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Macroscopic Orientational Gold Nanorods
Monolayer Film with Excellent Photothermal

Anticounterfeiting Performance

Liping Song, Nianxiang Qiu, Youju Huang,* Qian Cheng, Yanping Yang, Han Lin,

Fengmei Su, and Tao Chen*

Constructing 2D gold nanorods monolayer films with precise particle
assembly is of great importance to fundamental and real applications.
However, it is usually difficult to achieve macroscopic size, freestanding fea-
ture, high density of particle packing, and precisely controllable particle orien-
tation in monolayer films. In this work, a macroscopic, uniform, freestanding
orientational monolayer film is facilely and controllably prepared through
precise assembly of asymmetrically modified gold nanorods at water—oil inter-
face. The assembling morphologies can be controlled through regulating the
interaction between gold nanorods by varying the amounts and sites of modi-
fied molecules. The intriguing tunable assemblies exhibit not only adjustable
absorption spectrum in a wide range attributed to different particle coupling,
but also optimized photothermal conversion capability under low energy
density (0.08 W cm~2). Together with a commercial thermochromic dye, the
patterned assemblies show excellent photothermal anti-counterfeiting perfor-
mance by reproducing accurate full images in 20 s that are invisible after laser
off in 10 min. The excellent laser writing performance is also demonstrated by
writing any information on thermochromic dye-coated assemblies. With the
advantages of being macroscopic, equipment-free, transferable, scalable and
with high photothermal conversion capability, the orientational monolayer
films pave the way for on-demand design of sensing and device applications.

1. Introduction

arrangement will potentially facilitate
the development of sensing and further
benefit the manufacture of optoelec-
tronic and healthcare devices.'"®l Tech-
nologies for manipulating assembling
behaviors of Au NPs, especially aniso-
tropic Au NPs (e.g., Au NRs), are widely
exploited.’? Generally, there are two
main methods to assembly Au NPs into
designed arrangement: solution assembly
and interfacial assembly. As a fact, a great
deal of in-depth progress has been made
in manipulating Au NPs assemblies in
solution and abundant assembling strat-
egies have been developed.°?l Because
of the designable molecular interaction
and remarkable spectral shift of assem-
blies attributed to the tunable particle
spacing, the sensing and detection appli-
cations of assembling Au NPs in solution
are significantly inspired.”'3™ Extensive
investigations have focused on the struc-
tural optimization of Au NPs assemblies
in solution, but there are two main road-
blocks that hindered its practical appli-
cations. First, the formation of Au NPs
assemblies often relies on strict solvent

environment and modified molecular conditions.>1! In addi-

tion, the poor stability and finite assembly amounts are dif-

Organizing gold nanoparticles (Au NPs) into uniform

assemblies with controllable particle spacing and particle in devices.["!

ficult to overcome, which will limit its practical applications
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Figure 1. Schematic illustration of a) the preparation process of macroscopic assemblies and b) the application of aligned Au NRs arrays in photo-

thermal anticounterfeiting.

The macroscopic assembling size and high stability of Au
NPs assemblies engenders distinctive superiorities of inter-
facial assembly."® Various approaches have been explored to
optimize the properties of interfacial assemblies.'*2!l Among
them, water—oil interfacial assembly attracts much more
attention, due to high accessibility, operability, macroscopic
assembling areas, and controllable interparticle distances.!??-2]
However, achieving uniform and macroscopic Au NPs mono-
layer with controllable particle spacing and arrangement is
much more challenging.?l In addition, the availability of par-
ticles to assemblies was also limited. For instance, sodium-
citrate-coated Au NPs were relatively difficult to assemble into
films compared to cetyltrimethylammonium bromide (CTAB)-
coated ones by utilizing ethanol promoted oil-water interfa-
cial assembling.[??l Additionally, it is usually strictly affected by
slight interference (temperature, pH, pressure). In our recent
works, we have succeeded in constructing macroscopic Au NPs
monolayer films with closely packed nanoparticles and control-
lable reversibly plasmonic properties.[*”8! Unfortunately, there
are still no effective ways to achieve macroscopic orientational
assembling structures of anisotropic Au NPs (gold nanorods,
Au NRs), which strongly hindered the LSPR dependent optical
applications.29-32]

Here, we demonstrate a controllable Au NRs assembling
structure with macroscopic size, orientational particle arrange-
ment, and adjustable adsorption via combining precise asym-
metric modification of gold particles with water—oil interfacial
assembly. Au NRs were precisely asymmetric modified with
mercapto-polyethylene glycol (PEG-SH) and hydrophobic
sulfhydryl molecule (I-dodecanethiol, DDT) according to
Murray’s theoretical calculation,33-3] illustrated schematically
in Figure 1. Then, the aligned Au NRs assemblies were
obtained by utilizing the reported water—oil interfacial assembly
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methods.”? As a hydrophilic sulfhydryl molecule with large
molecular weight, PEG-SH plays a key role in the orientational
assembly process of Au NRs. Thus, the amounts of PEG-SH
were adjusted to optimize the assembling structure. Molecular
dynamics simulations are utilized to elucidate the role of the
main molecules in the assembling system, and we thus pro-
posed an assembly mechanism. Furthermore, the controllable
UV adsorption from the macroscopic orientational Au NRs
arrays makes this system extremely attractive and match the
light source to reach optimum photothermal conversion, as
demonstrated by previous similar works.?® Under low laser
energy density, the Au NRs side by side (SS) assembly shows
high and rapid photothermal response. With the assistance of
thermochromic dyes, photothermal anticounterfeiting perfor-
mance of different patterns and writing performance of Au
NRs SS assembly were investigated. This work provides a facile
method for the preparation of macroscopic aligned Au NRs
arrays, which is promising in enhancing the performance of
anticounterfeiting devices.

