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ABSTRACT Uniform lamellar silver nanoleaves (AgNLs) were spontaneously
assembled from 4 nm silver nanoparticles (AgNPs) with p-aminothiophenol (PATP)
as mediator under mild shaking at room temperature. The compositions of the
AgNLs were verified to be ~1 nm Ag,s nanoclusters and PATP molecules in

quinonoid model. The underlying assembly mechanism was systematically

investigated and a two-step reaction process was proposed. First, the 4 nm AgNPs were quickly etched to ~1 nm Ag,s nanoclusters by PATP in the

form of [Ag,s(PATP),I"" (n < 12), which were then further electrostatically or covalently interconnected by PATP to form the repeated unit cells of
[Agzs(PATP),,,1]("’”+—PATP—[Agzs(PATP),,,ﬂ("’”+ (abbreviated as Ag,s—PATP—Ag,s). Second, these Ag,s—PATP—Ag,5 complexes were employed as

building blocks to construct lamellar AgNLs under the directions of the strong dipole—dipole interaction and the ;7— 7 stacking force between the neighboring

benzene rings of PATP. Different reaction parameters including the types and concentrations of ligands, solvents, reaction temperature, ionic strength, and pH,

etc., were carefully studied to confirm this mechanism. Finally, the preliminary investigations of the applications for AgNLs as “molecular junctions” and SERS

properties were demonstrated. We expect that this convenient and simple method can be in principle extended to other systems, or even mixture system with

different types of NPs, and will provide an important avenue for designing metamaterials and exploring their physicochemical properties.
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he last decades have witnessed tre-
Tmendous progress in the prepara-

tion of different kinds of nanocrystals
(NCs) with controlled sizes, morphologies,
compositions, and surface functionalities.
These NCs exhibit appealing electronic,
magnetic, and photonic properties and
have attracted great efforts to be manipu-
lated as “artificial atoms”.'~"" As an impor-
tant “bottom-up” method, the self-assembly
of these NCs into desirable metamaterials in
a highly efficient manners could provide an
opportunity to investigate and further tailor
their collective physical properties.'?'> Until
recently, although many strategies to obtain
metamaterials, such as solution crystalliza-
tion, wet deposition, interfacial organization,
and the biomolecular-directed self-assembly,
have already been developed,'*~2° some dis-
advantages of these methods such as them
being time-consuming, labor-consuming, or
costly hinder their wide applications. Assem-
bling the NCs into uniform entities by a
convenient and simple way still remains a
critical challenge.
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Herein, a facile method was discovered to
controllably assemble the Ag nanoparticles
(AgNPs) into lamellar structured Ag nano-
leaves (AgNLs) by simply mixing cyclohex-
ane containing 4 nm AgNPs and ethanol
containing p-aminothiophenol (PATP) at
room temperature (RT). In a typical process,
50 uL of cyclohexane containing AgNPs
(~10 mM of [Ag]) was mixed with 400 uL
of ethanol containing PATP (50 mM) at RT.
Then the mixture was subjected to a mild
shaking at 800 rpm for 4 h and uniform
lamellar AgNLs were obtained after purifica-
tion. Although some previous reported
methods have produced analogous noble
metal lamellar nanostructures or even Au
leaves using thiol ligands,?' ~%° they lacked
control over the uniform morphology and
highly ordered structures. Herein, this solu-
tion process of preparing uniform, lamellar
structured AgNLs was convenient and
simple, as well as highly reproducible. Ad-
ditionally, a preliminary conductivity inves-
tigation of the AgNLs was performed,
and the result showed potential electron
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Figure 1. Characterizations of the AgNPs and AgNLs. (A) TEM image of the initial 4 nm-sized AgNPs; (B) the as-obtained
AgNLs; (C) HRTEM image of a typical AgNL from side view. The inset was an enlarged view of the selected blue box; (D) WAXRD
pattern of the AgNLs. The inset showed the calculated interlayer distance of the AgNLs with different diffraction peaks. The
blue line presented the magnified view of the corresponding 260 area. Corresponding values of 26 for each diffraction peak

were also given.

transfer properties with a gigohm level resistance, a
benefit from the ordered arrangement of quinonoid
model PATP molecules in the AgNLs which presented
a large conjugated network throughout the AgNLs.
Surface enhanced Raman spectroscopy (SERS) study
showed that the AgNLs acted as an active SERS sub-
strate with a significant enhancement factor on the
order of 10'?~10"® magnitude. These results will shed
light on the future design and preparation of metama-
terials, as well as the potential applications of AgNLs on
optoelectronic devices.

