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Vertical segregation was induced by the size-dependent
charge neutralization during the one-step interfacial self-
assembly of colloidal gold nanoparticles with bimodal size
distribution. This self-assembly approach also can assemble
particles with tunable compositions into layered films.

Interfacial self-assembly of nanoparticles is critical both to the
fundamental understanding of assembly process and also to the
fabrication of functional thin films."®The study of self-
assembly processes most of time involves nanoparticles with
single sizes.”*?Assembly of nanoparticles with mixed sizes,
however, will offer additional freedom in building films with
size-segregated structures, which may provide further control in
the functions of the films fabricated.”>**There are previous
efforts in studying the size-segregation in the interfacial self-
assembly of charge stabilized nanoparticles with mixed sizes.>>
31 In those studies, only lateral segregation of nanoparticle with
different sizes was observed. For example, Yamaki et al.
reported the lateral segregation, which was due to the lateral
capillary force, of polystyrene nanoparticles with different sizes
when the droplets of mixed particles dried on the surface of
mercury.>® Murphy et al. observed the lateral segregation,
which was due to the depletion force, of the small nanorods
from the large spherical nanoparticles during the drying of the
solutions  containing such nanorods and spherical
nanoparticles.™ > Recently Chen et al. presented the theoretical
explanation of the in-plane lateral size segregation process and
attributed the separation to the hydrodynamic and capillary
forces.!

The work reported in this paper presents our observation of a
new one-step interfacial self-assembly process that could
separate the nanoparticles with mixed sizes along the direction
normal to the liquid/air interface (vertical segregation) rather
than parallel to the liquid/air interface (lateral segregation). To
the best of our knowledge, our finding is the first report of the
vertical segregation of particles with different sizes during the
one-step self-assembly process. This observation of vertical-
segregation will expand the current scope of interfacial self-
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Fig. 1.(a) Preparationof size-segregated double-layered Au NP
film via the mixture of 100-nm and 10-nm colloidal Au NP
solutions incubating in the presence of formic acid. (b) Top
view, (c) side view, (d) back view SEM images of 10 nm/100
nm size-segregated double layered NP film. The middle is a
false-color SEM image with upper side of the film facing left
(The scale bar is 200 nm.)

assembly, and add another possibility in engineering the
microstructures of assembled thin films.

In this work, we observed the vertical segregation in the self-
assembly of charge stabilized gold (Au) nanoparticles (NPs).
There have been reports of interfacial assembly of charge
stabilized Au NPs at the liquid/liquid interface or liquid/air
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interface through the addition of ethanol or strong electrolyte
such as KCL'® 1% ' The work in this report utilized the
diffusion of vapor of a weak electrolyte, formic acid, to achieve
better control in decreasing the surface charge density of the Au
NPs than the processes involving strong electrolytes.>! The
vapor diffusion in the solution also generated a proton gradient
that helped move the Au NPs into the liquid/air interface in a
controlled fashion. In a typical assembly experiment with the
Au NPs of the same sizes (see the Supporting Information for
details), a shining film appeared at the water/air interface after
overnight exposure to the formic acid (Fig.S4).? When the
assembly solution containing the mixture of 100-nm and 10-nm
citrate capped colloidal Au NPs (concentration of large NPs:
~5.17%x10%%/ml; concentration of small NPs: ~5.55x1012/ml;
see the Supporting Information for the details in the synthesis
and characterization of the Au NPs), surprisingly, the vertically
size-segregated film formed at the water/air interface, as
evidenced by SEM analysis (Fig.1b-d and Fig.S5). Fig.la
shows the scheme of the size-segregated film forming process
for the Au NPs solution with bimodal size distribution. When
characterizing with the top surface of the segregated film facing
up, the SEM shows that the large Au NPs were not mixed with
the small Au NPs. They instead mostly sit on top of the layer of
small NPs (Fig.1b). When characterizing with the bottom
surface of the segregated film facing up, the SEM reveals that
the bottom surface was primarily formed by the clusters of
small NPs, which blank the view of the large NPs underneath.
Considering the small number ratio of 100-nm NPs to 10-nm
NPs (1:100), it was rather striking to see such a clear contrast of
segregation. Close examination of the side-view SEM image
indicated the segregation of the large particles from the small
particles in the out-of-plane direction. During SEM sample
preparation, trace amount of solution was also attached to the Si
substrate and dried in air. To make sure the size segregated
double-layer film did not form during SEM sample preparation,
the same solution of mixed large and small NPs was also drop-
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casted onto a Si wafer and dried in air. In this case, only
random NP aggregates on the substrate were observed (Fig.
S6).