2. Result and Discussion

Au NRs with the aspect ratio of 3.5 were prepared according to
the well-known seeded growth method (Figure S1, Supporting
Information).?”] It is noteworthy that Au NRs with aspect ratios
higher than 3.5 were probably formed spontaneously into the
orientational assemblies under the assistance of CTAB.%#
There are several differences between our approach and the
previous work. The previous assembly based on CTAB inter-
action is conducted on solid substrate and the assembly area
is limited. It is very easy to obtain macroscopic and uniform
assemblies via our present interfacial assembly approach.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The a,b) assembling and c) molecules interacting schematic diagram, d) the corresponding photograph, e,f) SEM images and g) TEM image
of Au NRs assemblies without asymmetric modification. Au NRs SS assemblies with precisely asymmetric modification: ends of Au NRs modified
with PEG-SH completely and sides of Au NRs with CTAB: h,i) The assembling and j) molecules interacting schematic diagram, k) the corresponding
photograph, 1) SEM image, m) TEM image, and n) SEM images of macroscopic aligned Au NRs assemblies. The scale bars in (d,k) are 1 cm; the scale
bars in (e,n) are T um; the scale bars in (f,I) are 100 nm; the scale bars in (g,m) are 50 nm.

In addition, the assembly via spontaneous CTAB interaction
still has some problems: 1) It is not universal. As mentioned,
only with larger aspect ratios, it is feasible for constructing Au
NRs SS assembling structures. However, the aspect ratio of
Au NRs that are usually prepared is about 3—4. 2) the interac-
tion mode between CTAB molecules is sophisticated. In addi-
tion, the CTAB on ends of Au NRs would interfere with SS
assembly of Au NRs. 3) CTAB possess fluxility on the surface
of Au NRs that is easy to make the assembly system unstable.
4) CTAB is the structure directing agent and stabilizer in the
process of Au NRs synthesis. Thus, it is difficult to precise
quantification of CTAB on Au NRs. Therefore, in this work,
the Au NRs with small aspect ratio were chosen to efficiently
exclude the possible effect. The water—oil interfacial assembly
have been an efficient approach to obtain macroscopic Au
NPs assemblies.?2#442] Thus, it is of great importance to iden-
tify the detailed assembly mechanism. Briefly, as shown in
Figure S2, Supporting Information, a certain amount of hexane
was added to the surface of Au NRs aqueous dispersions, and
then a small amount of ethanol was slowly injected to water
phase. The process of ethanol injection was accompanied with
the evaporation of hexane and Au NRs assembled at water/
hexane interface.224l After the complete ethanol injection,
the golden film was clearly visible. Generally, the assembling
system contains oil/water two-phase, and the organic phase
(e.g., hexane) must meet three basic conditions: easy to volatile,
low density, and insoluble with water.**4] It is known to all
that surfactant on the surface of gold nanoparticles makes them
dispersible uniformly in water phase and the contact angle ()
of them is lower than 90°.16#’] Nevertheless, on the addition
of another low-dielectric solvent (alcohol) to the water phase,

Adv. Optical Mater. 2020, 1902082

1902082 (3 of 11)

the stability of gold nanoparticles can be destroyed, resulting
in their contact angle approaching 90°,#4! and spontaneous
particles moving to the water/oil interface, due to the reduce of
the interface energy.l5!

Conventionally, CTAB-capped Au NRs were assembled
into 2D films in large area via water—oil interfacial assembly
(Figure 2a—g). It is clear] that Au NRs are randomly packed in the
film, including multiple assembling morphologies such as side
by side (SS), end to end (EE), and end to side (ES) (Figure 2g).
It is well known that CATB-capped Au NRs in solution show
steric or electrostatic repulsion due to the positive CTAB.[%>3!
However, many investigations have shown that CTAB mole-
cules presented promoting effects with concentrating Au NRs
solution via strong van der Waals (vdW) forces.[33-41 There-
fore, the Au NRs forming multiple assembling morphologies
were expected from the interaction between CTAB molecules
(Figure 2a—c). As shown in Figure S3, Supporting Information,
four assembly modes were revealed according to the interac-
tion manner (sharing a common layer of counterions or inter-
digitating of CTAB tails from neighboring NPs) of CTAB.4
Statistically, most Au NRs presented a disorderly arrangement
while SS assemblies held 30%. CTAB-coated Au NRs always
presented an SS assembly according to the Hamaker integral
approximation about the vdW potentials'>39:

