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ABSTRACT: Two-dimensional (2D) gold nanoparticle (Au NP) monolayer film possesses a lot
of fascinating peculiarities, and has shown promising applications in photoelectrical device,
catalysis, spectroscopy, sensor and anti-counterfeiting. Due to localized surface plasmon
resonance (LSPR) property predetermined by the nature structure of metal nanoparticle, it is
usually difficult to realize reversible LSPR transition of 2D film. In this work, we report on
fabrication of a large-area free-standing Au NP monolayer film with dual-responsive switchable
plasmonic property using a pH- or thermal-responsive dendronized copolymer as stimuli-
sensitive linker. In this system, oligoethylene glycol (OEG)-based dendronized copolymer
(named PG1A) with pH- or temperature-sensitivity was firstly modified onto the surface of Au
NP. Then, polyethylene glycol dibenzyl aldehyde (PEG-DA) was introduced to interact with the
amino moieties from PG1A before the process of oil-water interfacial self-assembly of NPs,
resulting in an elastic, robust, pH- or temperature-sensitive interpenetrating network among Au
NPs in monolayer films. In addition, the film could exhibit reversibly plasmonic shifts about 77
nm and inherent color changes through varying temperature or pH. The obtained free-standing
monolayer film also shows excellent transferable property, which can be easily transferred onto
substrates such as plastic mold, PDMS, copper grid, silicon wafer. In virtue of these peculiarities
of free-standing property, special plasmonic signal and homologous macroscopic color, the
transferred film was primely applied to anticounterfeiting security label with clear color change
at the designed spots, providing a new avenue to plasmonic nanodevices with various

applications.
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INTRODUCTION

Localized surface plasmon resonance (LSPR), the collective resonant electronic oscillation,
depends on the constitutive material properties of noble metals and the surrounding
environment.! Self-assembly of gold nanoparticles (Au NPs) into two-dimensional (2D)
monolayer films have been a matter of interest in recent years due to a controlled LSPR behavior
and tailored optical property originating from quantum confinement in discrete nanoparticles and
interparticle coupling.”> 2D Au NP films present great potentials in various fields including
photovoltaic devices,® 7 metamaterials,® ° analysis,!%-12 sensors,!31¢ surface-enhanced Raman
scattering (SERS) spectroscopy!’-!° and security anti-counterfeiting.?? Many of these applications
are benefited from controlled LSPR in a reversible manner, however, it is difficult to endow
noble metal NP film with reversibly LSPR property that are predetermined by shapes, sizes and
compositions of NPs.l: 2! In order to realize adjustably plasmonic behavior for advanced
applications, efforts have been put into integrating plasmonically active NPs with diversely
functional media responsive to external stimulus.?>2¢ The choice of responsive materials to
modulate LSPR was ascribed to distinctive roles in the plasmonic system. The first case was
alteration of dielectric functions with active media, which could induce diverse plasmonic

frequency and intensity of NPs in the system.?’-28 The other significant factor was the plasmonic
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interparticle coupling depended on the conformation of responsive media, resulting in different
plasmonic behavior altered by external surroundings.?*-3!

To date, numerous relevant reports have attained switchable LSPR property via combining
NPs with active materials, and most of these were implemented on the basis of single NP or
various aggregations and assembly degree limited in solution.?’> 3% 33 For example, through
controlling the refractive index of responsive materials, such as polyaniline (PANI), one of
representative electroactive materials exhibited disparate dielectric property between reduced
and oxidized states, and plasmonic conversion of NPs could be realized in solution.?”- 3* But the
system was limited for further applications of plasmonic materials due to confined environment
and requirements on specific devices.’% 3% 36 As a result, it was desired to design 2D hybrid
systems with a tunable plasmonic behavior. Fan et al.3”7 prepared DNA hybridization-directed
anchoring of Au NPs with single layer on glass substrates, and realized reversibly plasmonic
behavior due to disparate nanogap regulated by humidity. Tsukruk et a/.3® and Baumberg et al.*®
reported switchable plasmonic layer in the form of depositing NPs on silicon substrates, where
LSPR property was adjusted by altering surrounding dielectric environment. However, these
plasmonic layers were inconvenient to transfer, because they have been firmly immobilized on
substrates and preventing them from further utilization. Therefore, an effective tactic prevailing
in the field of nanomaterial film was self-assembly of NPs at liquid-liquid interface, which could
fabricate monolayer film with peculiarly optical property.'*> 40 For example, Hallinan et al.#!

