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The assembly of simple nanostructures has already attracted significant interest in the field of plasmonic
devices and other relevant areas. From the viewpoint of theoretical simulation and practical application,
the precise control of nanoparticles still remains a significant challenge. Herein, a strategy was
successfully developed to fabricate in situ a polymer-encapsulated Au nanoparticle dimer based on the
C-C coupling reaction of p-aminophenylacetylene (p-APAC). The balance between the polymerization
processes and the coupling reaction resulted in Au nanoparticle assemblies with different configurations,
such as monomer, dimer, and multimer, depending on the concentration of p-APAC. The gap distance
of about 1.8 nm was well consistent with the length of the coupling products of p-APAC, i.e. the gap
distance was about double the length of a single p-APAC molecule. The observation of a longitudinal
peak in the UV-vis spectrum demonstrated that the aspect ratio of the Au nanoparticles was about 2.5,
indicating the formation of Au dimers with reasonable yield. Moreover, the thickness of the polymer shell
was well-controlled via changing the concentration of p-APAC. The gap of the dimer resulted in a very
large coupling effect of the localized surface plasmon resonance (LSPR), and the surface enhanced
Raman spectroscopy (SERS) signal of the molecules was accordingly enhanced in the gap areas, which
served as the hot spots. Based on the characteristic spectral feature of the coupling products, the single
Au nanoparticle dimer was positioned via SERS mapping. The large LSPR coupling effect in the gap area
allowed the conversion of p-nitrothiophenol (PNTP) to dimercaptoazobenzene (DMAB) with high
efficiency. Thus, it was confirmed that the SPR-catalyzed coupling reaction preferentially occurred on
a hot spot area. The proposed approach is expected to be developed into a promising tool for precisely
controlling the gap distance of a nanoparticle assembly, and it may serve as a simple model for
rsc.li/rsc-advances theoretical consideration in understanding the SERS mechanism(s).
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Introduction clusters,*™ especially dimers, which are the simplest nano-
particle aggregates with only one gap and suitable as a model
Surface-enhanced Raman spectroscopy (SERS) has rapidly for theoretical simulations.
developed in the last few decades due to the contribution of the During the last few decades, a number of reports have
hot spot effect generated in adjacent plasmonic nano- demonstrated the fabrication of plasmonic nanoparticle
particles.’ Normally, the incident light was harvested around ~dimers. Pioneering methods reported by Alivisatos et al.** and
the nanostructure, resulting in a large enhancement of the Feldheim et al'** included generation of Au dimers and
electromagnetic field. It was well-accepted as the main mecha- trimers through DNA and organic molecules as linkers,
nism of enhancement by the SERS community,’ and it effi- respectively. These were the initial attempts to assemble
ciently contributed to signal enhancement even up to single discrete groups of plasmonic nanoparticles. After this, scien-
molecular detection. Therefore, the huge enhancement effect tists are focused on how to increase the yield of dimers towards
from the hot spots has been widely explored for the purpose of ~either fundamental research in plasmonics or applications in
the practical application of SERS.>® In addition, the well- spectroscopy. To date, plasmonic dimers created via methods
structured assembly of the hot spots improved the SERS including organic molecule or DNA-assisted linkage,"™** elec-
performance in quantitative detection.” On account of its great trostatic assembly,'® polymer-encapsulation assembly,'”** chain
importance, significant efforts have been made to constructand ~ reorganization of the amphiphilic polymer brushes,* and
control the assembly of plasmonic nanoparticles into discrete lithography®** have been well developed. Chen et al. reported
the PS;s5,-b-PAAg, encapsulated Au dimers obtained by the
College of Chemistry, Chemical Engineering and Materials Science, Soochow addition of HCI, and this encapsulation could be removed via
University, Suzhou, China. E-mail: yuanyaxian@suda.edu.cn; jlyao@suda.edu.cn oxidation. The dimers were enriched to 60% via UtiliZing
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different centrifugal forces.”” However, the Au nanoparticles
were too small to provide detectable SERS signals. To improve
the SERS sensitivity, Au@Ag core-shell nanoparticles were
substituted by small Au nanoparticles. Via the same approach,
high-purity dimers and trimers enriched to 85% and 70%,
respectively, were separated.'” Recently, depending on the
sophisticated technology of lithographic fabrication, it was
possible to extensively generate dimers and structure them on
a very large scale.”® Crozier and his coworkers fabricated dimers
in a two-dimensional array with hundreds nanometer unit cell
and micrometer array via lithography.*® However, high-cost is
the key obstacle to the development of the abovementioned
method. Based on the key issues of SERS, the plasmonic dimers
are essential to fulfill the following requirements: the generality
for different metal nanoparticles, the anchoring of probe
molecules in the gap region, easy fabrication, and tunable gap
size.”* Well-assembled metal dimers are explored for a wide
range of SERS applications such as investigations on the
quantitative relationship between the nanogap and plasmonic
coupling, ultrasensitive detection, and biosensors for
tumors.>?” For example, using a high-yield method for
preparing the SERS-active dimeric gold-silver core-shell nano-
dumbbells, Lee and coworkers found a detectable single-
molecule SERS signal in a gap with an appropriate size.”® Xu
and coworkers developed an ultrasensitive and highly selective
approach for dopamine detection based on Ag-coated aptamer-
mediated dimers.>® Recently, highly SERS-active metal dimers
have played an important role in biomedicine, especially in
specific tumor detection. Fabris and coworkers fabricated
spherical Au nanoparticle dimers using a rigid dithiolate
linkage. The cell-internalized Au nanoparticle dimers with
highly specific cellular recognition and excellent stability could
serve as novel candidates for tumor phenotype detection.””
Thus, the controllable fabrication of a metal dimer is highly
desired for both theoretical simulations and practical applica-
tion. Although researchers have exploited various methods as
abovementioned, a lack of balance between flexibility, high
yield, and low-cost has resulted in the preparation of only
a single-functionality of the dimers.

