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This study proposes a methodology for the fabrication of two-
dimensional assembled colloidal nhanocrystals based on the classi-
cal theory for the surface excess of a short-chain alcohol (butanol)
in an aqueous mixture and Rayleigh—Bénard—Marangoni convec-
tion caused by temperature and/or surface tension gradients due
to the volatilization of butanol at the air—water interface. When
polyvinylpyrrolidone (PVP)-modified anisotropic silver nanoprisms
dispersed in butanol were added into the water phase, the nanopr-
isms were guided to the air—water interface via adsorbed butanol
together with free butanol and formed dense two-dimensional
assemblies through the lateral attraction between nanoprisms as
the adsorbed butanol was volatilized. The obtained dense film
composed of silver nanoprisms exhibited surface-enhanced
Raman scattering (SERS) activity, and in particular, the activity was
largely enhanced by low-pressure plasma treatment. A SERS-based
invisible printing platform that could only be recognized by x-y
SERS mapping was demonstrated with the patterned nanoprism
films.

The importance of metal and semiconductor nanocrystals with
unique optical and electronic properties has been increasing
year by year. Highly ordered assembled structures composed
of these nanomaterials are currently being actively studied for
a wide range of applications, including electronic devices," bio-
sensing,” and nanotherapy.®> Notably, these assembled struc-
tures have not only functions corresponding to the sum of
their individual units but also unique collective properties
derived from the interaction between nanomaterials as
building blocks. A typical example is a dense, two-dimensional
(2D) assembled structure composed of plasmonic metal
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nanocrystals.»> Within the 2D assembled structures of metal
nanocrystals, the coupling of the localized surface plasmon
(LSP) resonance of individual nanocrystals excites a stronger
local electromagnetic field in the nanogap between adjacent
particles, resulting in a significant change in the optical pro-
perties, including resonance wavelengths.’

Although various top-down approaches using beam proces-
sing technology have been proposed to fabricate nanointe-
grated structures, the bottom-up approach using colloidal
nanocrystals synthesized by chemical synthesis still has advan-
tages in terms of cost and convenience, especially in construct-
ing dense 2D assemblies with sub-10 nm gap distances. To
date, a sufficient number of self-assembly techniques have
been established at air-liquid or liquid-liquid interfaces.
These techniques mainly utilize physicochemical interactions
between metal nanocrystals and/or between a metal nanocrys-
tal and the interface induced by using surface modifiers (and
promoters),*’” adding a cosolvent, and evaporating a dis-
persed solvent."®'" In these self-assembly processes, solvents
are key to keeping nanocrystals monodisperse in solution or to
inducing self-assembly through the volatilization of solvents in
the case of the Langmuir-Blodgett (LB) technique.'” The self-
assembly of symmetric particles, such as in spherical colloids,
is relatively easy. However, the self-assembly process becomes
drastically difficult when assembling nanocrystals of other
shapes, especially asymmetric shapes with high aspect ratios,
to adjust functionalities (electromagnetic field intensity, reso-
nance wavelength, etc.). For example, triangular silver nano-
plates (silver nanoprisms, AgPRs) with sharp tips are known to
have excellent plasmonic properties due to the lightening rod
effect, showing a significantly enhanced local electromagnetic
field at controlled wavelengths. However, the fabrication of 2D
assemblies of nanoprisms (side-to-side assembly) remains
challenging'® because the strong attraction acting between the
prism faces (i.e., face-to-face assembly) must be blocked.'*

Polyvinylpyrrolidone (PVP) is known as a shape-directing
polymer that leads to the growth of complex polyhedral-
shaped nanocrystals in the synthetic process and plays an

This journal is © The Royal Society of Chemistry 2022
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important role in one- to three-dimensional assemblies of
metal nanocrystals."”>?° These phenomena are due to the
characteristics of PVP, such as the steric barrier effect that sup-
presses the aggregation of metal nanocrystals even at high con-
centrations,'® electronic interactions with metal atomic
layers,®® and the amphipathic properties of the molecular
chain.'®'®'® By taking advantage of the unique physico-
chemical properties of PVP, the achievement of orientation-
controlled, high-density 2D assemblies of asymmetric nano-
crystals may be possible, even though it has never been
successful.

