonstrated,*® the Ag nanocubes can be self-as-
sembed into specific structures by functionalizing their
side faces with hydrophobic or hydrophilic self-as-
sembled monolayers. Usually, the self-assembly of Ag
nanocubes into a monolayer film requires surface
treatment to exploit the mutual interaction of the
adsorbed molecules unless the LB process is em-
ployed. The Ag nanocubes were synthesized via
the polyol process in the presence of poly-
(vinylpyrrolidone) (PVP).*' The nanocubes were re-
trieved from the solution and dispersed in 1-butanol.
It is worth noting that a small amount of aqueous NaCl
solution (15 g/L) had to be added into the particle
suspension to enhance the floating yield. As seen in the
photograph (Figure S2), the color of the Ag nanocube
monolayer film reflects a collective of Ag nanocubes by
close-packing, giving ~30% floating yield. Aggrega-
tion of the nanocubes was not found. The lack of
excellent long-range ordering of the Ag nanocubes is
simply attributed to the nonuniformity in size and
shape of the particles. Normally, nanoparticles pre-
pared in polar solvents do not show excellent size
uniformity. The Au nanoparticles (~35 nm) prepared in
aqueous solution in the presence of PVP showed a
good monolayer without any aggregation (Figure 10B).
Unfortunately, size uniformity was not good enough to
expect hexagonal ordering.

When we tried to obtain a monolayer with Au
nanoparticles stabilized with CTAC, spreading of a
butanol suspension led to overlap of the Au nanopar-
ticles (Figure 11A). Ligand exchange of the same Au
nanoparticles by PVP in boiling water containing the
PVP surfactant enabled the formation of a monolayer
(Figure 11B). We conducted a similar study with quan-
tum dots (QDs). Starting with CdSe@ZnS QDs stabilized
by trioctylphosphine (TOP), we exchanged the ligand
with 3-(trimethoxysilyl)propyl methacrylate. The re-
sulting QDs were well-dispersed in alcohols, but they
resulted in an aggregated layer with multiple overlaps
of the particles (Figure 11C). In contrast, silica-coated
CdSe@ZnS QDs (5 nm) with OH groups at the surface
allowed the formation of a monolayer without particle
aggregation (Figure 11D). The monolayer of the QDs
on the water surface was discernible under UV illu-
mination (Figure S2). The floating yield was almost
100%. The sensitivity of the monolayer formation
to the stabilizing ligands should be related to the
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Figure 10. TEM images of the monolayers made of PVP-
stabilized Ag nanocubes (A) and PVP-stabilized Au nano-
particles (B). The monolayers were directly transferred to
TEM grids.

enhanced attractive force and the change in the
electrostatic repulsion. Especially, the change in van
der Waals attraction by replacing the capping agents
needs a theoretical investigation and remains as a
future study.

Recently, monolayer assembly of nanowires has
been studied mainly for nanowire-based electronic
devices. Langmuir—Blodgett assembly has been ex-
ploited to assemble a large-area monolayer of aniso-
tropic building blocks.*? > However, surfactant mod-
ification of the nanowires to make them dispersible in
hydrophobic solvents can affect their electrical and
optical performances. Very recently, Yu and co-workers
have demonstrated that hydrophilic ultrathin Te,
Ag,Te, and Pt nanowires could be assembled into a
multilayer assembly through the LB method at an
air—water interface.?*° However, it required a con-
siderable amount of time to achieve high coverage in
the form of a monolayer. In parallel with the spherical
particles in this study, one-dimensional ultrathin Te
nanowires could also be spread and assembled into a
monolayer film over a large area (see the AFM image,
Figure S3, for monolayer verification). As shown in the
PS particles, the floating yield was very low when the
nanowires were dispersed in ethanol or IPA, while
100% floating yield was achieved with 1-butanol sus-
pension (Figure 12A,B). Whole coverage of the Petri
dish took typically 40 s (see a video clip in the Support-
ing Information). The floating yield of the Te nanowires
was effectively raised by increasing the volume fraction
of 1-butanol in the IPA—butanol solvent mixture (Figure
13A) and by dissolving NaCl in an IPA suspension
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Figure 11. TEM images obtained by spreading IPA suspensions of nanoparticles: (A) CTAC-stabilized Au nanoparticles, (B) the
same Au nanoparticles after ligand exchange by PVP, (C) CdSe@ZnS QDs stabilized by 3-(trimethoxysilyl)propyl methacrylate,
and (D) CdSe@ZnS QDs with OH functional groups. The floating layers were directly transferred to TEM grids.

Figure 12. (A) Photographs after dropping three different
alcoholic suspensions of the Te NWs on water reservoirs in
Petri dishes. The bottom images are side views of each Petri
dish. (B) TEM image of the Te NW monolayer made from
1-butanol suspension.