Herein, a facile approach combining the functional
synthesis and flexibility was proposed to extend the applications
of dimers; this approach was mainly based on the precise
positioning of individual coupling systems and investigation of
the coupling reaction in the finite region. Based on the C-C
coupling reaction,” Au nanoparticles modified with p-amino-
phenylacetylene (p-APAC) were dimerized through the linkage
of the coupling products on two Au nanoparticles, along with
the encapsulation of the polymer shells during dimerization,
which were spontaneously polymerized by p-APAC. The polymer
shell was designed to play an important role in isolating the
dimers from each other. This process is beneficial for the
simplification of the fabrication procedure, as well as precise
control of the aggregation via the balances between the poly-
merization and C-C coupling reactions. The great coupling
effect in the dimers gap contributed to the strong SERS effect
and also produced the SPR around the nanoparticles for the
relevant catalysis reaction. Thus, the SERS effect and SPR-driven
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catalytic reaction were investigated using the polymer-
encapsulated Au nanoparticle dimers.

Experimental
Chemicals

Chloroauric acid tetrahydrate (HAuCl, - 4H,0), trisodium citrate
dihydrate (Na;CeH;O;-2H,0), hydroxylamine hydrochloride
(NH,OH-HCI), and cuprous iodide (Cul) were purchased from
Sinopharm Chemical Reagent Co. (China). p-Amino-
phenylacetylene (p-APAC) and diethyl azodicarboxylate (DEAD)
were obtained from J&K. 4-Nitrothiophenol (PNTP, 98%) was
purchased from Matrix Scientific Trade Co. 1-Methylimidazole
(C4HgN,) was purchased from Medipharm Co. (China), which
was purified before use. The process of purification was as
follows: 1-methylimidazole was stirred with the addition of
NaOH and then distilled. The distillate obtained at 198 °C was
used.

Characterizations

Transmission electron microscopy (TEM) measurements were
carried out using a TecnaiG220 microscope at 200 kV operating
voltage. Scanning electron microscopy (SEM) was performed
using a Hitachi S-4700 microscope operated at 15 kV. Raman
spectra were obtained using a fully automatic microprobe
Raman system (XploRA PLUS, Horiba Jobin Yvon). The sizes of
the slit and pinhole were 100 and 300 pm, respectively. The
excitation laser wavelength was 638 nm.