showed that optical property of Au NPs self-assembled monolayer films (SAMFs) were tuned by
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interparticle spacing with different longitudinal ligands, but the preparation process was time-
consuming, complex and high-cost. Baumberg et al.#* realized dynamical switching of plasmonic
SAMFs made of core-shell Au NPs@PNIPAM by the repeatable expansion and contraction of
thermo-responsive polymer (PNIPAM) to tune nanogaps. Whereas, the SAMFs were fragile
when transferred onto substrate due to weak physical interaction between NPs, which has gone
against extensive applications of active plasmonic nanomaterials.*3 4+ At present, a lot of efforts
have therefore been devoted to fabricate high-performance free-standing SAMFs with easily
transferred property.*-4 Recently, we reported a simple and effective chemical crosslinking
strategy to achieve a free-standing Au NP monolayer film at oil-water interface, which could be
easily transferred onto different substrates with intact morphology.*” Therefore, introduction of
multi-responsive crosslinker before interfacial self-assembly of NPs would be an ideal way for
preparation of large-area, free-standing and multi-responsive films with reversible plasmonic
switches.

Here, we report on fabrication of a large-area free-standing Au NPs SAMFs with dual-
responsiveness and switchable plasmonic property by introducing PG1A as pH or temperature
active linker. Unlike small molecules or other linear polymers, the copolymer PG1A imbedded
into SAMFs exhibits three distinctive characteristics. Firstly, copolymer provides a thermally-
inducible approach to reversibly tune plasmonic behavior and nanogap of SAMFs via repeatedly
contraction and extension of copolymer chains through dehydration and rehydration of dendritic

OEGs. Secondly, the amino moieties within the copolymer can interact with aldehyde group of

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

PEG-DA to form pH-sensitive and stable imine bonds among Au NPs, resulting in highly
mechanical strength and modulated plasmonic behavior of SAMFs. Similar, decrosslinking and
rupture between copolymer and PEG-DA would bring out as pH varied, causing some significant
changes on the distance between adjacent NPs, the refractive index of NPs, and visual color.
Thirdly, the inherent color changes of SAMFs related with LSPR shift provide a strategy for
conveniently visual detection of anticounterfeiting security label, which could be enhanced the
security by multiple-color codes and multiple-plasmonic codes.
EXPERIMENTAL SECTION

Reagents and Materials. Chloroauric acid (HAuCls:3H,0O, 99.9%) was purchased from
Sigma-Aldrich. Trisodium citrate dehydrate (= 99.0%), tris(hydroxymethyl)-amino-methane
(TB, GR), n-hexane (GR) and dichloromethane (DCM), dimethylformamide (DMF), 2-
aminoethyl methacrylate hydrochloride (AEMA) were acquired from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai). 2,2'-Azobis(2-methylpropionitrile) (AIBN) was from TCI, and
ethanol absolute (GR, 99.8%) was obtained from Aladdin. Deionized water was used throughout
the experimental process. All other chemicals were analytical grade and used as received without
further purification.

Preparation of Au NPs. The Au NPs with diameters of 40 nm were prepared according to our
previous report.*® Briefly, trisodium citrate dehydrate solution (10 mL, 33 mM) was added into
boiling deionized water (140 mL) with vigorous stirring and continuous heating for 15 min.

Then, fresh HAuCl, (1 mL, 25 mM) and TB solution (5 mL, 0.1 M) were subsequently added
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(time delay 60 s) as the temperature of oil bath was maintained at 137 °C. Afterward, extra
HAuCly, (1 mL, 25 mM) was injected twice (interval of 30 min) when oil bath temperature was
reduced to 100 °C after continuous heating for 20 min. The ultimate solution was stored in a
freezer, and Au NPs of different nanometers can be acquired by modulating the time and
temperature of heating trisodium citrate dehydrate solution.

Synthesis of Dendronized Ligands (PG1A). OEG-based dendritic macromonomer (MG1)
and cross-linker dialdehyde-terminated polyoxyethylene (PEG-DA) were synthesized according
to previous report.*- 3 Trithiocarbonate-terminated OEG-based dendronized copolymer (PG1A)
were prepared through RAFT polymerization. In brief, MG1 (1 g, 1.42 mmol), AEMA (23.5 mg,
0.142 mmol), trithiocarbonate (5.2 mg, 14.2 umol), AIBN (0.58 mg, 3.55 umol) and DMF (0.5
mL) were mixed. After three freeze-pump-thaw cycles with N,, the mixture was stirred at 65 °C
for 9 h. After cooling to room temperature (25 °C), the polymer was dissolved in DCM and
purified by silica gel column chromatography with DCM as an eluent.