Ahal/l

- 24312 1

ss =

Ad’
UEE =— E (2)
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Here, h and a represent the length and radius of Au NRs,
respectively; L is the interparticle distance between two particle
centers; A is the Hamaker coefficient that is estimated to be
A=5x%x10"27 (or 13 kT at room temperature)®! in which the
value of Ugg/ Ugg (hLY2/2a%?) is slightly larger than unity. How-
ever, the assemblies of CTAB-coated Au NRs was not uniform
(Figure 2d,e). It is worth noting that there is really no exact
standard for the number of Au NRs as for the standard of EE/SS.
For example, the head-to-head arrangement of two or more Au
NRs is considered as EE assembly in some reported works.*6->8l
And as for the SS assembly, the shoulder-to-shoulder arrange-
ment of three or more Au NRs is also considered.’*% There-
fore, the assembly mode of Au NRs is not determined by the
number of Au NRs in the assembly. Rather, it depends on the
proportion of such oriented (EE/SS) assemblies in the overall
assembly. In this work, the SS or EE assemblies were distin-
guished according to the holistic orientation.

The assembly state can be attributed to the following reasons:
In the process of Au NRs assembly, close Au NRs are close to
each other promoted by the molecular interaction on the sur-
face to form SS assemblies containing several or more Au NRs.

In order to precisely control the Au NRs assembling mor-
phology, the regulation of surface chemistry and interaction
of Au NRs would be a possible way. As we have known, the
sulfhydryl molecule would be preferentially attached to the
end region of Au NRs via the function of Au-S bonding,1¢¢1l
due to homogeneous distributed CTAB on Au NRs and the
higher curvature of the end parts (100 face).l196263] Accordingly,
the asymmetric modification was acquired by critical
calculation, as shown in Figure S4, Supporting Information,
and Section 4.13>%0%4 Based on the mature technology of asym-
metric modification of Au NRs, the commonly used sulfhydryl
molecule (PEG-SH) was induced to synergistically tailor Au
NRs. As shown in Figure 2h—j, Au NRs were modified with a

www.advopticalmat.de

certain amount of PEG-SH (slightly larger than the calculated
end modification amounts). Apparently, the macroscopic and
uniform golden films were visible, and the assembly area was
as large as 40 cm? that was never achieved in previous work(22%’]
(Figure 2k). In addition, the asymmetrically modified Au NRs
presented macroscopic SS assembly structures with an orienta-
tion rate approaching 100% (Figure 2]-n).

It is known to all that the sulfhydryl molecule presented as
random coils were easily entangled together*”! In addition, our
previous work have verified that the affinity between PEG mol-
ecule could regulate the directional assembly of Au NRs.”!l The
experimental results showed that almost all SS assemblies showed
intimate contact with neighboring ones (marked in Figure 21,m).
In the interfacial assembly process, Au NRs assembly were affected
by many factors, including intermolecular forces on the surface of
Au NRes, solvation, air pressure, and temperature. Therefore, there
is still no way to obtain the ideal fully aligned dense assembly struc-
ture of Au NRs (except, of course, the top-down approach). Thus,
we inferred that two forces synergistically promote the directional
SS assembly of Au NRs: the van der Waals forces between CTAB
on sides of Au NRs and the molecular entanglement between
PEG on ends of Au NRs. The inhomogeneous and multiple van
der Waals forces between CTAB made the Au NRs SS assemblies
present inconsistent interparticle gaps (marked in Figure 2m).
However, the ethanol-induced water—oil interface assembly pro-
cess is rapid and Au NRs reached the stable state before they are
all arranged in a certain orientation. These results proved that the
PEG-SH selectively capped on the end regions of Au NRs would
prefer the formation of Au NRs SS structures.

To further clarify the directional assembly of Au NRs in film,
different amounts of PEG-SH were used for selectively modify
Au NRs. As shown in Figure 3, without PEG-SH added to the
system, Au NRs presented a disordered arrangement (Figure 3a).
On increasing the amount of PEG-SH, SS assemblies clearly

Figure 3. The SEM and TEM images of Au NRs monolayers by modifying Au NRs with different amount of PEG-SH (10 mm) (a—f: O uL, 3 pL, 7 pL,
10 pL, 20 pL, 50 pL). The concentration of Au NRs and PEG-SH aqueous solution are 7.89 nm and 1 mm, respectively. The scale bar is T um, and the

inset scale bar is 100 hm.
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appeared (Figure 3b). However, the length of SS assemblies was
short and some Au NRs were still disordered. The end regions
of Au NRs were completely capped and extremely orderly SS
assemblies were present with increasing amount of PEG-SH
(Figure 3c). It is very important to point out that the SS assem-
blies were large-scaled and the orientation ratio was almost
100%, which was not achieved by conventional approaches. Fur-
ther increasing the amount of PEG-SH, which made the end
regions of Au NRs totally modified and the side regions of Au
NRs partly modified, most of Au NRs kept the SS mode and
some of them were disintegrated (Figure 3d). Immediately, when
Au NRs were completely modified with PEG-SH (Figure 3e),
most Au NRs were disintegrated from the SS assemblies and the
SS assemblies becomes very short. Finally, the huddle Au NRs
assemblies presented by adding an excessive dose of PEG-SH
(Figure 3f). It is interesting that the number of EE assemblies
increased gradually with increasing the PEG-SH (Figure S5,
Supporting Information). In other words, the regulation of the
amount of PEG-SH makes it possible for achieving the assembly
transition from disorder to SS to EE.