Preparation of the Au nanoparticles

Au nanoparticles with a diameter of 30 nm were synthesized via
a two-step method. The Au seed solution was first prepared
through the standard citrate reduction method.* In brief, 1 mL
of HAuCl,-4H,0 solution (1% w/v) in 100 mL of water was
heated to boiling under vigorous stirring, and then, 2 mL of
trisodium citrate solution (1% w/v) was quickly added. The
solution was allowed to boil for 15 min, then cooled down to
room temperature, and used as the seed solution. The diameter
of Au seed nanoparticles was about 15 nm. Then, 25 mL of Au
seed solution was stirred at room temperature followed by the
sequential addition of 1 mL of trisodium citrate solution (1% w/
v) and 20 mL of 25 mM NH,OH-HCI aqueous solution. To
perform the growth of the Au seeds, 20 mL of HAuCl,-4H,0
solution (0.1% w/v) was injected to the abovementioned solu-
tion under mild stirring through a peristaltic pump at an
injection rate of 1 mL min~". The mixture was constantly stirred
for 1 h before use.

Formation of the Au dimers

The 30 nm Au nanoparticles were concentrated via centrifuga-
tion and then mixed with 10 mL ethanol solution of 15 mM p-
APAC for 0.5 h at a stirring rate of 1000 rpm for the alkynylation
of Au nanoparticle surface via multiple bonds between the Au
and the amine group. The molar ratio of p-APAC to Au nano-
particles was adjusted to 12:1, 40:1, 60:1, 100:1, 140: 1,
and 200:1 to obtain the aggregates containing different
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numbers of Au nanoparticles. Subsequently, 1.4 x 10™% g Cul, 9
puL 1-methylimidazole, and 14.4 pL DEAD, which acted as
catalysts, alkali, and hydrogen acceptors, respectively, were
sequentially added to trigger the coupling reaction. The mixture
was stirred at 1000 rpm for 2 h, with the color change from
reddish brown to dark brown. To increase the yield of the
dimers, the as-prepared colloidal solution was centrifuged at
2000 rpm to remove the large-sized nanoparticle aggregates and
then enriched via centrifugation at 5000 rpm.

SERS mapping measurements

The distinctive marks on a clean Si wafer were made via a dia-
mond cutter. For SERS mapping, the square area measuring 6
pum x 6 um was selected and observed using a 100x objective
lens, which showed the dimer and monomer along with the
SEM image. Taking 1 um as a step, SERS spectra of 6 x 6 points
were accumulated at an integration time of 10 s and integrated
to the SERS mapping.

Results and discussion
The principal procedure for fabricating the Au dimer

Scheme 1 demonstrates the schematic of the fabrication of Au
dimers through an organic coupling reaction. In the present
strategy, p-APAC was immobilized onto the Au nanoparticle
surface through the amine group and severed as the linker for
the formation of the dimer after the acetylene coupling reac-
tion. Thus, the inter-nanoparticle gap was occupied by the
coupling product p-APAC-CAPA-p molecules. Normally, the
continuous C-C coupling of the terminal groups on adjacent
Au nanoparticles allow the cross-connection of the nano-
particles to generate network structures. under
controlled conditions, the spontaneous polymerization of
P-APAC occurred and produced the shell on the Au nanoparticle
dimer surface. Hence, the continuous coupling reaction of
p-APAC was hindered. As a consequence, the Au dimer domi-
nated in the final products. However, the coverage of p-APAC on
Au nanoparticles was crucial for the formation of different
configurations such as monomers, dimers, or multimers.
Moreover, the following polymerization processes resulted in
the formation of a continuous shell on the Au nanoparticle
dimer. This shell isolated the dimers from each other to avoid

However,
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further aggregation. Thus, the monodispersed Au dimer
covered with a polymer shell was obtained, and the probe
molecules were anchored onto two Au nanoparticles. Therefore,
it was beneficial to focus the SERS investigation on the mole-
cules localized in the nanoparticle gap area.