In this study, we report a methodology to fabricate dense
2D assemblies of PVP-modified AgPRs (side-to-side assembly)
at the air-water interface. The experimental procedure is extre-
mely simple: drop an AgPR butanol dispersion solution into
the water phase in a Petri dish (an open system) and wait a few
hours. Here, the classical theory concerning the surface excess
of a short chain alcohol in an aqueous mixture and Rayleigh-
Bénard-Marangoni convection caused by temperature and/or
surface tension gradients due to volatilization of a solvent are
effectively utilized.

We also present the function of the obtained high-density
2D PVP-modified AgPR film as an invisible printing platform.
Recently, invisible printing platforms, which refer to being
invisible in normal circumstances but recognizable by specific
methods, have attracted much attention for steganography and
watermarking in anti-counterfeiting.”’ AgPR assemblies are
expected to serve as surface-enhanced Raman scattering
(SERS)-based invisible printing platforms due to the properties
of the film having homogeneous plasmonic nanogaps on the
entire surface. SERS signals can be generated only by laser
irradiation of a specific wavelength and are less susceptible to
background noise due to the sharp spectral pattern peculiar to
the structure of the probe molecule. In this study, the potential
of using AgPR assemblies as an invisible printing platform is
explored by x-y SERS mapping measurements of surfaces pat-
terned by low-pressure plasma processing.

AgPRs were synthesized by irradiating a centre wavelength
of 470 + 5 nm light from homebuilt light-emitting diode (LED)
arrays into a colloidal aqueous solution of Ag nanospheres for
24 h; during this process, the light intensity was precisely con-
trolled to minimize nontriangular byproducts.>>** The AgPRs
synthesized by this photoinduced method were stably dis-
persed in an aqueous phase due to the electrostatic repulsive
force of the adsorbed citrate (the detailed synthetic method is
described in the ESI{). The AgPRs were sequentially modified
with 16-mercaptohexadecanoic acid (MHA), polyethyleneimine
(PEI, MW: ~10 000), and PVP (MW: ~55 000) and dispersed in
BuOH (Fig. 1(A)). Initially, we attempted the direct modifi-
cation of AgPRs with PVP, but this process resulted in the irre-
versible aggregation of AgPRs in solution via face-to-face stack-
ing. Therefore, to obtain monodispersed AgPRs, MHA-PEI-
PVP modification was performed in this study. The detailed
surface modification procedures are described in the
Experimental section, and the change in the zeta potential
induced by the stepwise surface reaction is presented in

This journal is © The Royal Society of Chemistry 2022
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Fig. S1 (ESIt). The hydrodynamic diameter of citrate-adsorbed
AgPRs was 25.0 nm in the aqueous phase and that of MHA-
PEI-PVP-modified AgPRs was 118.7 nm in BuOH due to swell-
ing of PVP (and possibly PEI). The extinction spectra shown in
Fig. 1(E) revealed that both citrate-adsorbed and PVP-modified
AgPRs exhibit a prominent extinction peak attributed to the
in-plane dipole plasmon in the longer wavelength region and a
weak shoulder attributed to the in-plane quadrupole plasmon
in the shorter wavelength region, which is peculiar to mono-
dispersed AgPRs.>* The LSP resonance bands of MHA-PEI-
PVP-modified AgPRs were redshifted compared with those of
citrate-adsorbed AgPRs due to the increase in the local refrac-
tive index (n) of surrounding AgPRs (the refractive indices of
MHA, PEI, and PVP (n = 1.48-1.53) as well as that of BuOH (n =
1.40) are larger than that of water (n = 1.33)).>°

