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ABSTRACT: The self-assembled gold nanoparticle (NP) superlattice
displays unusual but distinctive features such as high mechanical and free-
standing performance, electrical conductivity, and plasmonic properties,
which are widely employed in various applications especially in biological
diagnostics and optoelectronic devices. For a two-dimensional (2D)
superlattice monolayer film composed of a given metal nanostructure, it is
rather challenging to tune either its plasmonic properties or its optical
properties in a reversible way, and it has not been reported. It is therefore of
significant value to construct a free-standing 2D superlattice monolayer film
of gold nanoparticles with an intelligent response and desired functions.
Herein, we developed an easy and efficient approach to construct a gold
nanoparticle superlattice film with a dual-responsive plasmonic switch. In this
system, gold nanoparticles were coated by polyaniline (PANI) and then
interracially self-assembled into a monolayer film at the air−liquid interface. The PANI shell plays two important roles in the
superlattice monolayer film. First, the PANI shell acts as a physical spacer to provide a steric hindrance to counteract the van der
Waals (vdW) attraction between densely packed nanoparticles (NPs), resulting in the formation of a superlattice by adjusting the
thickness of the PANI shell. Second, the PANI shells provide the superlattice film with multiple stimuli such as electrical potential
and pH change, leading to reversible optical and plasmonic responsiveness. The superlattice monolayer film can show a vivid color
change from olive green to pink, or from olive green to violet by the change of the corresponding stimuli. Also, the localized surface
plasmonic resonance (LSPR) of the superlattice monolayer film can be reversibly modulated by both by changing the local pH and
applying an electric potential. Notably, a significant plasmonic shift of 157 nm can be achieved in the superlattice monolayer film
when the PANI shell with a thickness of 35 nm and gold nanorods as a core were used. The superlattice monolayer film with dual-
responsive plasmonic switches is promising for a range of potential applications in optoelectronic devices, plasmonic and
colorimetric sensors, and surface-enhanced Raman scattering (SERS).
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1. INTRODUCTION

The self-assembly of inorganic nanoparticles (NPs) into a two-
dimensional (2D) highly ordered array is of great significance
in various fields such as electrical,1,2 optical,3,4 and magnetic
devices.5,6 Unlike the top-down methodologies including
electron beam lithography (EBL),7,8 photolithography,9 and
nanostencil lithography,10 which typically require expensive
equipments and are time-consuming, recently, bottom-up
interfacial self-assembly has become an alternative strategy
for constructing a 2D superlattice monolayer film that has large
area and low cost and is easy to transfer.11−13 Ordered
nanoparticles arrays are primarily implemented with entropy-
driven self-assembly strategies, such as by evaporation
induction or destabilization.14 It is worth noting that in the
self-assembly process, the van der Waals (vdW) forces between
the nanoparticles are particularly strong, especially between
metal particles.15 The effective method to resist vdW attraction

is to provide steric hindrance by introducing soft ligands
(molecules, DNA, polymers).16 Therefore, embedding nano-
particle in the ligands is an effective and widely used approach
to prevent excessive and disorderly packing. Using small-
molecule ligands, the spacing of adjacent particles can be
reduced to a small range of 1.2−2.3 nm,17 which is of great
importance for surface-enhanced Raman scattering (SERS).
It is important to point out that small-molecule ligands

usually have a big challenge of inducing larger-sized nano-
particles for assembly into 2D or three-dimensional (3D)
superlattices. These can be ascribed to the increase in the vdW
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attraction and the loss of active chain mobility on the surface of
the NPs with the increase in the size of the NPs.18 Such
limitations could be effectively solved by introducing big
molecules such as DNA or polymers, which often result in
more spaces than that in small molecules. To date, a number of
gold nanoparticle superlattices have been explored and the
formed ordered arrays of nanoparticles have more distinctive
collective properties than those of isolated nanoparticles or
even disordered nanoparticle assemblies. For example, a
nanoparticle superlattice can provide a coherent vibration
mode19 and increase p-type conductivity.20 Superlattices of
polymers and DNA-grafted nanoparticles show unusual
mechanical properties13 and distinctive plasmonic properties.12