RESULTS AND DISCUSSION

The typical transmission electron microscope (TEM)
images of the initial 4 nm AgNPs which were prepared
by using our previous method?® were shown in Figure
1A,B. The formed AgNPs superlattices in Figure 1A
illustrated their highly monodisperse nature with a
standard deviation of 2.5% (see Supporting Informa-
tion, Figures S1—S4 for more characterizations of the
AgNPs). The TEM image of highly uniform AgNLs with
a radial length of ~1.25 um and aspect ratio of ~3.5
was presented as Figure 1B. The typical thickness of the
AgNL from side view determined by TEM showed its
value of ~46 nm (Figure 1C), and the highly ordered
lamellar feature of the AgNL was proved by the inset
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high-resolution TEM (HRTEM) image of a ~1.7 nm
interlayer distance. In Figure 1C, it can be seen that
some bigger AgNPs with size > 5 nm were attached on
the outer surface of the AgNLs (see later for more
detailed discussion). The wide-angle X-ray diffraction
(WAXRD) pattern in Figure 1D further verified the
lamellar feature of the as-obtained AgNLs with the
unprecedented 14th periodic diffraction peaks. The
average interlayer distance (denoted as d) of the AgNLs
from the WAXRD data was calculated to be 1.6881 nm
using the Bragg's law (inset of Figure 1D, Supporting
Information, Figure S5 and Table S1), which was well
consistent with the value measured by HRTEM.

It was very interesting that AgNPs were controllably
assembled into lamellar AgNLs in such a facile way
without an extra procedure needed. To fully under-
stand the underlying formation mechanism of AgNLs,
two key issues were raised to be solved: (i) What was
the building block of the AgNLs with skeleton length
of ~1.7 nm? (ii) What were the dominant driving forces
to direct the self-assembly process?

To answer the first question, electron microscope
(EM) measurements were first performed to analyze
the components of the AgNLs. As the scanning TEM
(STEM) image of the AgNL presented in Figure 2A,
combined with the selected area electron diffraction
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Figure 2. Component analysis of the AgNLs. (A) STEM image of a typical AgNL, wherein the white dots presented small Ag
nanoclusters composed of the AgNLs. The inset SAED of this AgNL also clearly showed four diffraction rings of Ag element. (B)
XPS results of the AgNLs. The molar ratio of N:S:Ag was determined to be 0.30:0.30:1. (C) MALDI-TOF-MS spectrum of the
AgNLs. The upper-left corner presented the schematic illustration of Ag,s nanoclusters attached with six PATP in 3D space.