Functionalization of Au NPs with PG1A. Au NPs were modified with PGIA by ligand
exchange. Briefly, as-prepared Au NPs (15 mL) were concentrated at 4700 G for 10 min and the
supernatant was replaced with equal deionized water. After that, fresh and cool solution (1 mL)
containing 3 mg PGIA and 0.5 mg NaBH, were added. The ultima solution was slowly stirred
for 24 h under the condition of ice bath.

Fabrication of Au NP Monolayer Film. Au NP monolayer film was prepared according to

our previous work with little improvement.*’ In brief, the modified Au NPs (16 mL) and
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deionized water (8 mL) were added into clean glass culture dish (9 cm in diameter) to fully cover
the bottom of culture dish, and then hexane (15 mL) was added onto the top of above solution to
form an immiscible water/hexane interface. Afterwards, ethyl alcohol (10 mL) was precisely
drop-casted to the interface of water/hexane by using a mechanical syringe pump (0.6 mL/min)
and PEG-DA (M,,=1000, 1 mL) was injected into the sub-phase. Ultimately, the culture dish was
covered with a glass slide for allowing hexane to slowly evaporate within approximate 60 min.
Dual-Responsive Plasmonic Modulation. Au NPs modified with PG1A self-assembly
monolayer film (AuNPs@PG1A-DA SAMFs) was deposited on silicon wafers adopting a
standard drop-coating method. After drying naturally for five hours, the plasmonic signals were
obtained at dried state. Then, in order to acquire thermal-induced plasmonic behavior, the silicon
wafer was dipped into aqueous solution with temperature of 25 °C for measuring the
corresponding UV-vis reflection spectra. Subsequently, the aqueous solution was heated up to 50
°C and was maintained for ten minutes, the resultant plasmonic signal of the film was measured.
In addition, in order to verify the pH-responsive LSPR signature, AuNPs@PG1A-DA SAMFs
deposited onto silicon wafer was immersed into hydrochloric acid solution (pH=3, ten minutes)
for obtaining the plasmonic signal in acid surrounding. Then, the silicon wafer was washed three
times using deionized water, whereas it was immerged into sodium hydroxide solution (pH=10)
for ten minutes to acquire corresponding plasmonic signal. Moreover, the reversible LSPR

behaviors were modulated through repeatedly changing the temperature and pH of solution.
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Characterization. Field emission scanning electron microscope (SEM) was performed on S-
4800 (Hitachi, Japan) at an acceleration voltage of 8 kV. Transmission electron microscope
(TEM) was performed on a TF-20 electron microscope operating at 200 kV. UV-vis absorption
spectra were recorded by virtue of TU-1810 UV-vis spectrophotometer provided by Purkinje
General Instrument Co. Ltd. Dynamic light scattering (DLS) measurement was performed by
Zetasizer Nano ZS Co. Ltd. '"H NMR spectra were recorded on a Bruker Advance AMX-400
Spectrometer. UV-Vis transmittance measurement was carried out on a PE UV/Vis
spectrophotometer (Lambda 35) equipped with a thermo-controlled bath. Fourier transform
attenuated total reflection infrared spectrometry (FTIR-ATR) was obtained by Nicolet-6700
Fourier transform infrared spectroscopy. The Gel permeation chromatography (GPC)
measurement was implemented by a Waters GPC ¢2695 instrument. The refractive index of
polymer network with 3 mg PG1A and 1 mg PEG-DA was obtained by WAY-2SE digital

display abbe refractometer with circulating water bath.
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RESULTS AND DISCUSSION

Fabrication of Large-Area Au NP Monolayer Film with Functionalization. The mono-
disperse Au NPs were synthesized through a co-reduction method using sodium citrate and tris-
base,*® and subsequent self-assembly into large-area monolayer film was obtained by a widely
oil-water interfacial self-assembly strategy. A typical TEM image is shown in Figure Sla
(Supporting Information) for a classical Au NP monolayer film, which suggests a lot of holes
and heterogeneity feature accompanied. This morphology should be owed to weak physical
interaction between NPs, which makes it unfavorable to transfer the film in an unbroken way and
put into practical application. In addition, plasmonic signature of the film is hardly invariant
under the external conditions, such as temperature and pH of solution (Figure S1b, Supporting
Information) was altered. Since the property of LSPR is predetermined by the shape, size and
composition of NPs,> 2! it is hard to realize reversibly plasmonic shifts of self-assembled

monolayer films (SAMFs).