To achieve a highly ordered arrangement of tunable optical
responses, the gap between nanoparticles in traditional
nanocrystal superlattices needs to be precisely controlled and
greater than its coupling limit (more than 2.5 times the particle
size).21 It is also very important that the distance between the
nanoparticles or the dielectric environment can be easily
changed. Duan22 et al. constructed amphiphilic gold nano-
particles by grafting polymers to form a 2D array with pH
response at the oil−water interface. Cheng12 et al. reported
that PS-coated gold nanorods (Au NRs) by polymer-mediated
interfacial self-assembly method were constructed into
horizontal sheets (H-sheets) and vertical sheets (V-sheets)
with different plasmonic properties, respectively. Mulvaney23 et
al. used the thermally responsive polymer (poly(N-isopropy-
lacrylamide) (PNIPAM)) to graft the Au nanoparticles to
construct a 2D superlattice film as an optical switch having a
short response time and high reversibility can be realized. The
reported responsive plasmonic systems usually had no
superlattice structures, complex plasmonic mechanisms, or
low plasmonic sensitivity, which limit their broader real-world
applications.24−26 Recently, free-standing, single-nanoparticle-
thick plasmonic superlattice films have been introduced for a
wide range of applications in microanalysis, sensor design, and
optics.27−30 However, due to the urgency of customizable new
materials with tunable optical properties, the unique optical
and electronic properties of nanoparticles are used to prepare
self-assembled film with a macroscopically tunable optical
superlattice array.
Herein, we report a method to use Au NPs@polyaniline

(PANI) core/shell nanostructures for the self-assembly into a
macroscopic 2D superlattice monolayer film at the oil−water
interface. The PANI shell acts as a physical barrier to prevent
attraction between the gold nanoparticles and prevent
plasmonic coupling, which induces the orderly assembly of
the gold nanoparticles as the shell thickness increases within a
certain range. The pH and potential changes of the external
environment cause the PANI shell to provide different
dielectric environments, allowing the entire 2D superlattice
monolayer to exhibit reversible plasmonic characterization and
macroscopic color response.

2. METHODS
2.1. Materials. Chloroauric acid (HAuCl4·3H2O, 99.9%) and

cetrimonium bromide (CTAB) (>99.0%) were bought from Sigma-
Aldrich. Trisodium citrate dehydrate (SC, ≥99.0%), tris-
(hydroxymethyl)aminomethane (TB, GR), n-hexane (GR), sodium
borohydride (NaBH4, 99.0%), ascorbic acid (AA, 99.7%), silver
nitrate (AgNO3, >99.0%), and hydrochloric acid (HCl, 37 wt % in
water) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai). Sodium dodecyl sulfate (SDS, ACS, ≥99.0%), aniline
(ACS, ≥99.0%), ammonium persulfate (AR, ≥98%), and ethanol

absolute were obtained from Aladdin. All chemicals were used
without further purification. Deionized water was used throughout the
experiment process.

2.2. Characterization. UV−vis absorption spectra were recorded
by a TU-1810 UV−vis spectrophotometer provided by Purkinje
General Instrument Co., Ltd. Field-emission scanning electron
microscopy (SEM) measurements were carried out using an S-4800
instrument (Hitachi) at an acceleration voltage of 8 kV. Transmission
electron microscopy (TEM) was performed on a JEOL JEM-2100F
electron microscope operating at 200 kV. Electrochemical measure-
ments were performed on a CHI 660 electrochemical workstation
(Chenhua Instrument Company, Shanghai, China).

2.3. Synthesis of Au NPs. Au NPs with a diameter of 35 nm were
synthesized according to our reported method.31,32 Briefly, SC (10
mL, 33 mM) was continuously added to boiling deionized water (140
mL) for 40 min. Then, fresh HAuCl4 (1 mL, 25 mM) and TB
solution (5 mL, 0.1 M) were sequentially added (time delay 60 s)
with the temperature of the oil bath maintained at 137 °C. After 20
min, the temperature of the oil bath was reduced to 100 °C. Then,
HAuCl4 (1 mL, 25 mM) was injected twice into the solution at an
interval of 20 min to improve the shape and size uniformity of the
nanoparticles.