(Figure 13B). The inset images in Figure 13B are the
photographs of the water phase retrieved from a Petri
dish after spreading the same amount of Te nanowire
solution. It is worth noting that addition of too much
NaCl in the Te nanowire alcohol suspension caused
aggregation in the alcohol suspension.

In order to demonstrate the usability of the process
with one-dimensional nanomaterials, we produced a
monolayer of single-wall carbon nanotubes. An IPA
suspension of NH,-functionalized SWCNT (0.03 wt %)
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Figure 13. (A) Floating yield (%) of the Te nanowires with
respect to the volume fraction of 1-butanol in the solvent
mixture with IPA. (B) Floating yield (%) of of the Te nano-
wires with the addition of salt (NaCl).

was dropped on the water surface. A thin monolayer of
the SWCNT bundles was successfully obtained over the
entire area of a Petri dish (see TEM and photo images in
Figure 14A). There are several advantages of the
process over the conventional spray coating. The coat-
ing yield through this process was 100%, which is in
contrast to the typical yield by spray coating (less than
70%). The monolayer could be readily transferred to
any hydrophobic substrate. Consecutive transfers of
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Figure 14. (A) TEM image of the single-layer SWCNT film
made from IPA suspension. The inset shows the SWCNT
film transferred on glass. (B) Transmittance characteristics
of the multilayered SWCNT films made by multiple transfer
of the SWCNT single layer to the PDMS substrate. Sheet
resistance vs transmittance at 550 nm for each film is
exhibited in the inset diagram.

the CNT monolayer allowed fine control of the thick-
ness. The monolayer had an average topological
roughness of ~20 nm (Figure S4). Multiple transfers
of the monolayer led to a considerably reduced surface
roughness (<60 nm), which is in contrast with the usual
roughness by spray coating (300 nm). For the possible
application of this thin layer as a flexible transparent
conductive film (TCF), the transmittance and sheet
resistance of the multilayered films on poly-
(dimethylsiloxane) (PDMS) were measured. After multi-
ple transfers of the monolayer to the PDMS substrate,
the multilayers were immersed in 11 M nitric acid
solution for 10 min and then dried at 150 °C for
10 min. The optical and electrical characteristics of
the multilayered films are exhibited in Figure 14B.
The transmittance linearly decreased and the sheet
resistance drastically increased as the transfer number
was increased. Overall transmittance and electrical
conductivities were excellent, especially at a transfer
number of 3, which shows a sheet resistance below 50
Q/cm? at 85% transmittance. This approach is ex-
pected to be useful in making high-quality SWCNT-
based transparent conductive films as well as active
channels for flexible or stretchable transistors.
Although many efforts have been devoted to as-
sembly of nanostructured materials, the assembly of
2D nanomaterials such as nanoplates and nanosheets
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Figure 15. (A, B) Optical microscope image and SEM
image of the Co(OH), nanoplates. The inset in (A) is the XRD
data from the Co(OH), monolayer. (C) TEM image of gra-
phene oxide monolayer film transferred onto a Cu grid. The
inset shows the graphene oxide film transferred onto a
glass. (D) Transmittance spectrum of the graphene oxide
film and the /—V graph after reduction with N,H, vapor for
10 min.

has been rarely explored. Here, we have demonstrated
the monolayer self-assembly of 5-Co(OH), nanoplates
and graphene oxide nanosheets floated on a water
surface. The 5-Co(OH), nanoplates were dispersed in
IPA as a spreading solvent, followed by dropping the
suspension on the water surface. The optical micro-
scopy image in Figure 15A shows the resultant (-
Co(OH), monolayer film transferred onto a glass slide
(see the height profile in Figure S5). The inset XRD
result indicates that the monolayer film has a prefer-
ential crystalline stacking on the substrate. Due to its
low dimension in the c-axis, the 5-Co(OH), nanoplates
were somewhat overlapped along their edge region
(Figure 15B). Very recently, Huang and co-workers have
demonstrated that graphene oxide functionalized with
—COOH groups can be assembled at an air—water
or oil—water interface due to its amphiphilicity.*® In
this study, the graphene oxide nanosheets functiona-
lized with COOH were dispersed in 1-butanol and
spread on the water surface. A TEM image in
Figure 15C is a dried graphene oxide monolayer film
transferred onto a Cu TEM grid. From the AFM analysis
(see Figure S6), the film was characterized as a mono-
layer. The film had no aggregation or multiple stacking
so that it showed a high transparency (96.7% in
average) for the entire visible range, as shown in
Figure 15D. After reduction with N,H, vapor for 10 min,
the film showed ohmic behaviorinarange of —1to 1V
(inset of Figure 15D).