In order to achieve multi-responsive plasmonic switches as well as easily-transferred
property of SAMFs, we synthesized trithiocarbonate-terminated OEG-based dendronized
copolymer as pH- and temperature-sensitive linker between neighbored NPs. The copolymer
was prepared through reversible addition-fragmentation chain transfer (RAFT)
polymerization by using OEG-based dendritic macromonomer (named MG1) for thermo-

responsiveness and aminoethyl methacrylate (AEMA) for providing pH-responsive amino
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moieties. As a result, the copolymer inherited thermo-sensitiveness of MG1 and its amino
moiety could react with aldehydes group of PEG-DA, forming dynamic covalent linkage of
imine bonds (-CH=N-) modulated by pH of solution. The composition of copolymer was
analyzed by '"H NMR spectroscopy (Figure S2, Supporting Information), which was basically
consistent with previous report.>! The copolymer with high molecular weights
(Mn~7.8x10%) and narrow polydispersity indexes (PDI~1.54) were obtained (measured by
GPC with DMF as an eluent). Besides, the thermo-responsive property of PGIA was
traced by UV-vis spectroscopy that showed the cloud point at 33 °C as recorded in Figure
S3 (Supporting Information). The copolymer exhibited rapid and reversible phase transition in
neutrally aqueous solution, and its phase transition temperature could be conveniently adjusted

around physiological temperature.

With the help of this copolymer, a large-area Au NP monolayer film was fabricated at oil-
water interface through an effectively and conveniently self-assembled strategy as showed in
Figure la-d. Briefly, n-hexane was discreetly added into as-synthesized Au NP solution for
obtaining immiscible oil-water interface. The solution of PEG-DA was added into the water sub-
phase for forming an elastic and robust interpenetrating network among Au NPs in monolayer
films. Then, ethanol was precisely injected into the water sub-phase in order to easily trap Au
NPs at the interface as their surface charges sharply decreased.*’> 3 PG1A was firstly reduced by

sodium borohydride to transfer terminal unit trithiocarbonate group into thiol group, and then
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chemisorbed onto the surface of Au NPs.3? Then, PEG-DA and ethyl alcohol were introduced in
order to primely construct functional SAMFs during the process of interfacial NPs self-assembly.

The UV-vis spec-
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Figure 1. Schematic illustration of the fabrication process of free-standing Au NPs SAMFs at
air-water interface. (a) Au NPs modified with PGIA copolymer (Au NPs@PG1A), (b) the
solution of PEG-DA was injected into the water sub-phase for forming crosslinked network
between NPs (Au NPs@PGI1A-DA), (c) ethanol was carefully added into the hexane-water
system for trapping Au NPs at interface, (d) evaporation self-assembly and transfer process of
interfacial monolayer film, (e, f) multi-responsiveness of SAMFs on silicon wafer under the
aqueous solution with different temperature and pH.

tra (Figure S4, Supporting Information) were used to follow the change of Au NP solution before

and after modification with thiol-PG1A (for convenience, PG1A was written in full text in place
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of thoil-PG1A), whose maximum absorbance peaks were at 518 nm and 522 nm, respectively.
The resultant red-shift of 4 nm was relevant with the high molar masses of PG1A and this
strongly confirmed that the ligands have been successfully exchanged as reported in literature.>>
In addition, DLS was performed to determine the hydrodynamic diameter of PG1A decorated
NPs. Figure S5 (Supporting Information) displayed the intensity-hydrodynamic diameter
distributions of Au NPs and Au NPs@PGI1A in aqueous solutions. Non-modified Au NPs under
different conditions had a lowest z-average diameter (Dz) of 48 nm, whereas Au NPs@PGIA
had a Dz of 78 nm at 25 °C and 823 nm at 50 °C. The Dz of Au NPs is smaller than that of Au
NPs@PGI1A, and remained unaltered with temperature changes, which further proves that the
copolymer was successfully decorated onto the surface of NPs. Furthermore, only the Dz of Au
NPs@PG1A could alter with varied temperature. This may be resulted from thermally-induced
aggregation of copolymer chains when temperature was elevated above its cloud point,>*

indicating that NPs inherited the thermo-responsiveness of copolymer PG1A.