2D assemblies of AgPRs were simply prepared through the
dropwise addition of MHA-PEI-PVP-modified AgPRs (400 pL)
in a BuOH dispersion to Milli-Q water (8000 pL) in a Petri dish
at room temperature (Fig. 1(B)). When the BuOH dispersion
was added into the water phase, most of the AgPRs were dis-
solved in the water phase with BuOH and formed a transparent
purple solution (from this point, MHA-PEI-PVP-modified
AgPRs will be simply abbreviated as “AgPRs”). However, a
certain amount of AgPRs appeared at the air-water interface
and spontaneously formed assemblies within a few hours.
After approximately 2 h, more than 70% of the liquid surface
was covered with the dark purple-coloured AgPR self-
assembled film (see the video in the ESIf). The dropping
of the BuOH colloidal solution of AgPRs into water at higher
temperatures (e.g., 45 °C) induced faster AgPR assembly on the
water surface faster than that observed at room temperature,
and the AgPR assemblies became nonuniform (Fig. S2t). On
the other hand, when the experiment was conducted at room
temperature, uniform AgPR assemblies were formed reprodu-
cibly. The volume ratio of colloidal BUOH to water was deter-
mined by considering the number of nanoparticles necessary
to fully cover the Petri dish surface (~24 ecm®) with the 2D
assemblies and the critical miscibility of BUOH with water
(720 pL (BuOH)/8000 pL (water)). When the volume of BuOH
exceeded this critical value, BUOH and water separated into
two phases.

The AgPR-assembled film transferred onto a glass plate
exhibited a uniform blue colour (Fig. 1(C)). A SEM image of
the AgPR film transferred onto silicon wafers confirmed the
formation of uniform, dense 2D assemblies of AgPRs over a
large area (Fig. S31). The transmission electron microscopy
(TEM) image (Fig. 1(D)) confirmed that the film was composed
of a AgPR monolayer (side-to-side assemblies) with a gap dis-
tance of 5.0 + 0.4 nm. The extinction spectrum of the AgPR
assembled film (Fig. 1(E)) was redshifted by 84 nm with a
broadened LSP resonance peak, attributed to the coupling of
the in-plane dipole plasmon between AgPRs in close
proximity.

The versatility of this unique nanoparticle assembly pro-
cedure was confirmed by using nanocrystals of other shapes
and sizes, such as gold nanospheres (diameter of 16 + 2 nm),
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Fig. 1 Formation processes of AgPR assemblies and their morphological and optical properties. (A) Stepwise surface modification of AgPRs with
MHA, PEI, and PVP. (B) Assemblies of MHA—-PEI-PVP-modified AgPRs at the air—water interface. (C) A photograph of the AgPR film transferred onto
a glass substrate and SEM images of the AgPR film transferred onto a Si-wafer. (D) TEM images of the AgPR film. (E) Extinction spectra of (a) an
aqueous dispersion of citrate-adsorbed AgPRs, (b) a dispersion of MHA—PEI-PVP-modified AgPRs in BUOH and (c) AgPR assemblies transferred to a

glass plate (corresponding to (C)).

large-sized AgPRs (edge length of 59 + 7 nm), and gold nano-
stars (size of 93 + 12 nm), as shown in Fig. 2(A). All these par-
ticles modified with MHA-PEI-PVP formed high-density
2D assemblies (Fig. 2(B)), could be transferred onto glass sub-
strates (Fig. 2(C)) in a similar manner to the
original AgPRs and exhibited optical properties dominated by
plasmon coupling between the nanocrystals (Fig. 2(D)). It
should be noted that spherical particles could form 2D self-
assemblies via direct modification with PVP without MHA-PEI
treatment.

Compared with other self-assembly techniques involving
metal nanocrystals at the air-water (or liquid/liquid) interface
using PVP modification,"””"*?® our proposed method has a
unique characteristic of self-assembly due to its combination
of (i) spontaneous ascent and self-assembly from a dispersed

9280 | Nanoscale, 2022, 14, 9278-9285

system, (ii) the necessity of BuOH as a solvent mixed with the
water phase, and (iii) the necessity of an “open” system. The
extinction spectrum of the AgPRs in the BuOH-Milli-Q water
mixture (after the dropwise addition of BuOH dispersion into
Milli-Q water) maintained the in-plane dipole mode at 532 nm
and the in-plane quadrupole at 420 nm, as in the BuOH dis-
persion, and these LSP resonance bands gradually attenuated
with the formation of assembled films at the air-water inter-
face, as shown in Fig. S4.1 This result indicates that the AgPRs
spontaneously ascended to the air-water interface and
assembled while maintaining a monodispersed state in the
solution (no particle aggregation in the solution).