(SAED, inset in Figure 2A), STEM images (Supporting
Information, Figure S6) and energy-dispersive spec-
troscopy (EDS, Figure S7), the AgNLs were found to be
composed of small AgNPs with a size less than 2 nm.
This suggested that the initial 4 nm AgNPs underwent
a decomposition process to form the smaller Ag
nanoclusters during the assembling process. It has
been well documented that the thiol group containing
molecules can effectively exchange the ligands on the
surface of the Au or Ag NCs, and then etch them into
smaller species.?”?® As to our reaction system, we con-
cluded that the thiol-containing ligands PATP could also
act as etchants to decompose the initial AgNPs into
smaller Ag nanoclusters. To verify this hypothesis, the
UV—vis spectrum was performed to monitor the reac-
tion at the early reaction stage (Supporting Information,
Figure S8). It was found the intrinsic absorbance peak of
Ag was blued-shifted from 412 to 400 nm in the first
2 min after mixing the AgNPs and the PATP solution,
which indicated the formation of smaller Ag nano-
clusters in the reaction. Meanwhile, the simultaneous
aggregations or recrystallizations from the original
AgNPs and the newly formed smaller Ag nanoclusters
into bigger AgNPs were also observed under TEM
(Supporting Information, Figure S9), showing the same
phenomenon as aforementioned in Figure 1C.
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X-ray photoelectron spectroscopy (XPS) was then
allowed to probe the chemical states of Ag and PATP in
AgNLs and then disclose the interaction between
Ag and PATP.? Figure 2B presents the high-resolution
XPS results of Ag3d, S2p, and N1s, wherein the binding
energies of Ag3ds,, and Ag3ds,, were basically the
same as the standard values of 368.72 and 374.64 eV,
respectively, illustrating the zerovalent state of Ag.
Meanwhile, the binding energies of S2ps/, (162.66 eV)
and S2p,,; (163.70 eV) were 1.24 and 1.4 eV less than
the standard values, respectively, and the binding
energy of N1s (399.87 eV) was 1.47 eV higher than
the standard value, indicative of negative and positive
charge states of the S and N elements in PATP. Thus,
the XPS results proved that the PATP was in quinonoid
model in the AgNLs and the newly formed Ag nano-
clusters were electrostatically/covalently bound with
the —SH and —NH, in PATP to form [Ag,,(PATP),]"*
complexes according to previous reports.2’3° The
electrostatic and/or covalent binding of the ligand
with Ag nanoclusters was investigated in detail and
was found to be dominant in the assembly of AgNPs
into uniform lamellar AgNLs. Weakening the electro-
static and/or covalent binding energies resulted in less
uniform lamellar products in different morphologies.
For example, if PATP was replaced by a ligand with
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either one or none of the functional groups of —SH and
—NH,, irregular products were obtained (Supporting
Information, Figure S10).

The matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS) in the
positive reflector mode was further performed to
determine the accurate components of the AgNLs. 282
Four prominent peaks of m/z in Figure 2C were calcu-
lated to be in accordance with the structure form
of [Ag>5(PATP),I"t (n < 12) and the highest signal
was assigned to [Ag,s(PATP)s]®" (Figure 2Cb; for more
information see Supporting Information, Tables S2—S3
and Figure S11), which evidenced that the Agss
nanoclusters were the sole format of Ag in AgNLs
and the [Ag,s(PATP)e]®" species were the main com-
ponent of the AgNLs. Ideally, when six PATP molecules
were attached to one Ag,s nanocluster, they would
stand up vertically and prefer to occupy the center of
one plane of the Ag,s nanocluster in 3D space, similar
to the face-centered cubic structure, as presented in
the upper-left corner of Figure 2C. Surprisingly, the size
of the Ag,s nanoclusters was estimated to be ~1 nm,
which was unexpectedly consistent with the observed
size in Figure 2A.

On the basis of the above results, the main compo-
nent of AgNLs has been determined as [Ag,s(PATP)s]® .
Owing to strong electrostatical/covalent interaction
between the thiol/amino group of PATP and Ag,”'
[Ags(PATP)6I®" structures will be further intercon-
nected to form the [Ag,s(PATP)s]> T-PATP-[Ag,s(PATP)s]>
(abbreviated as Agys—PATP—Ag,s). With a 3D modeling
using Chem3D Ultra software (Supporting Information,
Figure S12), the skeleton length of the PATP in the
quinonoid model was estimated at ~0.67 nm, thus
rendering the linear length of the Ag,s—PATP—Agys
around 1.67 nm. This value was perfectly consistent
with the observed interlayer distance determined by
HRTEM and WAXRD. Therefore, we concluded that the
Ag,s—PATP—Ag;s functioned as the building block to
be assembled into the highly ordered lamellar AgNLs.

Regarding the driving force for the formation of
the highly ordered lamellar AgNLs from the building
block Ag,s—PATP—Ag,s, we attributed it to the strong
dipole—dipole attraction®'*? and m—x stacking
force®*3* between the neighboring benzene rings in
PATP, which directed the assembly of AgNPs into
AgNLs. Tang and co-workers have successfully demon-
strated the important role of dipole—dipole interaction
in assembly of single CdTe NPs into 1D wires or 2D
sheets.332 Regarding our reaction system, XPS and
MALDI-TOF-MS data have supported the quinonoid
model of PATP with an electron-donor group (—NH,)
and an electron-acceptor group (—SH) connected by a
conjugated st system, which further interacted electro-
statically/covalently with newly formed Ag,s nanoclus-
ters to form Ag,s—PATP—Ag,s as the building block of
the lamellar AgNLs. As shown in Figure 2C, most of the
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Ag,s nanoclusters were coated with six copies of PATP,
in which each PATP occupied one plane of the Agys
nanocluster in a 3D space. When the Ag,s nanoclusters
were assembled in solution, the dipole—dipole inter-
action guided their assembling head-to-head to form
Ag,s—PATP—Ag,s complexes, which were also energy
favorable due to the minimized steric repulsion and
entropy.>