The morphology of the Au dimers

Fig. 1 presents the TEM images of Au dimers assembled by
controlling the optimal reaction conditions, where the molar
ratio of p-APAC to Au nanoparticles was 60 : 1. Large amount of
P-APAC was used to improve the coupling efficiency for con-
structing Au dimers. As the description shown in Scheme 1, the
polymerization was immediately followed by the coupling
reaction of p-APAC. It created the polymer shell on the Au
dimers, which prevented the nanoparticles from further linkage
and aggregation, resulting in the high yield of the Au dimers. A
gap distance of about 1.8 nm was unambiguously observed (as
shown in the inset TEM image). Actually, the molecular length
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Fig.1 TEM image of the Au dimers assembled in the solution with the
molar ratio of 60 : 1 of p-APAC to Au nanoparticles. Upper left inset:
the corresponding TEM image of the dimer with a gap distance of
~1.8 nm, and lower left inset: Au nanoparticle multimer assembled
using the solution with a molar ratio of 200 : 1.

Scheme 1 Schematic for the fabrication procedure of Au dimers. (a): Au nanoparticles absorbing p-APAC were dimerized via a C-C coupling
reaction, (b): polymer shells were formed by spontaneous polymerization of excess p-APAC during dimerization to maintain stability and

modification.
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of the product obtained by the coupling reaction was about
1.9 nm for the rigid structure. Therefore, it was reasonable to
speculate that the formation of the Au dimer was mainly
contributed by the coupling reaction of two p-APAC molecules
anchored onto different Au nanoparticles. To verify the role of
the coupling reaction, a similar protocol was performed in the
absence of the catalyst (Cul). Normally, the catalyst plays an
essential role in the C-C coupling reaction of p-APAC. There-
fore, it can be expected that in the absence of a C-C coupling
reaction, the Au dimers would not be formed. Although there
were barely any Au dimers, the polymerization of p-APAC still
occurred and the single Au nanoparticle was then encapsulated
by the polymer shell. Based on the abovementioned experi-
mental evidence, the Au nanoparticle dimers were successfully
constructed through the C-C coupling reaction of p-APAC with
the gap distance of about 1.8 nm, and the formation of the
polymer shell allowed the monodispersity of Au dimers. The
linkage of two Au nanoparticles by the in situ coupling reaction
provided a promising strategy in the function-directed assembly
of nanostructures for both theoretical simulation and practical
applications.

Generally, the extensive coupling reaction among Au nano-
particles result in a complex network structure rather than
a controllable dimer configuration. In the present study, the
occurrence of a C-C coupling reaction between two adjacent Au
nanoparticles became the critical requirement for constructing
the Au dimers. Moreover, simultaneous polymerization around
the Au nanoparticles was beneficial for inhibiting the contin-
uous linkage of the third or more Au nanoparticles. Therefore,
the final configuration was critically dependent on the balance
between the coupling reaction and the polymerization. The
larger amount of p-APAC improved the efficiency of the poly-
merization and coupling reaction, and more Au nanoparticles
were linked via a coupling reaction and covered by the polymer
shell. However, the lower dosage resulted in a low efficiency of
the coupling reaction, and it was difficult to link the nano-
particles together. Thus, it is reasonable to speculate that three
possible nanostructures will be formed: monomer, dimer, and
multimer. The good balance between the polymerization and
coupling reaction allowed the simultaneous occurrence of the
abovementioned two procedures, resulting in the formation of
Au dimers for a broad range of molar ratios of p-APAC to Au
nanoparticles. The relatively fast coupling reaction originated
from the high dosage of p-APAC and was beneficial to link more
Au nanoparticles together to form multimers, and the poly-
merization was also accordingly improved, which blocked, to
some extent, the coupling reaction by encapsulating the nano-
structures in a polymer shell. As a consequence, the Au multi-
mers configuration containing more than ten Au nanoparticles
was dominant in the solution with a high concentration of
Pp-APAC (as shown in the inset of Fig. 1). The formation of dimer
and multimer was undoubtedly confirmed by the above-
mentioned experiment at the molar ratios of 60 : 1 and 200 : 1
of p-APAC to Au nanoparticles (as shown in Fig. 1). Via reducing
the dosage of p-APAC, the surface coverage of p-APAC was
dramatically decreased and the efficiency of the coupling reac-
tion accordingly decreased; this resulted in difficulties in
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linking Au nanoparticles together, and the monomer became
the dominant product. Therefore, it was certainly important to
reduce the surface coverage of p-APAC to verify the above-
mentioned hypothesis. After decreasing the molar ratio of
Pp-APAC to Au nanoparticles to 12 : 1 (5 times lower than that
required for the coverage of the dimers), the Au nanoparticle
monomers were fabricated with a 4-5 nm thick polymer shell
(as shown in Fig. 2). By carefully comparing the UV-vis spectra of
the monomers and the original Au nanoparticles (as shown in
Fig. 2B), it was found that the surface plasmon resonance (SPR)
peak at 535 nm contributed by the Au nanoparticles gradually
red-shifted after the continuous polymer shell was covered.