The necessity of BuOH was confirmed by performing the
same experiments with other solvents, such as ethanol,
acetone, methanol and ethylene glycol (Fig. 3 and S57). In the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Assembly of various metal nanocrystals by using the developed methodology: (a) Au nanospheres with a diameter of 16 + 2 nm, (b) AgPRs
with an edge length of 59 + 7 nm, and (c) Au nanostars with a size of 93 + 12 nm. These assembled films were prepared at the air—water interface by
dropping a BuOH dispersion (400 pL) into the water phase (8000 pL) and leaving it for 2 h. (A) Photographs of the films at the air—water interface, (B)
TEM images, (C) photographs of films transferred onto glass substrates, and (D) extinction spectra of the BUOH dispersion (black lines) and the trans-

ferred films (red lines).

series of experiments, magnetic stir-bar mixing was used to
mix the solution for 10 s in consideration of the different misc-
ibilities of the solvents with water (Fig. 3(A)). The result for the
BuOH system (Fig. 3(B)(a)) was the same as that in Fig. 1:
close-packed monolayer formation with a constant gap dis-
tance between AgPRs was clearly visualized even though some
nontriangular Ag nanoplates were incorporated. In contrast,
only a slight film formation was observed with ethanol and
acetone (Fig. 3(B)(c) and (e)), and no signs of film formation
were observed with methanol and ethylene glycol (Fig. S57).
The degree of assembly with different solvents was estimated
not only by the macroscopic surface coverage at the air-water
interface (Fig. 3(B)(a), (c) and (e)) but also from the density of
particles obtained from the TEM images (Fig. 3(B) (b), (d) and
(f)), as summarized in Fig. 3(C). The AgPRs modified with
MHA-PEI-PVP could be dispersed in Milli-Q water without
organic solvents, but no clear AgPR assemblies were detected
in the pure water system. Furthermore, when the BuOH-Milli-
Q water mixed solution was kept in a Petri dish covered with a
lid, no AgPR assemblies were found over 40 h (Fig. S61). The
necessity of an open system is key to understanding the self-
assembly mechanism.

The solvent-selective AgPR assembly mechanism seems to
be composed of the following two processes: (1) transportation
of the nanocrystals from the bulk phase to the air-water inter-
face and (2) self-assembly of the nanocrystals at the air-water
interface. We assume that the strong interaction between

This journal is © The Royal Society of Chemistry 2022

BuOH and PVP adsorbed on the outermost AgPRs plays an
important role in these processes (Scheme 1).

PVP adsorbed on AgPRs is an amphipathic polymer. Amide
groups in the pyrrolidone rings of PVP can be hydrated in an
aqueous solution, whereas neutral BuOH interacts with PVP
more strongly than water via an additional hydrophobic inter-
action between the butyl group and the hydrocarbon backbone
of PVP.>” The extinction spectra and zeta potential data shown
in Fig. S7 and S8t confirmed that BuOH is retained on the
AgPR surface in the BuOH-Milli-Q water mixed solution. A
short-chain alcohol is known to adsorb strongly onto the air-
water interface in an aqueous mixture and to form a stable
monolayer at maximum surface excess, where hydrophobic
hydration is no longer retained.?®**"' The adsorption of butanol
could be experimentally confirmed by surface tension
measurements and analysis based on the Gibbs adsorption
equation (see Fig. S91). This phenomenon occurs even in our
three-component system composed of water, BuOH, and
BuOH-adsorbed AgPRs. Furthermore, the surface excess BuOH
at the air-water interface preferentially volatizes in an open
system,*?
over time (see Fig. S9t). Consequently, microscopic tempera-

as evidenced by an increase in the surface tension

ture and surface tension gradients due to the volatilization of
BuOH cause Rayleigh-Bénard-Marangoni convection®® and
transport the BuOH-adsorbed AgPRs to the air-water interface.
The BuOH-adsorbed AgPRs, which are floating at the air-water
interface, are spontaneously assembled by the lateral force