The SEM images in Figure 2a-b showed that NPs modified with PG1A in the solution had
an obvious heterogeneous core-shell nanostructure compared with sodium citrate capped ones,
which directly demonstrated Au NPs were successfully modified with PG1A. Moreover, the
microstructure of corresponding large-area film (~21 cm?) after crosslinking by PEG-DA was
characterized by SEM and TEM measurements equipped with EDS elemental mapping

(displayed in Figure 2c, d). The color of light blue, green, red, orange and yellow of EDS
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elemental mapping represents the element of Au, S, C, N and O, respectively. On one hand, S
element from an end thiol group of copolymers had a strong interaction Au NP, so it can be
easily found that the distribution of S element was on the surface of Au NP, rather than in
between nanogap. On the other hand, C, N and O element completely distributed on the surface
and among Au NPs, which stemmed from the chain of the copolymer. The element distribution
of S, C, N and O indirectly confirmed that PG1A was immobilized on the surface of interfacial
Au NPs via Au-S bond and uniformly dispersed amid the nanogaps of SAMFs. In other word,
the interparticle spacing would be affected by the conformation of PG1A because of the

interpenetrating polymer network within SAMFs, due to the change of the ambient environment.

Figure 2. SEM images and elemental evaluation of Au NPs and interfacial Au NP monolayer
film. (a-c) SEM images of Au NPs capped with sodium citrate, PG1A copolymer (Au
NPs@PG1A) and interfacial self-assembled monolayer films crosslinked by PEG-DA (Au
NPs@PG1A-DA SAMFs), respectively. The optical photograph exhibited macroscopic Au
NPs@PG1A-DA SAMFs with an area of ~21cm?. (d) HAADF-STEM (high angle annular dark
field image-scanning transmission electron microscope) image and EDS elemental mapping of
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Au NPs@PGI1A-DA SAMFs. EDS elemental mapping light blue, green, red, orange and yellow
color images stand for Au, S, C, N and O element, respectively. The scale bars in a-c, d and
optical photo represent 200 nm, 20 nm and 1 cm, respectively.

Cross-linking and Free-standing Monolayer Films. For easily distinguishing the
mechanical property of the film, the obtained cross-linked films were studied. Figure 3a showed
representative optical photograph of interfacial Au NPs@PG1A-DA SAMF after being
transferred. It was clear that the shape of the interfacial monolayer film was unaltered by the
change of surface tension and fluctuation after the transfer of film in dashed area, indirectly
indicating excellently mechanical property of the SAMF. In order to further characterize the
freestanding performance, the microstructures of obtained cross-linked Au NP films were studied
with the aid of SEM. A highly matched crack caused by mechanical stress during the transfer
process was observed within the Au NPs@PG1A-DA SAMEF, indicating the broken way in the
form of stiff materials (Figure 3b). This manifests that the film had high free-standing
performance due to chemical crosslinking between NPs.# It should be noted that, importantly,
Au NPs SAMF and Au NPs@PGl1A-DA SAMF transferred onto the copper mesh were
characterized by SEM (Figure 3c-d). It was clear that the Au NPs SAMF fell in the copper mesh,
while the Au NPs@PG1A-DA SAMF covered onto the copper mesh with a broken frizzy
configuration. The result further demonstrated the mechanical property of Au NPs@PG1A-DA

SAMEF, which was consistent with the anticipative peculiarity of free-standing film.>> 3¢
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Figure 3. (a) Optical photograph of interfacial Au NPs@PG1A-DA SAMF after being locally
transferred. Shape of the interfacial film was unaltered by surface tension and undulation caused
by the transfer of film in the dashed line. (b) Microstructure of the crack within the film
indicating its broken characteristic in the form of a stiff material. (¢, d) SEM images presents
undecorated Au NPs SAMF and Au NPs@PG1A-DA SAMF transferred onto the TEM grid,
respectively. (e) FTIR-ATR of SAFMs before and after the addition of crosslinker (Au
NPs@PG1A and Au NPs@PGI1A-DA). (f) Corresponding photographs of Au NPs@PG1A-DA
SAMFs transferred onto different substrates: plastic mould, quartz glass, PDMS, filter paper,
silicon wafer, coin and copper grid. The scale bars are 5 mm (a, f), 200 nm (b), 10 um (c, d),
respectively.