Fig.2 shows the detailed growth process for the vertical
segregation of Au NPs with mixed sizes during the film
formation process. At the early stage, islands of large NPs
occurred at the water/air interface first (Fig. 2a and Fig. S7).
After the formation of large NP film, small NPs started to
deposit onto the large NP layer during the subsequent assembly
process (Fig. 2b, 2¢ and Fig. S7). As the assembly continued,
the small NP film grew denser and completely covered the
large NP film (Fig. 2d and Fig. S7). Fig. 2e schematically
illustrates the assembly steps that correspond to the SEM
images in Figs. 2a-2d.

Continuous monitoring of the optical absorption spectra of the
NP solutions during the assembly provides useful insight of the
possible mechanism of the formation of the size-segregated
double-layer Au NP film. Fig. 3 shows the optical absorption
spectra of the solutions that contained 10-nm Au NPs (Fig. 3a),
100-nm Au NPs (Fig. 3b), and mixture of 10-nm and 100-nm
Au NPs (Fig. 3¢). The time interval for the spectrum collection
was 30 mins. As shown in Fig. 3a, the absorption intensity
gradually decreased over the course of time. After 210 mins,
obvious UV-Vis signal still occurred at 513 nm, indicating that
more than half of small Au NPs still remained in the solution
(Fig. S8, S9). Differently, the absorption intensity of large NP
solution rapidly dropped until it reached zero after 180 mins,
which implied almost no large NPs left in the solution (Fig. 3b
and Fig. S8, S9). From the absorption spectra of the solution of
mixed NPs (Fig. 3c), there was a strong UV-Vis signal because
of the superposition of optical absorption from both the small
and large NPs solution. The UV-Vis intensity dramatically
decreased and the peak blue-shifted to the absorption position
of the small NPs (513 nm) after 150 mins. Such shift revealed

Final stage

Fig. 2.(a-d) SEM images for the growth process of 10 nm/100 nm size-segregated double layered NP film. (e) Schematic
illustration of formation process for size-segregated double layered Au NP films.
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that there were almost no large NPs left in solution.
Additionally, the peak intensity of the absorption spectrum (I,
in Fig. 3c) at 150 mins seemed to match with the peak intensity
of the absorption spectrum of the solution contained only small
NPs at 30 mins (I; at Fig. 3a). Apparently, there was a
significant decrease in the assembly speed of small NPs in the
presence of large NPs in the solution after exposure to the
vapor of formic acid. These results confirmed the suppression
of the trapping/assembly of small NPs by the large NPs as
observed in the SEM analysis (Figs.2a-2d). The absorption
spectrum of mixed NPs continued to decrease in intensity after
150 mins, indicating the subsequent assembly of the small NPs
at the interface (Fig. 3¢ and Fig. S8, S9).
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Fig. 3.UV-Vis spectra of solutions containing 10-nm (a), 100-
nm (b) and mixture of 10-nm and 100-nm (c) citrate capped Au
NPs. The solutions were incubated in the presence of formic
acid vapor for 210 mins. The spectra were taken at the time
interval of 30 mins. The concentrations of 10-nm Au NPs were
the same for both sample 3a and sample 3c; the concentrations
of 100-nm Au NPs were the same for both sample 3b and
sample 3c.

On the basis of both SEM and optical spectra, following is the
proposed process for the vertical segregation of Au NPs at the
water/air interface. In the stable solution of charge stabilized
colloidal NPs, due to the repulsive electrostatic interaction
between the water/air interface and the charge stabilized NPs
within the solution, there exists a large energy barrier for the
NPs to overcome to be trapped at the interface.'® **> During the
assembly process studied in this work, the vapour of formic
acid filled the desiccator after the evaporation and it also
diffused into the solution of colloidal Au NP through the
water/air interface. The formic acid dissociated in the aqueous
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solution and generated hydrogen ions. The hydrogen ions then
protonated the citrate groups attached at the surface of the Au
NPs and thus reduced the charge density at the NP surfaces. As
more charges became neutralized on the NP surfaces,
electrostatic repulsion between the particles and the water-air
interface decreased. Such decrease helped lower the barrier for
the particles to move to the water/air interface.'® ** To further
prove our hypothesis, we measured the zeta potential of 10-nm
Au NPs (aq) in the presence of formic acid vapor at 0 hour, 2
hours, and 6 hours. The zeta potential peak moved from -45.6
mV to -0.82 mV, which implied that the negative surface
charges had been balanced by H' cations (Figure S10).The
surface charge density of the large citrate capped NPs was less
than that of the small citrate capped NPs (10-nm Au NPs: -
45.6mV;100-nm Au NPs: -20.6mV) (Figure S10). As the vapor
of formic acid diffused into the solution, the large NPs became
destabilized faster than the small NPs, and they were trapped
first at the water/air interface. Once trapped at the interface, the
particles helped lower the overall interface energy.'® *?
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Fig. 4. (a) NPs dispersed in water; (b) NPs trapped at the air-
water interface

As shown in Fig. 4, when the NP moves from inside the water
to the air/water interface, there is a change of interfacial energy
due to the replacement of portion of the air/water interface by
the NP. The energy trap of nanoparticles can be determined by
the following equation:

Etrap = Yair/waterﬂRz(1 - COSB)Z n

where Ey,p is the the overall energy needed (energy trap) to
move the particle back from interface to water, R is the radius
of particles, Yairwater 1S the interfacial surface tension between
air and water, and 0 is the contact angle of individual particles
at the water/air interface. Due to the surface line tension of the
relatively small particle sizes we used in this study (~10-nm-
100-nm), the contact angle at the three phase contact line was
estimated to be close to 90° when these particles were trapped
at the interface (see the Supporting Information for detailed
discussion).”” The calculated energy trap at the water/air
interface can be as large as several hundred kgT (kg is the
Boltzmann constant; T is the temperature), and large NPs in
general have larger energy trap than small NPs (see the
Supporting Information).

After the trapping of the large NPs at the interface, the charge
redistributes to the bottom half of the NPs, with dipoles
pointing down towards the solvation zone close to the bottom
surface of the NPs.'® *2 Such dipoles not only promote the
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dispersion interaction between the large NPs trapped at the
interface, but also attract more large NPs inside solution to the
bottom of the trapped NPs. The newly attached NPs can move
along the first layer to the perimeter of the domain for the
growth of the domain.'” If the domain is too large for an
individual NP to move to the perimeter, the newly attached NPs

can also stick under the domain to form the second layer of NPs.

During this assembly process of large NPs, there is still enough
charge on the surface of small NPs, and the charge-induced
repulsion not only slows down the trapping of small NPs to the
water/air interface, but also prevents the attachment of small
NPs to the large NPs. As large NPs deplete due to the assembly
at the water/air interface, the charge density of small NPs is
further reduced by formic acid. The dipole-dipole interaction
between neutralized small and large NPs within the assembled
film becomes larger than the electrostatic repulsion. At this
stage, the small NPs thus start to attach underneath the large
NPs film and grow into a dense 2™ layer primarily consisting of
small NPs. Besides the dipole-dipole interaction, there might be
other possible forces, for example, hydrogen bonding between—
COOH groups anchored on the small and large NPs, that helps
the assembly between Au NPs.

Fig. 5. (a) Top view and (b) back view SEM images of 50-nm
Au NP /100-nm Au NP size-segregated double layered NP film.
The inset image is side view false-color SEM image of 50-
nm/100-nm layered structure. Scale bar is 500 nm. (c¢) Top view
and (d) back view SEM images of 30-nm Au NP /90-nm Ag NP
size-segregated double layered NP film.

This work also explored the tuning and tailoring of the
structural metrics of vertically segregated double-layer NP film
(i.e. NP size and composition). In fact, the assembly using
solution containing the mixture of 50-nm Au NP solution (NP
size=53.1 + 4.8 nm; zeta potential: -26.1mV) with 100-nm Au
NP solution also resulted in a relatively good vertical size-
segregation (Fig.5a-b and Fig. S11). To expand the
compositional scope of this approach, the solution with mixture
of Au NPs and Ag NPs was also used in the one-step self-
assembly process. As synthesized 90-nm colloidal Ag NPs (NP
size=91.3 = 13.7 nm; zeta potential: -25.2mV) have smaller
charge density and larger particle size than 30-nm colloidal Au
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NPs (NP size=33.0 + 3.8 nm; zeta potential: -30.3mV). The
mixture of these Ag NPs and Au NPs would thus possibly lead
to the size/composition-segregated double-layer NP film. SEM
images reveal that indeed Ag NPs formed a layer first at
interface and Au NP layer grew underneath the Ag NP layer
(Fig.5¢c-d and Fig.S12). These above results further prove the
speculation that the separated trapping of NPs at the interface,
which is related to the gradual reduction of surface charge
density, helps the vertical segregation process. If there is
enough differentiation of the speed of charge neutralization, it
will result in the trapping of NPs at different time and the
vertical segregation.

Conclusions

This report presents the first observation of vertical segregation
of nanoparticles with mixed sizes during one-step interfacial
assembly process. This finding offers opportunity in
engineering the structure and composition vertically for the thin
film of nanoparticles generated in the interfacial assembly. The
controlled assembly process also provides a possible approach
in separating particles that have different responding speeds in
surface charge neutralization. Such separation was evidenced
by the UV-Vis spectroscope study of the assembly solution
with NPs of mixed sizes in the present work. The vertical
segregation observed might also enable the vertical
manipulation of thin film properties, such as the optical and
electronic properties. Such vertical property manipulation,
however, requires the  precise control of  the
micro/nanostructures of the segregated films, such as the
porosity, thickness, and interface between the segregated layers.
Substantial effort is still needed to achieve the above controls
but the results reported in this work help open the door to
develop enabling approaches for applications that involve
vertical engineering of thin films of nanoparticles.
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