CONCLUSION

In conclusion, we have demonstrated that water-
dispersible particles with zero-, one-, and two-dimen-
sional structure can be successfully spread on a water
surface and form a self-assembled monolayer. The
process is quick and applicable to large-area assembly.
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Furthermore, no additional surface modification
through hydrophobic functionalization is necessary
to float particles on the water surface. We utilized the
fact that alcohols initially form a transient liquid layer
and finally submerge in the water phase. Particles in
the alcohol phase flow along the alcohol layer and
make a floating monolayer. The key to the success was
enhancing the flocculation of the particles during the
early stage of the spreading process. To investigate the
factors affecting the monolayer film formation on the

EXPERIMENTAL SECTION

Materials. The chemicals used in this study were telluric acid
(HeTeOg, =97.5%, Aldrich), hydroxylamine (NH,OH, 50 wt % in
H,0, Aldrich), cobalt chloride hexahydrate (CoCl,-6H,0, 98%,
Sigma-Aldrich), hexamethylenetetramine (C¢Hq2N4, HMTA,
>99%, Sigma-Aldrich), hydrazine hydrate (N,H,-xH,0, 55 wt
%, Aldrich), L(+-ascorbic acid (CgHgOg, Shinyo Pure Chemicals),
poly(vinyl pyrrolidone) (PVP, M,, = 55 000, Sigma-Aldrich), silver
trifluoroacetate (CF3COOAg, = 99.99%, Sigma-Aldrich), ethylene
glycol (EG =299%, JT Baker), N-isopropylacrylamide (NIPAAm,
Aldrich), N,N'-methylene bisacrylamide (MBAm, Aldrich), potas-
sium persulfate (KPS, Aldrich), gold(lll) chloride trihydrate
(HAuUCl4-3H,0, Aldrich), sodium borohydride (NaBH4; 99%),
cetyltrimethylammonium bromide (CTAB, >99%), cetyltri-
methylammonium chloride (CTAC, >98%), sodium chloride
(NaCl, Aldrich), ethyl alcohol (EtOH, Sigma-Aldrich), isopropyl
alcohol (IPA, Aldrich), 1-butanol (Sigma-Aldrich), tetraethyl-ortho-
silicate (TEOS, 99.999%, Sigma-Aldrich), and ammonium hydro-
xide (NHs, 35% aqueous solution). The deionized water was
obtained from an 18 MQ (SHRO-plus DI) system. Sulfonated PS
particles (d =100 and 500 nm) were purchased from Polysciences,
Inc. SWCNT dispersed in IPA and graphene oxide functionalized
with COOH were purchased from Nano Solutions Co. (Korea).

Synthesis of Si0, Particles. Silica particles (d = 700 nm) were
prepared by the Stober process.*’” Briefly, 0.67 M TEOS was
added into a mixture of H,0 (4.19 M) and NH5 (0.54 M) dissolved
in 20 mL of IPA. The reaction was kept for 5 h and collected by
centrifugation.

Synthesis of pNIPAm Particdles. The synthesis of pNIPAm parti-
cles was carried out following the procedure of ref 48. Briefly,
NIPAAm (4 g), KPS (0.12 g), and MBAm (0.16 g) were dissolved in
160 g of DI water, and this solution was agitated at 75 °C for 2 h
under a nitrogen atmosphere.

Synthesis of Ag Nanocubes. Ag nanocubes were synthesized by
using CF3COOAg as a precursor according to the protocol in ref
41.Briefly, EG (50 mL) was added into a 200 mL flask and heated in
an oil bath to 150 °C. The 3 mM NaHS solution (0.6 mL), 3 mM HC
(5 mL), PVP solution (20 mg/mL, 12.5 mL), and CF3COOAg solution
(282 mM, 4 mL) were added in the reaction flask in that order.

Synthesis of Au Nanoparticles. The PVP-stabilized Au nanoparti-
cles were obtained by following the literature procedure.*
Chloroauric acid (HAuCl,, 17 mg) was dissolved in 2 mL of H,O
before it was added to the aqueous solution (45.5 mL) of PVP
(0.2 g) under magnetic stirring at room temperature. The 0.2 M
NaOH (1.5 mL) was added in 5 min, followed by the injection
of a tetrachloro-o-benzoquinone solution (0.04 g in 2 mL of
methanol). The reaction was allowed to proceed for 30 min, and
the Au nanoparticles were collected by centrifugation. The cetyl
trimethyl ammonium chloride (CTAC)-stabilized Au nanoparti-
cles were subjected to the process reported in ref 50. Au
nanoparicles (3 nm) was made by adding 0.6 mL of NaBH,
solution (10 mM) into a 10 mL aqueous solution containing
HAuCl, (0.25 mM) and CTAC (100 mM). The reaction was allowed
to proceed for 3 hat 27 °C. Au nanoparticles (11 nm) was made by
adding the above seed solution (0.3 mL) into a mixture of HAuCl,
(6 mL, 0.25 mM), CTAC (6 mL), and ascorbic acid solution (4.5 mL,
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water surface, the following variables should be con-
sidered: the solubility parameter of spreading solvents,
particle concentration, zeta potential of the particles in
the suspension, surface tension of the water phase,
hardness of the particles, and addition of a salt in the
suspension. The yield of monolayer film formation
could be increased via reducing the repulsive energy
barrier: lowering the zeta potential, enhancing the
density of the particles, adding salt, and increasing
the surface tension of the water phase.