Note that a shoulder peak appeared at ~675 nm in addition
to that at 550 nm, which was consistent with the polymer-
encapsulated monomer. It was in agreement with the charac-
teristic feature of the anisotropic gold nanorods.' Pileni and
coworkers simulated the absorption efficiency using the
discrete dipole approximation (DDA) method; an equation was
developed for estimating the longitudinal peak location of the
Au nanorod with different aspect ratios.** In our present study,
based on the equation, the maximum position of the longitu-
dinal peak at about 660 nm demonstrated an aspect ratio of
about 2.5, suggesting dimerization and strong coupling within
the dimers.** The longitudinal peak of the dimer was compa-
rable to that of the nanorod with an aspect ratio of 2. Note that
the small deviation in the aspect ratio was mainly due to the
ellipsoidal shape of the Au nanoparticle and the difference in
the shape of the dimer and nanorod. The longitudinal peak of
the nanoparticle dimer became broader with a weak intensity,
which was mainly contributed by the presence of an interpar-
ticle gap and the continuous polymer shell.

Tuning the thickness of the polymer shell

As abovementioned, the polymer shell was formed by the
spontaneous polymerization of p-APAC in the solution. Conse-
quently, the thickness of the polymer shell could be tuned via
the change in the concentration of p-APAC. The shell thickness
at different concentration ratios is summarized in Fig. 3. Note
that the yield of the dimer was critically dependent on the
dosage of p-APAC in the solution. The low concentration of
Pp-APAC produced isolated Au nanoparticles covered with a thin
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Fig. 2 (A) TEM image of the Au clusters under the conditions of the

12 : 1 molar ratio of p-APAC to Au NPs. (B) UV-vis spectra of mono-
mers (a), dimers (b), and original Au nanoparticles (c), scale bar: 50 nm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) The SERS spectra of the molecules absorbed on the Au film.
(a) p-APAC and (b) coupling product of p-APAC. (B) The theoretical
Raman spectra of the coupling product. (Calculation parameters:
20 0w 20 mm 20 om Gaussian 09 B0O1, B3LYP/6-311+G**).

Fig. 3 TEM image of the shell thickness at different molar ratios of p-
APAC to Au NPs: (A) 1:12, (B) 1: 40, (C) 1: 60, (D) 1:100, (E) 1: 140,
and (F) 1: 200.

polymer shell. The high dosage of p-APAC allowed a significant
decrease in the yield of the dimer and an increase in the yield of
the multimer. However, the dimer still existed in the solution
with a high concentration of p-APAC. In the present case, the
thickness of the outer polymer on the dimer was explored to
demonstrate the effect of the dosage on the polymer thickness.
For the same reaction duration, shell thickness ranging from
4 nm to 50 nm could be obtained with the molar ratio of p-APAC
to Au nanoparticles increasing from 12 to 200 (as shown in
Fig. 3). Actually, the coupling reaction between two nano-
particles was quickly blocked via polymerization around the
nanostructures, followed by the further growth of the polymer
shell. Therefore, the thicker shell was obtained in the solution
with a high concentration of p-APAC.