2.4. Synthesis of Au NRs. Synthesis of Au NRs was according to
a previously reported method.33−35

2.5. Synthesis of Au NPs@PANI Core/Shell Nanostructures.
The Au NPs@PANI core/shell nanostructures were prepared
according to the previous method with some modifications.36 The
as-synthesized Au NPs (15 mL) were concentrated at 5500 g for 10
min to remove the supernatant. Then, the precipitate was redispersed
in a mixture of aniline (2 μL) and SDS (2.5 mL, 40 mM). Then, the
solution was shaken vigorously for 1 min. The resultant solution was
mixed with an acidic (NH4)2S2O8 solution (15 mL, 2 mM in 10 mM
HCl) and further shaken for 30 s. Finally, the mixture was incubated
at room temperature. The polymerization time can be changed to
obtain a series of core/shell structures with different shell thicknesses.
The PANI coating on the Au NRs followed the same procedure as the
Au NPs with polymerization for 12 h.

2.6. Fabrication of Au NPs@PANI Core/Shell Superlattice
Monolayer Film. The Au NPs@PANI core/shell nanostructure
monolayer film was prepared according to our previous method with
some modifications.37 Briefly, the core/shell nanostructures (8 mL)
and deionized water (3 mL) were added into a glass culture dish (6
cm in diameter), and hexane (10 mL) was slowly added to the surface
of the aqueous solution to form an oil−water interface. Then, ethanol
(10 mL) was injected into the aqueous solution at a uniform rate (0.4
mL/min). After the injection, the culture dish was covered with a
glass slide to control the slow evaporation of hexane. The superlattice
monolayer film was deposited on a transparent indium tin oxide
(ITO) substrate and then immersed in water overnight to remove
excessive SDS. Thereafter, it was immersed in a 0.1 M HCl solution
for 1 h to obtain the doped emeraldine salt (ES) state of PANI.

2.7. Spectroelectrochemical Properties of Au NPs@PANI
Superlattice Monolayer Film. The film on ITO was used as a
working electrode, a platinum wire electrode as a counter electrode,
and an Ag/AgCl (3 M KCl) electrode as a reference electrode. A
solution of NaCl (0.5 M) in HCl (0.01 M) was used as an electrolyte.
When an external voltage was applied to the film on the surface of the
ITO, the color change of the film was observed in a very short time.
However, we recorded the UV−vis spectra after applying the voltage
for 20 s to ensure the entire conversion of the PANI shells.
Spectroelectrochemical properties of Au NRs@PANI core/shell
nanostructure monolayer film followed the same process as that for
the superlattice monolayer film.

2.8. pH-Responsive Properties of Au NRs@PANI Core/Shell
Monolayer Film. Monolayer film with Au NRs@PANI core/shell
nanostructures was deposited on ITO placed into water whose pH
was adjusted using NaOH (1 M) or HCl (1 M) solution. Similarly, we
record the UV−vis spectra after dropping for 20 s to ensure the
complete proton exchange of the PANI shells.
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3. RESULTS AND DISCUSSION

3.1. Preparation Procedure of Au NPs@PANI Nano-
particle Superlattice Film. The preparation procedure and
the principle of macroscopic Au NPs@PANI core/shell
nanostructure superlattice monolayer film with dual-responsive
plasmonic switches are shown in Scheme 1. The Au NPs@
PANI core/shell nanostructures were realized through
surfactant-assisted chemical oxidative polymerization of aniline
in the presence of Au NPs. Then, Au NPs@PANI core/shell
nanostructures self-assembled into a monolayer film at the oil−
water interface. Using the optimized thickness of the PANI
shell, the monolayer film can spontaneously form highly
ordered structures (Scheme 1A). The optical color changed
and reversible reactions of plasmonic properties were achieved
by pH and potential stimulation (Scheme 1B).
3.2. Characterization of Au NPs@PANI Core/Shell