According to the results of Au NRs assembly behaviors,
the proposed assembly mechanism was presented as follows:
without PEG modified on Au NRs, the assembly process of
Au NRs followed the traditional water/oil interface assembly.
Although the driving force from ethanol decreased the value of
6 of Au NRs and made particles move to the interface, the van
der Waals forces between CTAB on Au NRs is equal for every
region. Thus, most of the Au NRs were disorderly arranged
after the formation of film. When the amount of PEG-SH was
exactly enough for covering the ends of Au NRs completely,
the assembly process was limited. When adding ethanol to
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the system, the value of J was decreased abruptly and the Au
NRs were moving to the interface. As we inferred, the syner-
gism of CTAB and PEG made these particles band together in
groups in the fastest way to reach the equilibrium. Therefore,
the SS assemblies were not continued and Au NRs presented
as assemblies of several Au NRs. With further increasing the
amounts of PEG, the interaction became more complicated
because some entanglement of PEG could also take place on
sides of Au NRs. Thus, the assembly morphology was not that
uniform and more EE assemblies appeared due to the high
grafting density on sides of Au NRs. When Au NRs were com-
pletely covered by PEG, all CTAB were replaced by PEG-SH and
the whole Au NRs was in the similar state. The powerful entan-
glement of PEG made them presented as clusters.

Although the macroscopic Au NRs SS assemblies can be
achieved via PEG-SH and CTAB synergistically controlled inter-
facial assembly, there are still some uncertainties for CTAB:
1) the CTAB concentration made significant impact on assem-
bling morphologies. CTAB were the surfactant and structural
directing agent during Au NRs synthesis®®? and there was no
guarantee of consistency of the amounts of CTAB after cen-
trifugation. 2) the multiple interaction between CTAB made
the spacing between Au NRs was not that uniform, which
directly affected the optical properties of Au NRs assemblies.[??!
Thus, introduce other chemical forces to make the directional
assembly of Au NRs is of great importance. Here, another
sulfhydryl molecule (1-dodecanethiol, DDT) was applied to
cooperate with PEG-SH for assembling Au NRs at water/oil
interface. Primarily, the ends of Au NRs were modified with
PEG-SH that DDT only modified on the sides of Au NRs
(Figure 4a). The hydrophobic interaction between DDT on
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Figure 4. a) The schematic presentation of the modification of PEG and DDT on Au NRs and the assembly of Au NRs; b) the SEM images of the
assembly of Au NRs after modified with PEG and DDT successively. The scale bar is T um (the scale bar of inset is 100 nm). c) UV-vis spectra of Au
NRs assemblies obtained by anisotropic modifying Au NRs with different amount of PEG-SH and DDT; the amount of PEG-SH (10 mm) and DDT
(1 mm) are as follows: a (O pL, O uL), b (1 uL, 20 pL), ¢ (7 uL, 20 pL), d (50 pL, 20 pL).
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tions of PEG-SH on Au NRs; e) the schematic presentation of DDT interaction and f) the dynamics simulations of DDT on Au NRs. The schematic
presentation of speculated assembly procedure of g) PEG-SH/CTAB and h) PEG-SH/DDT-coated Au NRs.

sides of Au NRs and the entanglement between PEG on ends
of Au NRs promoted the directional assembly of Au NRs. In
previous work, DDT could convert the electrostatic repulsive
force into a van der Waals interaction to motivate the orderly
assembly of Au NPs.*%1 In addition, the binding energy on Au
NRs for DDT has been calculated as follows®®%7:

( )/s ()

where EXT, EXihgs, B are the total energies of
assembled coated Au NRs and isolated coated Au NRs. S is the
surface area.

The calculated value of DDT is around —4.56 ] cm™2, which
was approaching the value of CTAB (—4.69 ] cm~2). Thus, the
DDT molecules satisfied the requirements to obtain the orderly
Au NRs assemblies. As shown in Figure 4b, Au NRs presented
as large-scaled and orderly SS assemblies with almost 100% ori-
entational rate. In addition, the Au NRs assemblies presented
distinct optical absorption by tailoring the amounts of PEG-SH
and DDT (Figure 4c). It is worth noting that the SS assemblies
of Au NRs showed strong absorption at 815 nm, while the disor-
dered Au NRs assemblies showed broad absorption at 1170 nm,
and the absorption of EE assemblies was beyond 1400 nm. The
apparent blueshift of SS assemblies resulted from the highly
ordered SS assembling that was equivalent to reducing the
aspect ratio of Au NRs.