SERS investigation of the Au dimer

An additional advantage of the present approach was that the
gap region of the dimer was filled with linkers, which could
serve as probes for investigating the unique optical properties in
the dimer gap. For example, due to the strong coupling effect of
SPR from Au nanoparticles, the large localized SPR contributed
the extremely strong electromagnetic field, resulting in the
strong SERS signal of the probe molecules in the gap. To
confirm the SERS signal of the probe on the surface and in the
gap, the adsorption of p-APAC and its coupling products were
investigated by SERS on the Au nanoparticle film surface,
together with the normal Raman spectrum obtained from the
theoretical simulation based on the density functional theory
(DFT) at B3LYP/6-311+G** (as shown in Fig. 4). Herein, two
main bands were observed, at 1180 and 1600 cm ™!, and these
were assigned to the phenyl ring vibrational mode (9a and 8a
vibrational mode).*> Note that a new band at 2205 cm ™'
appeared as p-APAC coupled. The theoretical simulation of the
coupling product presented in Fig. 4B was used for comparison,
and a strong band at 2224 cm™ " was assigned to the conjugated
C=C symmetrical stretching vibrational mode.** Moreover, the
difference in the spectral features of SERS and Raman spectra in
the region from 1000 cm ™" to 1700 cm ™" could be observed. It

This journal is © The Royal Society of Chemistry 2017

was mainly due to the change in the symmetry after the probe
was adsorbed onto the Au surface. Therefore, it was reasonable
to assign the new band at 2205 cm™ " to the C=C symmetrical
stretching vibrational mode after the coupling reaction of
Pp-APAC. Furthermore, this band was also appropriate as
a characteristic feature for confirming the formation of the Au
dimer and could serve as the marker for screening the position
of the dimer.

Further characterization via a combination of SEM and SERS
proved the feasibility of the abovementioned concept for
analyzing the Au nanoparticle dimers. The as-prepared solution
containing dimers was diluted to improve the monodispersity
of the dimers. The diluted solution was then dispersed onto
a clean Si wafer with a distinctive mark in micrometer dimen-
sions, which made the observation of the position easy using an
optical microscope. As observed from Fig. 5A and B, an area
containing only a dimer was carefully selected. A monomer
away from the dimer with a distance of about 4.7 um was
selected for comparison. Generally, based on the confocal
Raman spectroscopy, the size of the laser spot was less than 2
um. To avoid the overlap of the laser spot, it was preferred to
select the dimer and monomer with a separation distance larger
than the size of the laser spot. Using the distinctive mark on the
Si wafer, it was easy to obtain the image via an optical micro-
scope attached to a Raman spectrometer, and the image was
well consistent with the SEM image. The result of SERS
mapping based on the intensity of the band at 2205 cm ™" in the
marked area is presented in Fig. 5E, and all the SERS spectra are
presented in Fig. 5D. It was demonstrated that the SERS signal
assigned to the coupling products was observed around area a,
and the signal to noise ratio was quite low beyond this area. The
SERS mapping also indicated a similar feature, in which the
positive signal was present in area a. whereas no signal was
present in area b. Actually, the areas of a and b were corre-
sponding to the location of the dimer and monomer, respec-
tively. The distance between the monomer and dimer was
estimated to be about 4.9 pm from the SERS mapping, which
was close to the real distance determined by the SEM image.
The typical SERS spectra for areas a and b were obtained from
the mapping image and are shown in the inset of Fig. 5E. The
spectral feature contributed by the area a was very similar to
that where the coupling products were adsorbed onto the Au

RSC Adv., 2017, 7, 26153-26160 | 26157
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Fig. 5 SEM image of the Si wafer with the dimer and the monomer in the marked region (A and B). The corresponding image obtained via an
optical microscope attached to a Raman spectrometer (C). All the SERS spectra were obtained via mapping (D). SERS mapping of the area
corresponding to the dotted box (E), inset: SERS spectra extracted from the position of the dimer (a) and monomer (b).