Nanostructures. The transmission electron microscopy
(TEM) images (Figure 1a,b) displayed Au NPs before and
after the PANI coating. The average diameter of the Au NPs
was 35 ± 3 nm. The Au NPs@PANI core/shell structures with
different shell thicknesses (Figure 1c−h) were obtained by
different times of polymerization. After two polymerization
cycles, PANI with a shell thickness of 80 ± 10 nm was
obtained (Figure S1). The UV−vis spectra of the Au NPs and
the Au NPs@PANI core/shell nanostructures with different
thicknesses of the PANI shell in aqueous solution were
displayed in Figures 1i,j, S2, and S4. As the thickness of the
PANI shell increased, the localized surface plasmonic
resonance (LSPR) peak of the Au NPs@PANI core/shell
nanostructures consistently red-shifted as well as the dispersion
color changed from pink to brown (Figure 1j). According to
previous reports,32 polymerization time was used to adjust the
core/shell nanostructures with different shell thicknesses.
3.3. Fabrication of Large-Area Au NP Monolayer Film.

The monodisperse Au NPs were assembled into a large-area
monolayer film at the water/n-hexane interface by injecting
ethanol into the Au NPs solution. This method was utilized for
self-assembly into a monolayer film over a large area; however,
the assembled monolayer films were often accompanied by a

large number of voids features due to the excess charge on the
Au NPs surface.37,38 In addition, due to the fixation of the
transferred nanoparticles and the substrate, it was difficult to
tune the plasmonic signature of the film by external conditions
such as pH and voltage.39 These disadvantages make it difficult
to achieve the transfer of the 2D nano-monolayer film onto
other substates for subsequent applications.

Scheme 1. (A) Schematic Illustrations of the Fabrication Process of Free-Standing Au NPs@PANI Superlattice Monolayer
Film at the Air−Water Interface and (B) Monolayer Film Stimulated by pH or Potential and Chemical Structures of
Resveratrol (LB), ES, and Pernigraniline Base (PB) States of PANI

Figure 1. (a) TEM image of the uncoated Au NPs and (b) TEM
image of Au NPs@PANI core/shell nanostructures with a shell
thickness of 35 ± 3 nm. (c−h) TEM images of Au NPs@PANI core/
shell nanostructures with different shell thicknesses. (i) Magnified
UV−vis spectra of Au NPs and Au NPs@PANI core/shell
nanostructures in aqueous solutions and (j) the optical photograph
of the LSPR peak position of PANI to Au NPs as a function of the
PANI shell thickness. The scale bars are (a−h) 50 nm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c01983
ACS Appl. Mater. Interfaces 2020, 12, 11296−11304

11298

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01983/suppl_file/am0c01983_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01983/suppl_file/am0c01983_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01983?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c01983?ref=pdf


The PANI shell as a stimuli-sensitive linker was coated on
the surfaces of gold nanoparticles to obtain pH- and electrical-
responsive properties, according to the previous report.36

Then, the hexane was carefully injected onto the surface of the
Au NP@PANI aqueous solution to form an incompatible oil−
water interface. The nanostructures were trapped at the
interface to form a monolayer film by uniformly adding ethanol
to the aqueous solution. Mainly due to the competitive
adsorption of ethanol, the surface charge was gradually reduced
and the contact angle (less than 90°) of the hydrophilic
nanoparticles tended to be 90°, the particles preferentially sank
into the interface (Figure 2a−f).40 Interestingly, the increase of
the shell thickness leads to the gradually ordered arrangement
of the nanostructures.
3.4. Fabrication of Large-Area Au NP Monolayer

Superlattice Film. It is well known that the steric hindrance
of polymer ligand−ligand can generally counteract the vdW

attraction between adjacent NPs, enabling superlattice self-
assembly.16 The particle orientation of the final superlattice
can be determined by manipulating the chain length of the
polymer to control the interaction between the nanoparticles.41