The contribution of the dipole—dipole interaction
on the self-assembly of highly ordered lamellar AgNLs
was confirmed by a series of control experiments,
including the ionic strength, the pH, and the solvents,
etc. (Supporting Information, Figure S13—S19). With
weakened dipole—dipole interaction between the
Ag,s—PATP—Ag,s complexes, much less ordered la-
mellar products were obtained. As shown in Support-
ing Information, Figure S13, most of the products in
irregular morphologies were obtained with up to six
periodic diffraction peaks in a 1T M MgCl; solution, due
to the enhanced electrostatic screening effect of Mg>*
ions in the reaction solution which decreased the
electrostatic interaction between PATP and Agss
nanoclusters. As well, the pH and the polarity of the
solvents in the reaction were also observed to influ-
ence the products with significantly different lamellar
properties, in which the protonation and deprotona-
tion of PATP under different pH and polarity conditions
changed the electrostatic interaction and therefore
resulted in the various ordered products (Supporting
Information, Figures S14, S16, S17—S519).

Another important driving force for the ordered self-
assembly of AgNLs was credited to the z— stacking
of the aromatic rings in neighboring PATP in Ag,s—
PATP—Ag,s skeletons. Under the guidance of the 7—x
stacking force, the Ag,s—PATP—Ag,s complexes
would prefer to assembly side-by-side parallelly on a
horizontal plane. The contribution of the 7—z stacking
force on the organization of lamellar AgNLs was ver-
ified in a list of control experiments. For example,
because the z—m stacking can be affected by the
reaction temperature due to the interruption of the
vibration resulted from the heating, the products
obtained at 50 °C showed the decreased lamellar
nature of the Ag flakes with no specific morphology
(Supporting Information, Figure S20). This indicated
that the decreased w—u stacking brought about the
less controllable assembly of AgNLs. In addition, by
replacing the PAPT ligand with other ligands contain-
ing thiol and amine groups but without the aromatic
ring, such as mercaptamine, no ordered lamellar prod-
uct was obtained as shown in Supporting Informa-
tion, Figure S21, compared with those obtained from
ligands containing aromatic ring (Supporting Informa-
tion, Figure S22). As a result, we proposed the forma-
tion mechanism of AgNL as illustrated in Figure 3, in
which the 4 nm AgNPs were first etched into ~1 nm
Ag,s nanoclusters by PATP and then formed the
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Figure 3. Formation mechanism of the AgNLs. (A) Schematic illustration for the process of forming lamellar AgNLs. (B) Two
possible resonant states of PATP: (1) benzenoid and (2) quinonoid. The PATP in quinonoid model could electrostactically/
covalently interconnect two Ag,s nanoclusters to form the Ag,5—PATP—Ag,s complex (3). (C) The 3D network of lamellar

AgNLs with Ag,5—PATP—Ag,5 of ~1.7 nm skeleton length.

it

1.54

w)

—0s
—30s

1.24 400 nm — 60s

412nm

Absorbance

300 400 500 600 700
Wavelength (nm)

Figure 4. The growth evolution of the AgNLs in the early reaction stage. (A—C) TEM images of the products obtained from 30 s
(A), 60 s (B), and 120 s (C) of the reaction system, respectively. Inset in Figure 4A showed the HRTEM images of the big
aggregates of AgNPs. (D) The UV—vis spectrum obtained from the first reaction of 2 min.

Ag,5s—PATP—Ag,s complex as the building block for
the assembly of lamellar AgNLs under the guidance of
the dipole—dipole interaction and the t— stacking of
the benzene rings between the neighboring PATP
molecules.