To understand the chemical crosslinking of covalent linkage between NPs within the film,
FTIR-ATR of Au NPs@PG1A-DA SAMF was recorded in Figure 3e. It was observed the
diminutive distinction of C=N stretching vibration (W(C=N)) at 1590 cm’!, revealing the
formation of imine bonds between PEG-DA and amino moieties of PG1A. Moreover, the
unsaturated =CH stretching vibration (v(=CH)) at 3015 cm! was observed after adding PEG-DA
into the system, which indirectly proved the formation of imine bonds (-CH=N-). The FTIR-

ATR results further demonstrated the free-standing property of Au NPs@PG1A-DA SAMF
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causing by the chemical crosslinking of imine linkage. Thus, it was very easy to transfer the free-
standing SAMFs with intact shape onto various substrates, such as plastic mould, quartz glass,
PDMS, filter paper, silicon wafer, coin and copper grid (showed in Figure 3f), which was
beneficial for putting the SAMF into prevailing application of smart window, anti-counterfeiting,

plasmonic switch and so on.

Dual-Responsive Plasmonic Switches. Au NPs@PG1A-DA SAMFs were adopted a standard
drop-coating method to deposit on silicon wafer and their corresponding UV-vis reflection
spectra were listed in Figure 4a. It was obvious that the reflection peak of the film red-shifted
from 595 nm at 25 °C (lower than LCST) to 652 nm at 50 °C (higher than LCST) in aqueous
solution. The remarkable shift of 57 nm should be given the credit to the unique thermo-
responsive dendritic OEG structure from PG1A. Owing to reversible phase transition behavior of
PGI1A, the LSPR shifts could be reversibly modulated at least seven times (Figure 4b), which
caused by repeatedly contraction and expansion of polymer chains among Au NPs during
surrounding temperature being repeatedly changed between 25 °C and 50 °C. In order to clearly
explain the mechanism, Figure 5a exhibits the significant parameters that influence the situation
of the system, such as the interparticle distance (named d), the height (from the bottom of NPs to
the surface of reflective substrate, named h) and the refractive index of SAMFs, which could be

reversibly altered owing to conformational transformation of PG1A at various temperature. The
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LSPR red-shifted was ascribed to stronger interparticle coupling while the parameters of d and h

were decreased as copolymer chains contracted at increased temperature.*?
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Figure 4. Dual-responsive plasmonic modulation. (a, €) UV-vis reflectance spectrums, (b, f)
cycle number of LSPR shift vs reflectance, (c, g) corresponding statistical mean nanogaps among
neighbored Au NPs and their Gaussian fitting curves, (d, h) SEM characterization of Au
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NPs@PG1A-DA SAMFs on silicon wafer under the aqueous solution with diverse temperature
and pH. The scare bars are 100 nm.

In order to verify thermally-triggered LSPR behavior of the SAMFs, corresponding
microstructure characterizations were implemented and their statistical interparticle spacing were
recorded by Nano Measurer (Figure 4c, d). The statistically mean nanogaps within SAMFs dried
at 25 °C and 50 °C were 6.1 nm and 3.3 nm, which acquired from Gaussian fitting of more than
150 NPs. More remarkable, the same sample was successively used to observe its microstructure
after being disposed at various conditions. It was easy to find a more compact arrangement of the
film at 50 °C than the one at 25 °C. These phenomena indicated that the collapse of polymer
chains network resulted in smaller interparticle spacing, because of thermo-triggered aggregation
of adjacent NPs at elevated temperature.>* 37 Moreover, the refractive index of polymer network
was obtained by abbe refractometer in circulating water bath. The refractive index value at 25 °C
and 50 °C were 1.351 and 1.353, respectively. The approximate refractive index demonstrated
that the LSPR switches of SAMFs were attributed to plasmonic coupling, which depended on the

size of nanogap induced by the conformational change of thermo-sensitive PGIA.
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Figure 5. Proposed mechanism illustration of Au NPs@PG1A-DA SAMFs transferred on
reflective substrate (silicon wafer) for visual color change under different conditions: 25 °C and
50 °C (a), pH=3 and pH=10 (b).