To better understand the directional assembly behavior of
Au NRs, the molecular interactions on Au NRs were simulated
using Forcite plus module as implemented in Materials Studio
software.l®®! First, CTAB interaction on two neighboring Au
NRs was simulated, as shown in Figure 5a,b. In the initial state,
CTAB molecules presented disorderly and irregular (0 ns). With
increasing the interacting time, the staggered arrangement of
CTAB molecules on adjacent two Au NRs emerged, as the posi-
tion of the nitrogen atoms presented crossed (3 ns). Finally,

int —
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CTAB molecules showed total staggering (5 ns). In the light of
a previous workl®> and our experimental results (Figure 2), the
vdW forces between CTAB was found responsible for Au NRs
interaction. However, PEG-SH molecules existed in the form of
random coils and the molecules entanglement occurred gradu-
ally with increase in time (Figure 5c—e). At the equilibrium
state, the strong intermolecule entanglement of PEG-SH on
adjacent two Au NRs was formed (5 ns). Furthermore, the DDT
molecules were disorderly distributed on Au NRs at the initial
stage (Figure 5e,f). Nevertheless, the alkyl chains on the neigh-
boring two Au NRs were gradually regularized with increase in
time due to the strong hydrophobic interaction (5 ns). These
simulated data were in good agreement with our experimental
results and made the assembly mechanism more clear.
Furthermore, the main SS assembly process was inferred
from the simulation results: 1) the ends of Au NRs were
modified with PEG-SH, and sides were modified with CTAB
(Figure 5g). The chain entanglement of PEG-SH on ends and
the vdW forces of CTAB on sides synergistically tailored the
assembly of Au NRs. It is noteworthy that these two forces were
not competitive: the CTAB interaction induced the “bamboo
rafts” like SS assemblies and PEG-SH entanglement made
adjacent “bamboo rafts” get together. In addition, due to the
hurried assembly procedure, the SS assemblies were not con-
secutive (Figure 21, around dozens of Au NRs in one nano
“bamboo raft”). In addition, the space between adjacent Au
NRs were not uniform, due to the multiple interaction modes
of neighboring CTAB molecules (Figure S3, Supporting Infor-
mation). 2) The ends of Au NRs were modified with PEG-SH,
and sides were modified with DDT (Figure 5h). Like CTAB, the
chain entanglement of PEG-SH on ends and the hydrophobic
interactions of DDT on sides synergistically promoted the
assembly of Au NRs. The DDT interaction was slightly weaker
than CTAB, thus the amount of Au NRs in every SS assembly
was respectively less (Figure 4b). In addition, the DDT interaction

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Schematic illustration of the photothermal conversion procedure of patterned Au NRs SS assemblies under 808 nm laser. b) Schematic
illustration and the IR thermal images of different Au NRs assemblies (the PEG-SH amounts [10 mm] of (a—d) were 0, 1, 7, 50 pL) over time (0-300 s)

under 808 nm laser of 0.08 W cm™2. ¢

) Time course of the surface temperature of different Au NRs assemblies (the PEG-SH amounts [10 mm] of (a—d)

were 0, 1,7, 50 L) on PDMS over time (0-300 s) under 808 nm laser of 0.08 W cm™2. d) Time course of the surface temperature of SS assemblies on
PDMS over time (0-300 s) under 808 nm laser of different energy density: 0.08 (c;), 0.16 (c;), 0.4 (c;) W cm™2.

was relatively regular that the gap between Au NRs in SS
assemblies was uniform and controllable (inset in Figure 4b).
The capability to convert near-infrared (NIR, 700-1100 nm)
light into localized heat of Au NRs has been widely applied
in various fields, especially in diagnosis and targeted thera-
pies.[®7% Generally, in order to achieve maximum tempera-
ture rise, many investigations were conducted to optimize the
morphologies of Au NRs assemblies to match the wavelength
of laser. As mentioned above, the SS assemblies obtained by
interfacial assembly of asymmetric modifying Au NRs with
PEG-SH and DDT showed high absorption at 815 nm, which
rarely matched the 808 nm laser. In addition, the SS showed
some unique characteristics compared to other similar assem-
bling structures: 1) macroscopic and transferable; 2) stability
and repeatability; 3) high orientation rate. Thus, the photo-
thermal conversion performance of the SS assemblies were
investigated (Figure 6a). In order to explore the stability of heat
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conversion performance, five samples from each modified film
were retrieved and measured the temperature changes after
film formation (Figure S6, Supporting Information). The photo-
thermal conversion capability of different Au NRs assemblies
were estimated by measuring the surface temperature using
an IR camera under 808 nm laser illumination. In order to
facilitate testing, the assemblies were transferred to PDMS sub-
strate. To compare the photothermal conversion performance
of different assemblies, four typical assemblies were selected
(Figure 6b). Apparently, the temperature rise (as high as 45 °C)
could be achieved under low lase energy density (0.08 W cm™2).
More importantly, the SS assemblies showed high sensitivity to
laser that a temperature of 42 °C was achieved in 30 s under
extremely low energy density (0.08 W cm™2) and down to room
temperature within 60 s after stop the laser (Figure 6¢). In addi-
tion, higher temperature and rapider temperature rising were
achieved by adjusting laser energy density (Figure 6d). When
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the energy density rose to 0.4 W cm2, the temperature went
up to 50 °C in 10 s. In other words, the proposed SS assemblies
showed higher efficiency of photothermal conversion under
the energy density several times or even dozens of times lower
than other similar works.367172]