The evolution of the AgNLs was carefully studied
using UV—vis spectrum and TEM to reveal how the
AgNPs were assembled into AgNLs. Because the pro-
totyped AgNLs could be successfully assembled in just
2 min (Figure 4C), no morphology changes of the
AgNLs were observed in follow-up reactions even
elongating to seven days (Supporting Information,
Figures S23—S25). Therefore, it was very important to
study the etching process and the follow-up assem-
bling behavior during the first 2 min (Figure 4 and
Supporting Information, Figures S26—28). Three sam-
ples were collected at 30, 60, and 120 s, respectively,
to reveal the process. As shown in Figure 4A, we
observed that there were some large AgNPs formed
with sizes larger than 4 nm, besides the numerous
etched AgNPs about 1 nm in size, in the first 30 s
(Figure 4A and Supporting Information, Figure S27).
When the reaction continued to 60 s, embryonic AgNLs
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were observed under the TEM images (Figure 4B and
Supporting Information, Figure S28). When the reac-
tion time was extended to 120 s, most of the newly
formed ~1 nm AgNPs assembled into AgNLs with the
bigger AgNPs absorbed on the outer surface of the
AgNLs (Figure 4C). We speculated that two processes
happened in the 2 min reaction: (1) The 4 nm AgNPs
were etched into ~1 nm Ag,s nanoclusters after the
mixing of AgNPs with PATP, followed by the formation
of Ag,s—PATP—Ag,s complexes. Then the lamellar
AgNLs assembled under the guidance of dipole—
dipoleinteraction and the w—x stacking force between
the neighboring benzene rings in PATP molecules. (2)
The recrystallization of the initial 4 nm AgNPs with the
newly formed Ag,s nanoclusters resulted in the larger
AgNPs observed in Figure 4A. Due to the incompatible
size of the larger AgNPs with the dominant Agys
nanoclusters, the larger sized AgNPs were gradually
ejected from the body of the newly formed AgNLs onto
the outer surface during the AgNL assembly. The
UV—vis spectroscopy was also used to in situ monitor
the reaction. As shown in Figure 4D, the initial 4 nm
AgNPs presented a narrow absorbance peak at412 nm.
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Figure 5. Two potential applications of the AgNLs. (A) A typical /—V curve of AgNLs measured by AFM. The experimental
(black line) and simulated results (red line) between +1 V were both presented. Inset in the lower right corner was
the schematic illustration of the experimental setup, where the AgNLs were randomly attached to a sheet of gold substrate.
(B) SERS spectra of the AgNLs. The AgNLs used in the two measurements were prepared as in Figure 1B. The SERS spectra
obtained from five different sizes of AgNLs were also presented. Corresponding EM images of the AgNLs under 10, 20, 30, 40,
50 mM of AgNPs were shown in Supporting Information, Figure S35.

Itis notable that, due to the quick reaction between the
AgNPs and PATP, it was hard to capture the product at
the point in time that the AgNLs and PATP were mixed
(Supporting Information, Figure S26). However, after
mixing the AgNPs and PATP for 30 s reaction, there
were two peaks appearing at 400 and 450 nm, indicat-
ing that there were two populations of AgNPs formed.
The absorbance peak at 400 nm presented the smaller
AgNPs from the etching of 4 nm AgNPs, while the
450 nm absorbance peak identified the existence
of larger AgNPs. Extending the reaction time to 60 s,
we observed that a peak appeared in 400 nm and the
450 nm peak intensity decreased, suggesting that the
ongoing etching process produced more and more
Ag,s nanoclusters and the larger AgNP aggregates
were gradually diminishing. With reaction time elon-
gated to 12055, a significant absorbance peak at 400 nm
was observed and the absorbance peak at 450 nm
completely vanished; this clearly illustrated that the
~1 nm Ag nanoclusters were dominant in the products
and then were assembled into the AgNLs in the short
time of 2 min as shown in Figure 4C.