It was also reported42 that short ligands would lead to the
formation of cracks and multilayered disordered structures.
The assembled structures exhibited a disordered and loose
structure when long ligands are used. These orientations can
be explained by the interaction forces based on the nanoscale
between the particles during assembly. The steric hindrance
brought by the long ligand outweighs the vdW forces, and the
short ligand makes the steric hindrance dominant. NPs with a
thin PANI shell (3−13 nm) were distributed at the oil−water
interface. It was easy to find that NPs formed island-like
clusters during the self-assembly (Figure 2a−c). As the shell
thickness increases further (25−35 nm), the arrangement
gradually tends to become ordered (Figure 2d,e). When the

Figure 2. SEM images of interfacial Au NPs@PANI nanostructure monolayer films. (a−f) SEM images of Au NPs@PANI nanostructure
monolayer films with different shell thicknesses. The scale bars are (a−c) 200 nm and (d−f) are 400 nm.

Figure 3. Au NPs@PANI core/shell nanostructures superlattice monolayer films. SEM image (a), TEM image (b), and fast Fourier transform
(FFTs) of monolayer films (c) and the corresponding photographs (d−i) of Au NPs@PANI superlattice monolayer films transferred onto different
substrates: ITO, silicon wafer, PDMS, filter paper, coin, and copper grid. The scale bars are (a) 500 nm, (b) 200 nm, (d−h) 0.5 cm, and (i) 0.1 cm.
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thickness of the PANI shell is increased to about 50 nm, a
superlattice monolayer film was obtained (Figure 2f). After two
polymerization cycles, the superlattice array feature in the film
of the Au NPs@PANI nanostructures with a thick (80 ± 10
nm) PANI shell (Figure S2) was disappeared (Figure S3). It is
suspected that the inhomogeneity can be ascribed to the broad
particle size distribution of the nanostructures and electrostatic
repulsion against long-range vdW interaction.36,39

According to the oil−water interfacial self-assembly method,
a large area of 2D superlattice monolayer film (centimeter
scale) can be fabricated by selecting the appropriate PANI
shell thickness and particle core size (Figure 3a). A fast Fourier
transform (FFT) analysis of the respective electron micrograph
with well-defined spots indicated a high degree of order with
Au NPs@PANI (Figure 3b,c), which was similar to other
superlattice-related reports.13 Simultaneously, the transferabil-
ity of the superlattice film was verified; so, it can be transferred
to various substrates, such as ITO, silicon wafer, poly-
(dimethylsiloxane) (PDMS), filter paper, coin, and copper
grid (shown in Figure 3d−i) to develop subsequent functional
devices.43

3.5. Dual-Responsive Plasmonic Behavior. In the
environment of different pH values and redox states, PANI
can exist in three states: emeraldine salt (ES), resveratrol (LB),
and pernigraniline base (PB).44 Each state has a different
refractive index. By adding acid or base, PANI can exist in the
ES or PB state by doping and dedoping of protons. It should
be noted that the absorption peak position of Au NPs was too
close to the peak position of PB, which made it difficult to
determine the specific plasmonic peak shift. It has been
reported that through electrochemical control in the aqueous
or nonaqueous phase, the ES state of PANI shells can be
reversibly transformed into the LB state. The superlattice
monolayer film was transferred onto the ITO substrate.
Considering the redox of PANI and avoiding damage to
ITO.45 The selection voltage range was −0.3 to 0.5 V. The
slightly acid brine solution (0.5 M NaCl in 0.01 M HCl) could
obtain a greater plasmonic peak shift.46 The deposited ITO of
the superlattice monolayer film was immersed in aqueous
hydrochloric acid for 6 h to ensure that all PANI shells were
converted to the ES states. The real-time observation of the
spectral changes of the Au NPs@PANI core/shell nanostruc-
ture monolayer film under the electrochemical switching was
achieved using a custom-designed electrochemical cell, as
schematically shown in Figure S10. In Figure 4a, the UV−vis
spectra are displayed at different voltages in the electrolyte.
From the voltage of −0.3 to 0 V, the position of the plasmonic
peak did not change much because of the characteristics of the
LB state. The mutation point started at 0 V, and the
absorbance around 800 nm began to increase. These
phenomena indicated that the LB state began to convert to
ES. Overall, from −0.3 to 0.5 V, the position of the LSPR was
approximately 12 nm (from 548 to 536 nm; Figures 4a,b and
S5). Plasmonic responsiveness of the superlattice monolayer
film can be explained using the mechanism as illustrated in
Figure 4e. After 10 voltage cycles, we found that the position of
the LSPR remains stable, indicating that the reversible stability
of the superlattice film for voltage-controlled plasmonic peak
shifts (Figure 4c). The response time of the PANI shell state
transition at a constant voltage can be seen from the current
curve in Figure S6. To further verify the stability of the
monolayer film, 100 cyclic voltammetry (CV) cycles were
tested within the range from −0.3 to 0.5 V (vs Ag/AgCl) at