However, the rise of temperature obviously weakened
for other assemblies under same laser energy density
(Figure 6a,b,c). In addition, the amounts of nanoparticles in
a certain area will have a great impact on their photothermal
conversion. However, from the perspective of photochromic
devices, the stable and reusable photothermal conversion
performance is as important as maximum temperature rise.
Although Au NRs modified without any PEG molecules possess
densely arranged parts and showed high temperature rise, they
are heterogeneous and have single and multilayered structures.
Apparently, the EE assemblies (Figure 6b-ii, and the curve c in
Figure 6¢) showed minimum temperature rise and the highest
temperature only up to 32 °C under 0.08 W cm™2. The large
redshifts of EE assemblies compared to SS ones may be respon-
sible for the photothermal conversion difference (Figure 4c).

The optical properties of Au NPs assemblies were affected
by the properties of Au NPs themselves and the spacing of par-
ticles in the assembly.”>”4 More importantly, the optical prop-
erties of Au NPs are changed after the assembly process.”>7°l
The Au NPs spacing changes often result in plasma coupling
changes, and the plasma resonance energy also changes after
assembling.””) Some previous work also reported that no matter
what the assembly mode (SS, EE, or random arrangement) of
Au NRs is, the plasma coupling after assembly increases with
the decrease of Au NPs spacing and the increase of the number
of Au NPs in the assembly.”®! In this work, the stronger light
absorption of the SS assemblies can be attributed to the fol-
lowing two reasons: 1) The number of Au NRs per unit
area of SS assemblies is much higher than that of EE or the
random ones. As a result, the plasma coupling of SS assem-
blies is enhanced, further enhancing the absorption of light.
2) Plasma resonance enhancement is due to the matching of
the light absorption of SS assemblies with the laser wavelength.
Although the plasmon resonance properties of Au NRs after
assembly are significantly different from those of Au NRs sepa-
rately, the inherent nature of plasmon resonance enhancement
caused by wavelength matching is unchanged. Thus, the strong
absorption of Au NRs for 808 nm light is further induced due
to the enhancement of plasmon resonance.

The remarkable photothermal conversion capacity of Au NRs
SS assemblies is expected in thermal anticounterfeiting appli-
cations by combining with thermochromic dye. Nevertheless,
the anticounterfeiting applications often require that the mate-
rials could be prepared in large area and are easy to cut.’>#%
Thus, macroscopic and a variety of patterns of SS assemblies
were obtained by utilizing patterned PDMS substrates to fish
up Au NRs assemblies on the surface of water (Figure S7, Sup-
porting Information). The Au NRs SS assemblies could be
easily transferred onto different patterned PDMS substrates
and maintained their integrity. In addition, the rendition capa-
bility was an important evaluation parameter for anticounter-
feiting applications that anticounterfeiting identification func-
tion may be used in different applications scenarios. Therefore,
the rendition performance was investigated by transferring Au
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NRs SS assemblies on PDMS to various substrates including
paper, ceramic, plastic, and hydrophobic non-woven fabric.
The Au NRs assemblies still retained their integrity that would
broaden its application to various fields. Inspired by the unique
feature of SS assemblies of Au NRs (such as transferrable, free-
standing, macroscopic, and remarkable photothermal conver-
sion capacity), this material is supposed to be of great values as
a smart laser-responsive heat source that may be used for secu-
rity protection. First, the commercial thermochromic dye were
mixed with PDMS and cured together to obtain the dye layer
that can be cut at will. Then different patterned SS assemblies
were transferred to various substrates of demand (plastic was
chosen here) followed by coating the dye layer on it (Figure 7a;
Figure S8, Supporting Information).

The security mechanism of the security system we built is
as follows. Upon exposure to the laser of 808 nm, SS assembly
rapidly absorbs and converts it to heat and make temperature
of whole security system rise. When the temperature is higher
than the critical temperature of the thermochromic dye, the
thermochromic dye with SS assembly at the bottom begins to
discolor. As shown in Figure S9, Supporting Information, the
security system can show color changes only when the ambient
temperature above the critical temperature of the dye (40 °C).
Moreover, the dye color changes cannot be observed even in
the presence of a laser without SS assemblies. In contrast, the
dye discoloration can be observed in a very short time (1 min)
after laser irradiation with SS assemblies. These results also
fully demonstrated that the anticounterfeiting system we con-
structed has good thermal stability. When Au NRs assembled,
their chemical stability was greatly improved and their chemical
stability was no longer affected by temperature, ionic strength,
and alkaline conditions. More importantly, even when stored
for 6 months, the ink can still keep good anticounterfeiting dis-
play properties (Figure S10, Supporting Information). It is clear
that the ink would maintain good stability for a long time.