Taking all together, we successfully developed a
facile strategy to assemblea AgNP as an artificial atom
into a highly ordered lamellar AgNL and then proposed
its self-assembling mechanism. To generalize this
method, we found that the lamellar AgNLs were
obtained if the ligands met three prerequisites: (1)
containing the thiol group to etch the big AgNPs into
small ones; (2) containing a conjugated bond system
to form Ag-—linker—Ag nanostructure as building
block; (3) containing a rigid benzene ring to guide
the Ag—linker—Ag nanostructures assembling into
ordered lamellar structures. In addition, the solvents
should be able to provide good solubility of the ligands
and the initial AgNPs for the assembling, respectively.
All the results supported our conclusion that the strong
dipole—dipole attraction and the w—s stacking force
originating from the linkers, as well as the solvent,
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played important roles in obtaining the desired lamel-
lar Ag nanostructures.

Because the lamellar AgNLs were composed of
highly ordered Ag,s—PATP—Ag,s complexes as build-
ing blocks, where the PATP presented a conjugated
state of quinonoid model, one assumption was raised
that these unique Ag,s—PATP—Ag,s complexes might
work as “molecular junctions” and endow the lamellar
AgNLs with conductive properties.>**” Therefore, the
current—voltage (/—V) curve of the circuit by putting a
single AgNL on Au substrate using AFM was per-
formed. As shown in Figure 5A, a linear relationship
between the current and voltage with a little hysteresis
was observed. In the ohmic region from both the
measured and simulated /—V curves, the AgNL pos-
sessed electric resistance on the order of gigohms (GQ)
by measuring over 50 AgNLs. This phenomenon sug-
gested the charge transfer process indeed occurred
throughout the profiles of the AgNLs with the junction
gap up to 50 nm. We expected that this conductive
property of AgNLs could further provide another plat-
form for studying charge-transfer mechanisms be-
tween metal nanoclusters and even promote the
future development of electronics devices. Addition-
ally, the quantitative understanding of the relationship
between the current and the size of AgNLs, different
ligands, and so on are under investigation.

Moreover, we were also aware that the Ag substrate
is an excellent candidate for SERS assay. Therefore, the
SERS properties of the AgNLs were studied by using a
532-nm laser with applied power of 0.63 mW. As shown
in Figure 5B, it was observed that, besides a major a,
vibration band of PATP at 1079 cm™', there were three
additional bands at 1142, 1391,and 1436 cm ™' appear-
ing with considerable enhancement, which were as-
signed as the —N=N-— stretching modes of 4,4'-
dimercaptoazobenzene (DMAB) from the dimerization
of PATP.387%° The estimated enhancement factors (EF)
for the three bands were on the order of 10'2~10'"3
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magnitude (Supporting Information, Figure $29).
We attributed this significant enhancement of DMAB
on the surface of AgNLs to the highly ordered
Ag,s—PATP—Ag,5 sandwich nanostructures, wherein
the dynamic charge transfer occurred between Agss
nanoclusters through coupling with the vibrations of
the bridging molecules of PATP.*' It is worthy noting
that the DMAB molecules were transformed from PATP
on the outer surface of AgNLs by the Ag nanoclusters
catalyzed photochemical reaction during SERS mea-
surements, and the PATP located inside of the AgNLs
were not dimerized into DMAB (see Supporting Infor-
mation, Figures S30—34 for detailed discussion).
Furthermore, we also found that under the same laser
power, the SERS signals increased with an increase in
the sizes of the AgNLs as shown in Figure 5B. The sizes
of the AgNLs could be finely tuned by varying the
molar ratios of the PATP/Ag (Supporting Information,
Figures S35—536). We mainly attributed this phenom-
enon to rougher surface and bigger AgNPs on the
surface of AgNLs as envisioned in Supporting Informa-
tion, Figure S35. With respect to the SERS assay,
one additional point should be made that the AgNLs

METHODS

Materials. All chemicals were used as received without
further purification. AQNO3 (99.8%), ethanol (99.7%), cyclohex-
ane (99.5%) and other common solvents were purchased from
Sinopharm Chemical Reagent Co, Ltd. Oleylamine (OAM, 70%),
p-aminothiophenol (PATP, 97%) and other organics used in the
control experiments were all obtained from Sigma Aldrich.