Nanoscale, 2022, 14, 9278-9285 | 9281
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Influence of mixing solvents on AgPR assembly: (a) BUOH, (c) EtOH, and (e) acetone. (A) Schematic of the experimental procedure. A AgPR

dispersion was added dropwise into Milli-Q water and mixed with a magnetic stirrer for 10 s. The mixed solution was left for 2 h in a Petri dish. (B)
Photographs of the air—water interface after 2 h, and TEM images of the transferred films. (C) Macroscopic surface coverage obtained from the
photographs of the air—water interface (a), and microscopic surface coverage obtained from the TEM images (b). Both values were estimated by
using ImageJ software. No film formation was observed with methanol and ethylene glycol (data not shown).

along the interface induced by the convection flow and lateral
attraction (probably both hydrophobic and van der Waals
interactions) between AgPRs when surface excess BuOH is
volatilized. The contact angle of the AgPR surface was ~50
degrees soon after the film formation due to the adsorbed
BuOH but reduced with time.

The solvent selectivity for AgPR assembly shown in Fig. 3
proves the rationality of our description. Ethanol and acetone
produced incomplete, small amounts of AgPR assemblies at
the interface, while methanol and ethylene glycol hardly pro-
duced any assemblies. When the hydrocarbon chains of alco-
hols become too short, preferential adsorption of alcohols on
AgPRs with PVP and surface excess at the air-water interface
(surface tension gradients between the bulk and interface) are
significantly reduced (see Fig. S9f). As a result, Rayleigh-
Bénard-Marangoni convection is not sufficiently induced, and
the AgPRs are not transported to the interface for self-assem-
bly. Ethylene glycol strongly adsorbs on PVP via two hydroxyl
groups compared with ethanol, but its surface excess is

9282 | Nanoscale, 2022, 14, 9278-9285

smaller than that of ethanol (see Fig. S91),>* and AgPR assem-
blies cannot be achieved. The fact that BuOH with a saturated
vapour pressure lower than that of EtOH and acetone was the
most effective solvent for assembly refutes the possibility that
the assembly is caused by temperature gradients due to volatil-
ization of the solvent.

Although a previous study used colloidal BuOH for self-
assembly at the air-water interface,"® the assembly mechanism is
quite different. In the previous study, BuOH was used as a spread-
ing solvent in a conventional Langmuir film formation. In con-
trast, in our study, BuOH was used as a material that drives
Rayleigh-Bénard-Marangoni convection via surface excess and
volatilization. In our method, individual AgPRs ascend at the air-
water interface from the bulk aqueous phase and form highly
oriented side-to-side assemblies after floating at the interface; ie.,
face-to-face nonuniform assemblies are unlikely to form even for
anisotropic nanoparticles with high aspect ratios.

This assembly methodology of nanocrystals at the air-water
interface from a dispersion solution using the surface excess

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Application of AgPR assemblies to invisible information recording based on SERS mapping. (A) Process of recording invisible information on
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(C) SERS spectra of the AgPR assemblies as-prepared (a) and in the masked (b) and unmasked (S-shaped) (c) regions after low-pressure plasma treat-
ment and immobilization of MBA. (D) Relative standard deviation (RSD) of the SERS signal intensities at 1587 cm™ obtained at 30 random points in

the masked (a) and unmasked (b) regions.
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in an aqueous mixture is considered to be highly versatile and
effective because the reaction is thermodynamically controlled
and quite reproducible and the solvent involved is eventually
removed by volatilization during the assembly process.