The research on anticounterfeiting performance started with
simple patterns such as polygons or numbers. Within 10 s,
the patterns revealed clearly under a laser illumination of
0.1 W cm™ (Figure 7b). In addition, the pattern disappeared
rapidly in 10 min after shutting down the laser. Then, as shown
in Figure 7c, some relatively complex pattern information
could also be encrypted and captured. Moreover, combined SS
assembly—dye layers were cut into leaf shape to enrich photo-
thermal chromic performance (Figure 7d). After laser illumina-
tion for 10 s, the artificial leaf presented colors similar to the
real leaves. Furthermore, the direct write performance was also
investigated (Figure 7e) due to the point source property of
laser. The combined layer of SS assemblies and dye layer served
as “drawing board” and any information could be written in the
area of SS assemblies. In addition, the written information could
be maintained for about 10 min due to the inherent delay prop-
erty of the thermochromic dye. The cyclic anticounterfeiting
experiment of the composite structures were also conducted to
investigate the stability and lifetime of the anticounterfeiting
system. As shown in Figure S11, Supporting Information, after
10 times of repeated experiments, our security system could
still maintain a good color-rendering performance. Moreover,
the pattern of each display is relatively stable. It is worth noting
that the proposed SS assemblies presented a simple and direct
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Figure 7. a) Schematic representation of the preparation of information encrypting composite structure. b,c) Simple anticounterfeiting displays with or
without 808 nm laser (0.1 W cm™2). d) Camouflaged “leaf” and positioned alongside real leaves without (left) and with (right) 808 nm laser (0.1 W cm™)
exposure for 20 s. e) The laser direct writing on the composite structure of Au NRs SS assemblies and thermochromic dye. All illustrations are the
corresponding IR thermal images of anticounterfeiting images. The temperature value of the anticounterfeiting displays is around 50 °C. The scale

bar in all images is 1 cm.

form of anticounterfeiting that required no special equip-
ment or stimulation.”>#! Additionally, the rapid light response
endowed them sensitive discoloration performance that was of
great importance for anticounterfeiting applications./®!

3. Conclusion

In summary, we have successfully fabricated macroscopic
and free-standing Au NRs orientational arrays via interfacial
assembly. Macroscopic SS assemblies of Au NRs with almost
100% orientational rate can be obtained by precisely asym-
metric modifying Au NRs with PEG/DDT. Our experimental
results and simulation data showed that the van Der Waals
force between DDT on sides and molecular entanglement
of PEG-SH on ends of Au NRs synergistically promoted the
construction of SS assemblies. In addition, the SS assemblies
showed strong adsorption around 808 nm, which absolutely
matched the 808 nm laser to greatly improve the photothermal
conversion capability. Thus, the freestanding and macroscopic
SS assemblies were applied in photothermal discoloration anti-
counterfeiting by combining them with thermochromic dye.
Due to the unique features of SS assemblies of Au NRs (such
as being transferrable, freestanding, macroscopic), various
shapes and sizes of patterns could be designed for anticoun-
terfeiting investigation and the laser direct writing could also
be achieved. This study may not only provide a new strategy
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to prepare orientational arrays of Au NRs, but also expand the
macroscopic, freestanding, uniform, and wide-spectrum adjust-
able Au NRs arrays for photochromes or thermochromism
applications.

4. Experimental Section

General: Tetrachloroauric acid (HAuCl,4H,0), CTAB were purchased
from Sigma-Aldrich. Silver nitrate (AgNO;) was purchased from
Aladdin Industrial Corp. in Shanghai. Sodium borohydride, hydrogen
chloride, L-ascorbic acid and 1-dodecanethiol (DDT) were obtained
from Sinopharm Chemical Reagent Co., Ltd. Sodium oleate was
purchased from TCl (Shanghai) Development Co., Ltd. SH-PEG-OCHj,3
(M,, = 2000, 98%) was supplied by the J&K Chemical, Ltd. in Shanghai.
All the chemicals were used without further purification.

Synthesis of Au NRs: The Au NRs with aspect ratio 3.5 were
prepared according to Murray’s seeded growth method.’2 Prior to
PEG modification, Au NRs were centrifuged twice (7500 rpm, 10 min)
to remove the excess CTAB and then concentrated four times and
redispersed in water.(®’]

The Exact Calculation of Asymmetric Modification of Au NRs: The
calculation process was conducted according to the previous work
with little modification.®% First, the amount of PEG for one Au NR was
calculated. According to the molecular weight and structure of PEG-SH,
the value of Sg of PEG-SH was confirmed as 0.35 nm? (0.21 nm? for
DDT).B4356% The concentration of Au NRs could be calculated according
to the Lambert—Beer law (A = ebc). Therein, the value of b and A could
be acquired by UV-vis spectra. According to previous study, the molar
coefficient also could be obtained from according to the aspect ratio and
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the LSPR peak of Au NRs solution.l After calculating the amount of
PEG for one Au NR and the number of Au NRs, the total PEG amount
could be acquired.