Assembly of Monodisperse AgNPs into AgNLs. The procedure to
produce 4 nm AgNPs referred to our previous report.”® The as-
prepared AgNPs could be readily dispersed in cyclohexane. The
typical procedure to produce the AgNLs as shown in Figure 1B
had been presented in the last paragraph of the Introduction.
Once the reaction was finished, the as-obtained AgNLs were
washed with a large amount of ethanol for three times to
remove excess PATP, and then they were resuspended into
water. The AgNLs in different sizes (include radial length, aspect
ratio, thickness) were produced by changing the concentration
of [Ag] from 10, 20, 30, to 50 mM, respectively, while keeping the
other parameters unchanged. The evolution of the AgNLs was
studied by using 25 mM of [Ag] in the reaction while keeping
other parameters unchanged.

Characterization. The morphologies of the as-synthesized
products (AgNPs and AgNLs) were examined on a transmission
electron microscope or scanning transmission electron micro-
scope (TEM/STEM, Tecnai G2 F20 S-Twin) at an acceleration
voltage of 200 KV, and a scanning electron microscopy
(SEM, Quanta 400 FEG) at 10 KV, respectively. The radial length
and thickness of the AgNLs were qualified by dropping the
solution of the AgNLs onto mica to be measured on an AFM
(Aligent 5500) after the samples were dried at 60 °C in the
vacuum oven. Fourier transform infrared spectroscopy (FTIR)
measurements of AgNPs and AgNLs were taken on aNicolet
6700 instrument. The SERS were recorded using JY HR 800
Confocal Raman spectrometer with a 100 x objective lens (NA =
0.90). A 532-nm diode laser was applied as the excitation source,
and a thermoelectrically cooled (—70 °C) CCD detector was
used to collect the backscattered Raman signals with one
acquisition of 10 s accumulation. UV—vis spectra were per-
formed on a Lambda-25 spectrometer (Perkin-Elmer, USA) at RT.
WAXRD patterns of the as-prepared products were recorded on
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prepared by using this convenient and simple method
were highly uniform in size and shape, which might
help resolve the reproducibility problem of the SERS
substrates.

CONCLUSION

We have reported a convenient and simple approach
to spontaneously assemble AgNPs into uniformly lamel-
lar AgNLs with PATP molecule as mediator. The self-
assembly mechanism has been experimentally eluci-
dated as (1) the formation of uniform ~1 nm Agss
nanoclusters obtained from the etching of 4 nm AgNPs
by PATP; (2) the formation of the quinonoid model of
PATP with the electrostatical/covalent interaction be-
tween —HS/—NH, and AgNP resulting in the Ag,s—
PATP—Ag,s complex as a building block; (3) the strong
dipole—dipole interaction and the w— stacking force
between the neighboring rigid benzene skeleton of
PATP induced the ordered organization of Ag,s—
PATP—Ag,s complexes into lamellar AgNLs. We expect
that this methodology will provide an important ave-
nue for designing new metamaterials and exploring
their novel physicochemical properties.

a Bruker D8 Advance powder X-ray diffractometer at a scanning
rate of 2° min~', using Cu Ka. radiation (A = 1.5406 A) in the
range of 20—80° for AgNPs and 1—80° for AgNLs, respectively.
X-ray photoelectron spectroscopy (XPS) was performed on
Perkin-Elmer PHI 5000C ESCA X-ray photoelectron spectrom-
eter using Al Ko radiation (1486.6 eV) as the exciting source.
The bonding energies of the AgNLs obtained from the XPS
analysis were corrected for specimen charging by referencing
the C1sto 284.80 eV. The 3D model structure of PATP molecules
was optimized by chem3D Ultra 8.0 software. An XE-120 micro-
scope (Park Systems Corp., Suwon, Korea) was used for con-
ducting AFM measurements. Conducting AFM tips (NSC19/
Ti—Pt, Mikromasch, Tallinn, Estonia) with a resonance frequency
of about 80 kHz and spring constant of about 0.6 N/m were used
as the probes. The sample was spun cast on Au film substrate,
which is 100 nm in thickness. In this experiment, the typical scan
force for topography was about 5.8 nN, and DC voltage is
applied from the sample substrate, which was varied between
+1V, while the tip was grounded. A preamplifier box was used
to acquire high signal-to-noise sample current.
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