0.1 M). The reaction proceeded for 1 h at room temperature. The
exchange of the CTAC by PVP was conducted by refluxing the Au
nanoparticles in water (5 mL) containing PVP (0.1 g) for 24 h.

Synthesis of QDs. The CdSe@ZnS QDs were prepared by
following the protocol in ref 51. Briefly, a mixture of CdO (0.4
mmol), zinc acetate (4 mmol), oleic acid (5.5 mL), and 1-octa-
decene (20 mL) was loaded into the reaction flask and heated at
310 °C. A Se (0.4 mmol) and S (2.3 mmol) solution in 3 mL
of trioctylphosphine was added into the above solution,
and the mixture was allowed to react for 5 min. This oleic
acid-capped CdSe@Zn$S QD was further coated in the following
order: undecanethiol and 11-mercapto-1-undecanol, and 3--
(trimethoxysilyl)propyl methacrylate. The silane-containing
methacrylate-terminated QDs were washed with methanol
and chloroform. The QDs functionalized with OH groups were
synthesized by following the literature procedure.>

Synthesis of Te Nanowires (NWs). Te nanowires with a diameter
of 8—9 nm were synthesized by reducing HgTeOg with NH,OH in
DI water at 95 °C for 12 h according to a procedure described in
our previous report.>®

Synthesis of [-Co(OH), Nanoplates. The 5 mM solution of
CoCl,-6H,0 and CgH;,N,4 was prepared in a round-bottom flask
with a 200 mL solvent mixture (H,O—EtOH, 9:1), and the
temperature was raised to 90 °C for 20 min under magnetic
stirring. The reaction was kept for 1 h, followed by washing with
a cellulose filter (500 nm) and redispersing in EtOH.

Fabrication of Monolayer Film on a Water Surface. A clean Petridish
filled with DI water was used for the entire process of monolayer
film formation. All particles in this study were dispersed in
ethanol, IPA, or 1-butanol and then were dropped onto the water
surface. Once the monolayer film was formed at an air—water
interface, substrates (Si wafer, slide glass, PDMS) were attached
onto the water surface to transfer the monolayer film.

Calculation of Floating Yield. To obtain the floating yield of the
materials on the water surface, PS (d = 500 nm) and Te NW were
chosen. UV—vis absorbance was employed as a parameter to
calculate the floating yield of the particles. After a fixed amount
of the ethanol suspension was spread on the water, the water in
the bottom of the Petri dish was taken out for UV absorbance
measurement. The intensity of absorbance at a specific wave-
length was compared with that in which the same amount of
ethanol suspension was mixed in the same volume of water.
The floating yield of the PS particles was measured at 550 nm.
The floating yield was the same at any wavelength. Likewise, for
the vyield calculation of Te NW, a wavelength (614 nm) was
selected due to its unique absorption peak, whether it is a
surface plasmon peak or not. To determine the effect of ion
addition on the yield, different amounts of NaCl were added to
the particle suspensions in IPA. Yield (%) = [(Ayef — A)/Aref] X 100.

1—V Measurement of Graphene Oxide Film. The graphene oxide
film was transferred onto a Si substrate with 20 um spaced gold
line electrodes. The film was reduced by N,H, vapor for 10 min.
The voltage sweep was carried out between —1 and 1 V.

Characterization. Scanning electron microscopy (SEM) images
were obtained by a JEOL model JSM-6700F. Transmission elec-
tron microscopy (TEM) analysis was conducted with a JEOL model
JEM-2100F operated at 200 kV. The UV—vis absorption and
transmittance spectra were obtained by a JASCO V-500 UV/vis
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spectrophotometer. The zeta-potential analysis was conducted
by electrophoretic measurements (ELS-Z2). Topography of the
monolayer was checked by AFM measurement (Dimension 3100,
Digital Instrument Co). The /—V characteristic was measured by
an Agilent 4156A.
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