In addition, UV-vis reflection spectrum, statistically mean nanogaps of more than 150 NPs
and SEM image of the film fully displayed the variation of LSPR peaks and nanogap sizes as pH
changed (Figure 4e, g, h). The reflection peak value red-shifted from 571 nm in acid solution
(pH=3) to 648 nm in base solution (pH=10). The corresponding interparticle spacing diminished
from 6.4 nm to 3.5 nm. Because the formation of imine linkage was a dynamic equilibrium
process from Schiff-base chemistry,’! the LSPR shift could be steadily switched at least seven
times while pH was repeatedly varied between 3 and 10 (Figure 4f). So large plasmonic shift of
77 nm may be ascribed into strong interparticle coupling of SAMFs as nanogaps narrowed in
Figure 4h and Figure 5b, due to the destruction and formation of imine bonds. The formation of

imine bonds rendered small nanogap and strong plasmonic interparticle coupling that given rise
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to the transfer of plasmonic signal at base condition. And the refractive index of polymer
network (measured by abbe refractometer) changed from ~1.345 in acid solution to ~1.375 in
base solution. That manifested pH-responsive LSPR switch with so large span was made by
differently plasmonic interparticle coupling and the alternation of dielectric surrounding of
SAMFs.

Based on above discussion about the dual-responsiveness of the system under various
surrounding of aqueous solution, in other words, the interfacial Au NPs@PG1A-DA SAMFs
exhibited humidity-responsive LSPR shifts from 628 nm in dry state to 595 nm in aqueous
solution at 25 °C (Figure S6), ascribing to conformational change of PG1A and disparate
dielectric environment in air and water. Under the circumstance of elastic and robust polymer
network interpenetrates among Au NPs within the film, the interparticle distance was mainly
influenced by the state of the copolymer. The copolymer chains would collapse onto the surface
of Au NPs caused by strong surface tension during dehydration, whereas they freely stretched
through rehydration in the aqueous solution, resulting in enhanced plasmonic coupling with
narrow nanogaps and weak plasmonic coupling with stretched nanogaps, respectively. >’
Multiple-Coded Anti-counterfeit Labels. Considering that the chemical -cross-linked
AuNPs@PG1A-DA SAMFs possess easily transferrable property and stimuli-responsive
plasmonic behaviors, the film could be transferred onto diverse substrates and used to explore
interesting and crucial applications. As showed in Figure S7a, a functional AuNPs@PG1A-DA

SAMF was deposited on the surface of silicon wafer, then emerged under different ambient
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environment. In dry condition, the film showed a kind of homologous macroscopic color of
golden yellow. Interestingly, an obvious change of macroscopic color could be discovered after
the films being immersed in solvent, from golden yellow (in dry state and in n-hexane) into olive
drab (in wet state of aqueous solution) and turquoise (in absolute ethyl alcohol). The phenomena
couldn’t happen when non-functional Au NPs SAMFs were tested in Figure S7b. The tinctorial
transformation of the SAMFs was ascribed to different dielectric environments and plasmonic
interparticle coupling caused by the contraction and extension of polymer chains in various
surroundings.” 242337 It could be evidenced from their corresponding reflectance spectrums that
the peaks of functional SAMF blue-shifted from ~627 nm (in dried state and in n-hexane) to 595
nm (in aqueous solution) and 586 nm (in absolute ethyl alcohol), whereas, the peaks of non-
functional SAMF maintained 647 ~ 643 nm in these conditions. Even more noteworthy is the
color of the film changed in aqueous solution and absolute ethyl alcohol because they are good
solvent for collapsed PG1A chains to freely stretch, whereas they maintained the same color in
n-hexane on account of the insolubility of copolymer. Moreover, the color of AuNPs@PG1A-
DA SAMFs could be reversibly changed through repeatedly altering solution surrounding
(displayed in Figure le, f). An obviously transformative color of the AuNPs@PG1A-DA film
changed from olive drab at 25 °C to celadon at 50 °C, and from bright green in acid solution
(pH=3) to amaranth in base solution (pH=10). Because different intensity of plasmonic coupling
and different dielectric environments between adjacent NPs of chromogenic SAMFs, as showed

in Figure 4 and Figure 5, were provided by the thermo-triggered conformational change of
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dendritic PG1A, the formation and destruction of imine bonds and surrounding refractive index