nanoparticle film surface (as shown in Fig. 4). Therefore, all the
abovementioned experimental evidence revealed that the weak
band at 2205 cm™ " was contributed by the coupling products in
the gap of the dimer. The orange region suggested the location
of the dimer, whereas the monomer area location displayed no
signal because of the low SERS activity of the isolated single
nanoparticles. The inset spectra in Fig. 5E revealed the concrete
intensity with approximately 10 cps, an extremely weak signal
due to only one hot spot between two Au nanoparticles.
Although large fraction of the surface of Au nanoparticles
was modified with p-APAC, the SERS signal of the terminal C=C
group was absent due to the poor electromagnetic enhance-
ment on the monomer owing to the lack of any coupling effect.
For the dimer, due to the very large coupling effect of SPR in the
gap area, the SERS signal was still detected although the
amount of the coupling products was extremely low. However, it
was difficult to precisely measure the amount of the coupling
products linked to two Au nanoparticles (inside of the gap);
thus, the surface enhanced factor from one hot spot of the
dimer was not estimated in the present study. However, it can
be speculated that the coupling products connecting two Au
nanoparticles achieved maximum enhancement. However,
successful identification of the Au dimers coated with the
polymer shell via SERS would provide a great opportunity
for the deeper understanding of the formation and application

26158 | RSC Adv., 2017, 7, 26153-26160

of Au dimers, as well as the complex SERS enhancement
mechanism(s).

SPR-catalyzed reaction of PNTP on the Au dimer gap

As is well known, the localized SPR is dramatically enhanced as
two Au nanoparticles come infinitely close to each other.
Generally, the very large SPR effect would drive the relevant
catalytic reaction; for example, the coupling of PNTP to form
dimercaptoazobenzene (DMAB). Herein, the distinctive gap
distance of the fabricated dimers as compared to those of the
monomer and Au nanoparticle film, which possessed tiny gap
distances, allowed us to experimentally investigate the effi-
ciency of the SPR-catalyzed coupling reaction of PNTP. Fig. 6
presents the time-dependent SERS spectra of PNTP on the
dimer and the Au nanoparticle monolayer film.” PNTP was pre-
absorbed on the core of the p-APAC-modified Au nanoparticles
before the formation of the dimer, and it was directly immo-
bilized onto the Au nanoparticle monolayer film. In the present
case, the SERS of PNTP from the dimer and Au nanoparticle
films was carefully compared. The strong bands at 1180 and
1600 cm ™' originated from p-APAC and the corresponding
coupling products, respectively. The band at 1330 cm™' was
assigned to PNTP, whereas the bands at 1140, 1388, and 1430
cm~ " were due to the formation of DMAB, which represented

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The time-dependent SERS spectra of PNTP adsorbed on different substrates with the initial 20 seconds exposure to laser. (a) Dimer, (b)
relative intensity—time profile, and (c) on Au nanoparticles monolayer film.”