100 mV/s. The CV measurement (Figure 4d) showed no
significant decrease in electroactivity in the curve after 100
cycles, demonstrating the electrochemical stability of the
superlattice film.
To achieve a double responsive signal, the Au NPs were

replaced with Au NRs. Figures 5a,b and S7 displayed SEM
images of the Au NR monolayer film before and after PANI
coating. The average length and diameter of the Au NRs were
100 ± 7 and 48 ± 5 nm, respectively. The average thicknesses
of the PANI shells on Au NRs were 35 ± 5 nm. The UV−vis
spectra of the Au NRs before and after PANI coating in
aqueous solution are shown in Figure 5c. The bare Au NRs
displayed an ensemble longitudinal plasmon resonance wave-
length of 685 nm in aqueous solution. The conductive ES form
peak of PANI is located at around 800 nm in acid aqueous
condition. When the pH was adjusted to 11, PANI was
changed from the ES to the PB form, and the peak around 800
nm was shifted to about 560 nm, which was the characteristic
of the PB form (Figure 5d).47

Obviously, the longitudinal plasmon peak of the Au NRs
showed a huge red-shift from 665 to 822 nm (Figure 5c), as
PB has a much bigger refractive index than ES.46 In our system,
the longitudinal plasmon peak of the Au NRs was mainly
investigated because the apparent red-shift (157 nm), and the
transverse plasmon peak was too close to the characteristic
peak of the PB to form a broad peak.

Figure 4. Plasmonic switching behavior and proposed mechanism of
the Au NPs@PANI nanostructure superlattice monolayer film. (a)
Magnified UV−vis spectra of Au NPs@PANI core/shell nanostruc-
ture superlattice monolayer film with a shell thickness of 50 ± 5 nm at
different voltages with 0.5 M NaCl in 0.01 M HCl electrolyte and (b)
their LSPR peak position vs voltages (Ag/AgCl). (c) LSPR peak
position during cycling at −0.3 and 0.5 V. (d) Cyclic voltammograms
(CV) of Au NPs@PANI core/shell nanostructure superlattice of
monolayer film with a shell thickness of 50 ± 5 nm at 100 mV/s from
−0.3 to 0.5 V during cycling. (e) Proposed mechanism for plasmonic
switching of Au NPs@PANI superlattice monolayer film from −0.3 to
0.5 V.
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To test the pH and electrical behavior, the Au NRs@PANI
core/shell nanostructure monolayer film was transferred onto
the ITO substrate. The Au NRs@PANI core/shell nanostruc-
ture monolayer film on ITO had the pH response behavior
similar to that of Au NRs@PANI core/shell nanostructures in
aqueous solution (Figures 5c, 6a, and S8). When the pH of the
solution was 2, three peaks showed at 552, 665, and 831 nm,
arising from the transverse, longitudinal plasmon peak of Au
NRs, and the absorption of ES form, respectively. When the
pH was further increased, the peak intensity at around 830 nm
began to decrease and the peak at 665 nm was red-shifted to
820 nm until the pH was 11. These results indicated that the