of reflective substrate.
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43 Figure 6. Multiple-coded anti-counterfeit labels. (a) The anti-counterfeit label made up of 16
silicon wafers (0.5 cmx0.5 cm) with transferred Au NPs@PG1A-DA SAMFs and sodium citrate
46 capped Au NPs SAMFs, which displayed alike color acting as “locked code” in the dry state. (b)
47 The label indicated distinguishable color as initially color-coded anti-counterfeiting under the
condition of different temperature and pH. (c, d) UV-vis reflectance spectrum and SEM
50 characterization of Au NPs@PG1A-DA SAMFs served as deeply plasmonic code and ultimately
microscopic arrangement code. The scale bars are 100 nm.
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Hence, to take full advantage of these excellent characteristics of the SAMFs, a simple
pattern composed of 16 slices of silicon wafers was designed, half of them were covered with
sodium citrate capped Au NPs SAMFs, the rest of them were deposited with functional
AuNPs@PG1A-DA SAMFs, as showed in Figure 6a. It was difficult to recognize a hidden
pattern and distinguish the difference of SAMFs by naked eye, because they displayed the same
macroscopic golden yellow in dried state (acted as “locked code” like an anti-counterfeit label),
even though different types of SAMFs were employed. However, a distinctly allochroic pattern
within the anti-counterfeit label was visually inspected in solution with different temperature and
pH (Figure 6b), which demonstrated the color change of Au NPs@PG1A-DA SAMFs, rather
than citrate capped ones. The allochroic pattern made up of 8 slices of silicon wafers with
transferred AuNPs@PG1A-DA films, and could be reversibly changed from olive drab to
celadon, and from bright green to amaranth through repeatedly altering solution surrounding.
These macroscopic discernible colors of SAMFs were convenient to be used as the visual
detection of anti-counterfeiting, and consequently were deemed as initially multiple-color codes
to estimate the facticity of specimens. As showed in Figure 5 and Figure 6¢, the macroscopic
color variation of SAMFs was extremely related with their plasmonic behaviors. While the
plasmonic signal of the film changed from 628 nm in the dry state to 594 nm (at 25 °C) and 650
nm (at 50 °C), to 571 nm (at pH=3) and 643 nm (at pH=10) in wet state, the color of the film
changed from golden yellow to olive drab, celadon, bright green and amaranth, respectively. The

color and plasmonic behaviors of citrate capped Au NPs film always remained invariable under
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these conditions (Figure S1b and Figure 6a, b). Thus, the corresponding LSPR signature of the
SAMEF could be considered as multiple-plasmonic codes to further verify the reliability of anti-
counterfeit label. Moreover, the microscopic arrangements with disparate nanogaps from SEM
measurement were determined by the conformational alternation of PG1A and the formation of
imine bonds (displayed in Figure 4d, h and Figure 6¢), which could be served as ultimately anti-
counterfeiting codes to enhance the security of the label. In short, these properties of
AuNPs@PG1A-DA SAMFs provide the anti-counterfeit label with multiple-color codes,
plasmonic codes and microscopic arrangement codes, effectively enchancing the level of security
and providing an expedient approach for safety monitoring.

For exploring the extend circumstance in practical application, we tested the time for
stimuli-responsiveness of AuNPs@PG1A-DA SAMFs. When they were immersed in aqueous
solution, the color immediately changed within one second, and no more change could be clearly
found as time went (Figure S8). It also could be judged by the variation tendency of their
corresponding reflective spectrums. Furthermore, the boundary point was significant for thermo-
responsiveness, only required the region low or high than critical point, such as 0~31 °C and
34~80 °C. As for the pH-responsiveness, vinegar and making soda as daily use could be adopted
to regulate pH value of environment. As shown in Figure S9, it can be prepared into various
patterns through changing the combination, and was visually inspected in relaxed conditions.

These results indicated the possibility to design a new multi-coded safety labels, enhancing the
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security and creditability, and paving a convenient way for the quickly visual recognition of anti-

counterfeiting.

CONCLUSION

We have successfully fabricated a large-area free-standing monolayer gold nanoparticle
film with dual-responsive plasmonic behaviors through a convenient and effective self-assembly
strategy at oil-water interface. Through the surface functionalization of gold nanoparticles with
OEG-based dendronized copolymers, the free-standing SAMFs exhibited easy-transferred
property, and reversible transition of plasmonic signals and switchable chromogenic properties
observed with the naked eye. It was found that the conformation of dendritic PG1A, the
formation of imine bonds and surrounding refractive index among NPs effected the plasmonic
coupling of SAMFs, leading to an obvious color change and a large LSPR shift of 57 nm
(different temperature) and 77 nm (different pH). Utilizing multi-chromogenic properties and
stimulus-response LSPR behaviors of SAMFs, it is very easy to design multi-coded anti-
counterfeit labels. This work would provide opportunities in the construction of large-area free-
standing Au nanoparticle monolayer film, SERS based sensors, colorimetric sensor,

anticounterfeiting security label and other flexible plasmonic nanodevices.
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