the SPR-catalyzed coupling products of PNTP.** Moreover, the
intensity of the band at 2205 cm™ ' dramatically decreased due
to the introduction of PNTP. This was mainly due to the
competitive adsorption of PNTP and the steric hindrance effect,
which contributed to the decrease of the number of products
P-APAC coupled in the gap region. As is well-known, the abso-
lute intensity of the SERS signal is critically dependent on the
number of nanoparticles; thus, it was not suitable to be used as
an indicator for exploring the progress of the catalytic reaction.
As a consequence, the relative intensity of 1140 cm ™" to 1330
ecm ™' was selected for estimating the efficiency of the SPR-
catalyzed coupling reaction of PNTP. In our previous reports,
the assembly of two-dimensional Au nanoparticles produced
numerous hot spots for enhancing the SERS signal of the probe
molecules, and the conversion of PNTP to DMAB occurred in
the initial exposure to laser with an appropriate power.*
Herein, the absence of the SERS signal of DMAB indicated that
the SPR-catalyzed conversion of PNTP to DMAB was not ach-
ieved on the Au nanoparticle monolayer films. However, on
using the same laser power, the SPR-catalyzed conversion was
unambiguously observed (as shown in Fig. 6a) in the Au dimers.
Herein, two spectral features were observed as follows: (i) the
relative intensity of 1330 cm ™! significantly decreased, and it
was weaker than that of DMAB; (ii) after 5 seconds exposure to
laser, the relative intensity of PNTP to DMAB remained
constant. For the dimer structure, PNTP was adsorbed onto the
Au nanoparticles together with p-APAC, and the contribution of
PNTP adsorbed on the area beyond the gap was negligible due
to the lack of LSPR coupling effect. Therefore, the weak SERS
signal originated from PNTP located in the hot spot (gap) area,
which did not undergo the conversion reaction. However, the
low relative intensity of 1330 cm ™" was associated with the low
coverage of PNTP, indicating that a large fraction of PNTP in the
hot spot area underwent the SPR-catalyzed conversion reaction
to produce DMAB. Numerous previous studies, including those
performed by our group, have reported that this conversion
reaction occurs with low efficiency, and only the molecules in
the very hot area are transferred to DMAB. Therefore, the final
SERS spectra were contributed by PNTP and DMAB together,

This journal is © The Royal Society of Chemistry 2017

in which the band at 1330 cm ™" was still dominant. Fig. 6b
demonstrated that the efficiency of the SPR coupling reaction
on the dimer revealed a sharp upward jump and then main-
tained stability during the first 20 s laser exposure. For the Au
nanoparticle film, although strong signal intensity was ob-
tained due to a large number of hot spots, the unchanged SERS
spectral feature suggested that no coupling reaction occurred
(as shown in Fig. 6¢). This was mainly due to the following two
reasons: (i) to make a comparison of the hot spot between the
dimer and Au nanoparticles film, lower laser power was used to
inhibit the conversion reaction on the Au nanoparticle mono-
layer film; (ii) considering that the molecular length of DMAB
was about 1.9 nm, the tiny gap distances on the Au nanoparticle
monolayer film prevented PNTP coupling as a result of the steric
hindrance effect. Therefore, our present results suggest that the
SPR-catalyzed conversion reaction preferentially occurred in the
hot spots with an appropriate gap distance.

Conclusions

A facile approach for the assembly of polymer-encapsulated Au
dimers with fixed gap distances was successfully developed
based on the organic C-C coupling reaction between two
molecules anchored onto two Au nanoparticles. The fabrication
process combined both dimerization and modification,
designed for maintaining stability during preparation, which
greatly simplified the entire procedure but remained adjustable
and flexible. Based on the coupling products located at the gap
region, the positions of the dimers were identified by inte-
grating SERS mapping and SEM images, providing potential
applications for track monitoring. The polymerization
processes and coupling reaction of p-APAC occurred together,
and the balance of these two procedures resulted in different
configurations of the Au nanoparticle assembly. The low
amount of p-APAC resulted in the polymer-encapsulated Au
monomer, whereas a broad range of p-APAC concentration led
to dimers, and a high dosage of p-APAC produced multimers.
The gap distance of the dimer of about 1.8 nm was well
consistent with the length of the coupling products of p-APAC,
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i.e. the gap distance was about double the length of a single
p-APAC molecule. Moreover, the obtained Au nanoparticle
assembly exhibited high monodispersity with a tunable shell
thickness. The very large coupling effect of LSPR was achieved
in the gap area of the dimer, which accordingly enhanced the
SERS signal. By avoiding the influence of the molecules beyond
the gap area, the conversion of PNTP to DMAB was achieved
with high efficiency. It confirmed that the SPR-catalyzed
coupling reaction preferentially occurred in the hot spot area.
The proposed approach is expected to be developed into
a promising tool for connecting nanostructures with functional
organic molecules and precisely controlling the gap distance of
the nanoparticle assembly. It may serve as a simple model for
obtaining a deeper understanding of the SERS and the SPR
catalytic reaction mechanism(s).
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