PANI shells converted from doped ES form to undoped PB
form. At the same time, the extinction peak position was nearly
completely reversible, while the pH was repeatedly varied
between 2 and 11 (Figure 6b). The electrical response test of
Au NRs@PANI nanostructures monolayer film was performed
according to the previous method.44,47 PANI can be converted
from ES form to LB form by voltage regulation. The UV−vis
spectra of the film at different voltages are shown in Figures 6d
and S9. At a low potential (−0.3 V), PANI was in the form of
LB and the absorbance peak of the Au NRs was located at 754
nm. As the voltage increased, the position of the UV peak
continuously blue-shifted to 660 nm, indicating that PANI was
restored to the ES form. The nearly completely reversible
oscillation of the extinction peak position was also observed
during the 10-cycle voltage switching (Figure 6e). Plasmonic
responsiveness of the Au NRs@PANI core/shell nanostructure
monolayer film can be explained using the mechanism as
illustrated in Figure 6c,f. Comparing the electrical property
with the pH response, the pH response gave the largest plasma
peak shift of the monolayer film because the refractive index of
PB was higher than that of ES or LB.48

3.6. Formation Mechanism of Superlattices. PANI was
used as a soft ligand shell to cover the nanoparticles and
implemented a superlattice arrangement through a bottom-up
self-assembly strategy. The typical roles of PANI soft ligand
shell in the process of self-assembly mainly includes four parts.
(a) The introduction of a shell layer of appropriate thickness as
a physical spacer could offset the van der Waals (vdW) and
electrostatic forces of a steric hindrance to prevent the
disordered aggregation of inorganic nanoparticles. (b) The
nanoforce is adjusted to adjust the potential between particles.
(c) The overall mechanical integrity of the superlattice is
maintained through strong ligand interactions. (d) The
electrochemical activity of the PANI layer can be used for
the tunable dielectric environment of the superlattice film.16,49

In the process of constructing an energy well of the oil−
water interface to obtain a 2D monolayer film, the film is often
breakable and disordered due to the weak physical interaction

Figure 5. Au NRs and Au NRs@PANI structures and monolayer film.
(a) SEM images of Au NR monolayer film and (b) SEM image of Au
NRs@PANI nanostructure monolayer film. (c) Magnified UV−vis
spectra of Au NRs@PANI core/shell nanostructure monolayer film
with a shell thickness of 35 ± 5 nm at environmental pH 4 and 11.
(d) UV−vis spectra of ES and PB form of PANI. The scale bars are
(a, b) 100 nm.

Figure 6. Plasmonic switching behavior and proposed mechanisms of the Au NRs@PANI nanostructure monolayer films. (a) Magnified UV−vis
spectra of Au NRs@PANI core/shell nanostructure monolayer film with a shell thickness of 35 ± 5 nm at different environmental pH and its (b)
LSPR peak position upon pH change during cycling. (c) Proposed mechanism of the plasmonic switching of Au NRs@PANI core/shell
nanostructures monolayer film by adding acid or base. (d) Magnified UV−vis spectra of Au NRs@PANI core/shell nanostructure monolayer film
with a shell thickness of 35 ± 5 nm at different voltages with 0.5 M NaCl in 0.01 M HCl electrolyte and its (e) LSPR peak position upon electrical
potential change during cycling. (f) Proposed mechanism for plasmonic switching of Au NRs@PANI core/shell nanostructures monolayer film at
different electrical potentials.
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between the particles and the volatilization of n-hexane as a
protective layer.37 When a soft ligand is coated around the
nanoparticles, the gap formed by the assembly of spherical
particles can be filled by forming a 2D film that is single-
nanoparticle thick. Through the continuous injection of
ethanol to squeeze the nanoparticles to form a more robust
physical entanglement and the interaction of chemical ligands
form an ordered arrangement of the superlattice, which keeps
the integrity of the superlattice 2D film during the
volatilization of n-hexane.50

The potential for the interaction of soft spheres actually
contributes to the vdW forces between the hard core and
spatial exclusion of soft ligands (Figure 7). Fitzmaurice

proposed a soft sphere model to show that the total interaction
potential (Utotal) between particles can be quantitatively
estimated as the contribution of vdW attraction potential
(UvdW) and spatial exclusion potential (Usteric)