Modification of Au NRs with PEG-SH: The modification of PEG-SH
was very simple. First, a certain amount of PEG-SH solid power was
dissolved in deionized water with a concentration of 10 mm. Then, a
certain volume of PEG-SH solution was added to the pre-prepared Au
NRs solution (2 mL). The acquired solution was mixed mildly at room
temperature for 24 h to make Au NRs contact with PEG-SH sufficiently.
It is important to note that the amount of PEG-SH adding to Au NRs
was slightly higher than the value of calculation because not all the
PEG-SH in the solution adsorbed to the surface of Au NRs.

Assembly at Water/Hexane Interface: The assembly process was
conducted according to a previous work.?2 The whole assembly process
should be conducted in a stable atmosphere. Briefly, the pre-prepared
Au NRs solution (2 mL) was diluted to 20 mL with water and added to
the culture ware with 9 cm internal diameter. Then 10 mL hexane was
slowly added dropwise on top of the water phase. These procedures
should be controlled carefully to avoid part of hexane entering water
phase (added rapidly or the hexane liquid drop was too big). Finally,
10 mL ethanol was injected into the water phase with a certain injecting
speed (4 mm min™). The hexane volatilized constantly and the golden
film was gradually produced with continuous addition of ethanol. After
the addition of ethanol and hexane volatilization were complete, the film
was existed stably on the top of water phase.

Selective Modification of Au NRs with PEG-SH and DDT Successively:
To achieve the asymmetric modification of Au NRs with PEG-SH on the
ends and DDT on the sides, the PEG-SH (10 mwm, 7 uL) was preferentially
added to the pre-prepared Au NRs solution (2 mL) at room temperature
and mixed for 24 h. Then the mixed solution was transferred to the
culture ware to conduct the assembly procedure. Different to the above
process, 15 uL DDT/hexane solution (the volume ratio of DDT to hexane
was 10 pL to 100 mL) was added to 10 mL hexane and mixed for about
1 min. Other steps were the same with the above assembly procedure.
To obtain Au NRs assemblies with different adsorptions, the amount of
PEG-SH was adjusted as 1, 7, and 20 pL. The amount of DDT was same
as before.

Molecular Dynamics Simulation Studies of Self-Assembly Mechanism
of Au NRs Coated with PEG-SH, CTAB, or DDT: All simulations were
performed using Forcite plus module as implemented in Materials
Studio software. In order to reveal the self-assembly mechanism of Au
NRs capped with PEG-SH, CTAB, or DDT, the molecular interactions
and assembly processes of PEG-SH, CTAB, or DDT-coated Au (111)
surface (8 PEG-SH, 14 CTAB, or 18 DDT molecules) were determined by
all-atom molecular dynamics simulations. In the initial configurations,
the distance between the two Au (111) surfaces exceeds 80 A to avoid
any artificial interaction between the Au NRs. In order to obtain a stable
equilibrium configuration, multiple simulation approaches were carried
out. Geometry minimization (less than 10 000 steps) was performed to
relax these structures based on the smart minimizer method, followed
by a 5 ns NVT molecular dynamic simulation at 300 K with a time step
of 1fs. Finally, a 5 ns NPT MD simulation was applied on the system
to simulate the self-assembly process and obtain equilibrium structure.
The interactions between atoms in the whole process were determined
by COMPASS force field. The atom-based method was chosen for vdW
interaction and electrostatic interaction with the cut-off distance of
12.5 A and buffer width of 0.5 A.

Preparation of the Security Composited Structure: The patterned
PDMS were synthesized by commercial embossing machine. The
thermochromic dye (2 mg) and PDMS (10 g precursor and 1 g curing
agent) were hybrid cured in 70 °C oven for 2 h.

Characterization: UV-vis absorption spectra were recorded by
virtue of TU-1810 UV-vis spectrophotometer provided by Purkinje
General Instrument Co., Ltd. The absorption measurement of Au NR
assemblies was performed as follows: As the good light transmission
of PDMS film, the cured PDMS was used as substrate to salvage Au
NRs assemblies. After skimming the Au NRs assemblies, the PDMS
without Au NRs assemblies was used first to buckle background. Then,
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the PDMS with Au NRs assemblies was pasted on the same colorimetric
dish to measure the absorption spectrum of them. The morphologies
of Au NRs were observed by an S-4800 (Hitachi, Japan) field emission
scanning electron microscope (SEM) at an acceleration voltage of 4 kV.
Transmission electron microscope (TEM) was performed on a JEOL JEM
2100 electron microscope operating at 200 kV. In all NIR-responsive
experiments, an NIR laser source with a wavelength of 808 nm (BWT
Beijing, K808DAHFN-15.00 W) and tunable power output of 15 W was
employed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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