In this study, the AgPRs, which exhibit a strong electromag-
netic field through excitation of the in-plane dipole mode,*”
formed dense 2D assemblies with parallel arrangements. Here,
the plasmon coupling between the in-plane dipole modes gen-
erated a stronger electromagnetic field in the nanogaps
between AgPRs. The AgPRs were sufficiently protected with
MHA, PEI, and PVP. By taking advantage of these character-
istics, in this study, we demonstrated an invisible printing plat-
form application based on the SERS phenomenon, which can
be realized on AgPR assemblies. As shown in Fig. 4(A), a glass
plate mask (thickness: 1.5 mm) hollowed out in an “S” shape
(S-shape size: 6.0 x 4.5 mm?) was placed on the AgPR assem-
blies on a glass substrate and crimped. The sample plate was
treated with low-pressure plasma (intensity: 10; time: 60 s), the
mask was removed, and the plate was immersed in a 1 mM
MeOH solution of mercaptobenzoic acid (MBA) for 1 h to
immobilize the MBA on the AgPR assemblies. After washing
the plate with MeOH, an x-y SERS mapping measurement was
performed on the assemblies (the detailed measurement con-
ditions are described in the Experimental section in the ESIT).
Fig. 4(B)(a) shows a photograph of AgPR assemblies modified
with MBA after low-pressure plasma treatment. The AgPR
assemblies were observed as a uniform blue film. Under
normal circumstances, the masked and unmasked areas were
indistinguishable, a so-called “invisible state”. In contrast, as
shown in Fig. 4(B)(b), the SERS mapping image of the same
region clearly visualized the masked and unmasked regions
based on the signal intensity derived from the SERS spectrum
of MBA (Fig. 4(C)). The signal intensity in the unmasked area
(Fig. 4(C)(c)) was 2.5-fold higher than that in the masked area
(Fig. 4(C)(b)). The SERS spectrum of AgPR assemblies before
the treatment did not show a SERS peak at approximately
1587 em™" (Fig. 4(C)(a)), indicating that the SERS signals were
derived from immobilized MBA. The assignment of SERS
signals is shown in Fig. $10.1***” The amplification of the
SERS signal in the patterned region is due to the increase in
the amount of adsorbed MBA induced by decomposition of
the surface modifiers and to the plasmon-derived signal
enhancement induced by the direct adsorption of MBA on the
bare AgPRs. Consequently, the SERS signal of the AgPR assem-
blies was selectively amplified in the area hollowed out in the
S-shape, and the S-shape was visually recognized by 1587 cm ™
SERS signal mapping as a “visible state”.

These results demonstrate that the AgPR assemblies func-
tion as a SERS-based invisible printing platform that can only
be recognized by x-y SERS signal mapping. Fig. 4(D) shows the
1587 cm™" SERS intensity obtained by measuring 30 random
points within the masked and unmasked areas. The relative
standard deviations of the SERS intensities in the masked and
unmasked regions were 7.8% and 10.5%, respectively. This
result guarantees the high resolution of information visible by
SERS mapping measurements.
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Conclusions

In summary, we succeeded in forming a high-density 2D
assembled film composed of parallelly arranged anisotropic
AgPRs by spontaneous adsorption of AgPRs from a BuOH
aqueous mixture solution onto the air-water interface, in
which surface excess butanol and Rayleigh-Bénard-Marangoni
convection due to volatilization of butanol were key. This tech-
nique is applicable to forming assemblies of plasmonic nano-
crystals with various sizes, shapes, and metallic species. This
assembly methodology for nanocrystals is highly versatile and
effective for forming unique higher-order structures because
the thermodynamically controlled reaction is quite reproduci-
ble and the solvent involved is eventually removed by volatiliz-
ation during the assembly process. The AgPR assemblies func-
tion as a SERS-based invisible printing platform only recogniz-
able by x-y SERS mapping. This developed technology has
potential applications for steganography and watermarking in
banknote anti-counterfeiting, for example. Although x-y SERS
mapping measurements are not currently a high-throughput
process, it is expected that the applications of plasmonic invis-
ible printing platforms will be enhanced by improvements in
SERS measurement technologies.
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