51

U U Utotal vdW steric= +

Simultaneously, some studies also have shown that the length
of the polymer ligand was also a key factor that directly affects
the stacking order and quality of the 2D superlattice film.41,42

To form an ordered array, the vdW attractive force needs to be
balanced with the steric hindrance of the soft ligand. For longer
ligands, the steric force was likely to dominate, while for
shorter ligands, the vdW force outweighs the steric resistance.
An ordered superlattice cannot be obtained in either case.
To expand the application, 2D superlattice monolayer films

were successfully used to prepare intelligent color-changing
windows. As shown in Figure 8, the color of the 2D film
changed through the adjustment of pH and voltage. This
phenomenon is caused by the doped state ES and the undoped

state PB shells, which can absorb light to reflect green and
violet colors. However, the voltage-stimulated LB state is
transparent under visible light, which means that more light
reaches the gold nanoparticles and the original red-wine color
of gold nanoparticles is shown. Figure S6 shows the fast
electrical switching speed of our intelligent color-changing
window, about 3 s, which reflected the certain application
potential of the 2D self-supporting film for optical devices.

3.7. Mechanism of the Electromagnetically Respon-
sive Plasmonic Resonance. The state of the PANI shell can
be changed by changing the pH value and the voltage of the
external environment, thereby changing the dielectric environ-
ment around the gold nanoparticles. Interestingly, while the
nanoparticles were assembled into a 2D film, the PANI shell
acted as a physical spacer while preventing plasma coupling
between the particles or the substrate. This special electro-
active medium was used to solve the plasmonic coupling and
give the tunable plasmonic properties of the whole 2D film.
The LSPR shift of plasmonic nanoparticles has been found

to follow the following relationship

m n(1 e )d l
shift

2 / dλΔ = Δ − −

where m is the refractive index sensitivity of the plasmonic
nanoparticles, Δn is the change in refractive indexes between
the shell types at the plasmon resonance of the nanoparticles, d
is the effective thickness of the dielectric adsorbate layer, and ld
is the decay length of the electromagnetic field at the
plasmonic nanoparticle surface, respectively.52

For nanoparticles of given dielectric layer thickness, Δλshift
depends on the difference in the dielectric environment
change. The refractive index measurements of PANI with ES,
PB, and LB were according to previous work. In an acid−base
environment, the difference between the doped state ES and
the undoped state PB was greater than the difference between
the ES and LB states when the voltage was switched. The
experimental results using Au NR@PANI also supported this
theory (157 > 94 nm). It is believed that nanoparticles with
high plasmonic sensitivity, such as gold nanopyramids, may
result in a stronger plasmonic shift for various applications.53

4. CONCLUSIONS

In summary, we demonstrated a simple and robust interfacial
self-assembly method to fabricate the stimuli-responsive large-
area superlattice monolayer at the oil−water interface. The Au
NPs@PANI core/shell superlattice monolayer film can be
easily transferred onto substrates such as conductive ITO and
silicon wafers. The appropriate thickness of the PANI shell not
only induced nanoparticle directional assembly but also
avoided unwanted plasmonic resonance coupling as a physical
separation. Notably, a significant plasmonic shift of monolayer
film can be achieved at 157 nm, when 35 nm thick PANI shell
and gold nanorods as core were used. The superlattice
monolayer film with dual-responsive plasmonic switches is
promising for a range of potential applications in optoelec-
tronic devices, plasmonic and colorimetric sensors, and
surface-enhanced Raman scattering (SERS).
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Figure 7. Force changes between nanoparticles before and after the
modification of soft ligands on the surface of particles.

Figure 8. Color response of 2D superlattice monolayer films at
different pH values and voltages.
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TEM image and UV−vis spectra of Au NPs@PANI
core/shell nanostructures obtained at different polymer-
ization times, SEM image of Au NPs@PANI core/shell
nanostructure monolayer film, UV−vis spectra of a
superlattice monolayer film at different voltages,
amperometric i−t curve of the Au NPs@PANI core/
shell nanostructure superlattice monolayer film, and the
three-electrode electrochemical cell for the real-time
measurements of the extinction spectra (PDF)
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