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Abstract

An external electric AC field with a field strength ranging from 10 V mm™ to 30 V mm and a frequency ranging from 0.1 kHz to 1 MHz was applied
to suspensions of gold nanoparticles (Au NPs) to control their plasmonic properties. Apparent differences in the UV-vis spectra of the Au NPs were
observed between the spectra with and without the field application. The characteristic red color of the Au NP suspension darkened; this suggested that
the application of the AC field caused the aggregation of the Au NPs. In addition, the sizes of the Au NP clusters in suspension formed by the AC field
application depended on the frequency of the applied field. The surface-enhanced Raman scattering (SERS) effects of Au NP clusters were examined by
comparing the difference in Raman intensities obtained at 30 V mm! and in a frequency range of 0.1 kHz to 1 MHz. The application of a lowfrequency
field at 0.1 kHz caused a rapid aggregation of the Au NPs, resulting in low Raman intensities of the probe molecules. Conversely, high-frequency
applications between 1 kHz and 1 MHz successfully enhanced the Raman intensities of the molecules in suspension. The strong correlation of the optical/
sensing properties with the Au NP clustering states reveals that the application of an AC electric field is a powerful tool for control over the plasmonic
properties.

Electronic supplementary information (ESI) available :

Size distributions and UV-vis spectra of Au NPs before and after the incubation of PMBA, size distributions of the Au NPs in
suspensions measured by the field application of 1 MHz in field strengths from 0 V mm! to 50 V mm™!, size distributions of the Au
NPs in suspensions measured by the field application in field strengths from 10 V mm! to 50 V mm™' in the frequency range from 0.1
kHz to 1 MHz, SEM images of Au NPs on a glass substrate observed by the field application, summary of the relationship between
clustering states and the plasmonic properties of Au NPs, size distributions of the Au NPs in suspensions measured by the field
application of 1 MHz at 30 V mm™ in the application time from 30 s to 180 s, and UV-vis spectra (a) and size distributions (b) of the
Au NPs in suspensions measured by the field application at 30 V mm™ in the frequency 10 kHz and 100 kHz. See DOI:
10.1039/c¢8sm00097b

1. Introduction

Plasmonic nanoparticles such as silver and gold nanoparticles (Au NPs) have attracted enormous interest in various fields,'? especially
optics** and sensors.>® An electric field that is induced by light irradiation to the surface of plasmonic nanoparticles resonates with the
light of a specific wavelength, which is called localized surface plasmon resonance (LSPR). Because the light wavelength depends on
the size and shape, control over morphology is one of the big challenges for developing optical materials. Spherical Au NPs are well-
known to exhibit size-dependent color.” Gold nanorods,®® gold nanoplates,'® and gold nanostars'! have shape-dependent color.

Not only control over morphology but also assembling plasmonic nanoparticles is a promising approach to control their optical
properties.'>!3 The LSPR peaks of nanostructured plasmonic metals can be changed via the formation of “hotspots,” which are
interstices between adjacent nanostructured plasmonic metals.'*!> These hotspots also play an important role in surface-enhanced
Raman scattering (SERS). SERS has shown great potential for application in highly sensitive sensors, particularly for biomolecules (for
example, DNA and viruses)'®'® since its discovery in the 1970s.!°%° Previous reports have demonstrated the Raman signal intensity of
specific molecules on the surface of nanostructured plasmonic nanoparticles. Lithography has been commonly employed as a down-
sizing method to create nanostructured patterns of plasmonic metals on a substrate.?! The formation of chemical bonds between clustered

plasmonic nanoparticles is a bottom-up approach”2* for improving the detection sensitivities of molecules.?*



External stimuli such as temperature, pH, and light have recently been employed to provide plasmonic nanoparticles with switchable
properties for controlling the assembly states of the nanoparticles.?” Heating or cooling is a feasible stimulus suitable for controlling the
distance between nanoparticles incorporated into thermosensitive polymers.?*? Lightinduced clustering of Au NPs has been reported
by several groups.’®*! The application of a magnetic field is another approach to change the distance between gold nanoparticles
deposited onto magnetically responsive particles.*>* These reports indicate that the plasmonic properties of metal nanoparticles
can be controlled by changing their clustering states.

The application of an external field to disperse particles in suspensions is a useful pathway to control the inner structure of the
assemblies. For instance, in our previous reports, an external magnetic field was used to control the clustering states of cores incorporated
into the assemblies of yolk/shell particles.>*® The assembly state of the magnetically responsive inner cores could be changed by a
magnetic field applied to a monolayer of yolk/shell particles. In one of our recent reports, the inner core motions of yolk/shell particles
were found to be reversibly switched by the application of an electric AC field.”’

The application of an electric field is another potential technique for local control over the clustering states of Au NPs because of
their high responsivity to an AC electric field compared with other nano-sized particles.?®* Furthermore, the application conditions for
an AC electric field can be altered by changing the operational factors: field strength, frequency, and application time.

The purpose of the present work is to illustrate the relationship between the clustering states and plasmonic properties of Au NPs in
suspension. An AC field strength range of 10 V mm! to 50 V mm! and a frequency range of 0.1 kHz to 1 MHz were utilized as
operational factors for controlling the clustered states of Au NPs because the responsivity of Au NPs has been reported to strongly
depend on the application conditions of an electric field.*’ The correlation between the plasmonic properties and Au NP clustering states
was investigated using their optical properties with the assistance of the size distribution of Au NPs measured in suspension. The SERS

effect of the Au NP clusters was also examined by comparing the difference in Raman intensity with and without an AC electric field.

2. Experimental

2.1 Materials

Hydrogen tetrachloroaurate(Ill) tetrahydrate (HAuCly4H,O, 99.9%), trisodium citrate dihydrate (Na-cit-2H,O, 99%), 4-
mercaptobenzoic acid (PMBA, >95.0%), and ethanol (99.5%) were purchased from Wako Pure Chemical Industries (Osaka, Japan).

2.2 Synthetic procedure for increasing the sizes of Au NPs in a seeded growth experiment

Au NPs employed for SERS measurements were synthesized by a seeded growth method using 15-nm Au NPs as seeds.*' The Au

seeds were prepared using the citric reduction method*® in which HAuCl is added to an aqueous solution of Na-cit at 80°C under

stirring. The initial concentrations of Na-cit and HAuCls were 1.68 mM and 0.24 mM, respectively. The volume of the reaction mixture

was 300 mL. Four hours after initiation of the reaction, 270.4 mL of the reactant solution was removed to adjust the number of seeds.

To the rest of the reactant solution, 0.2 mL of HAuCls solution (25 mM) and 0.2 mL of Na-cit (60 mM) were sequentially injected under

stirring at 80°C. Every 30 min, the process of removal and injection was repeated 15 times, resulting in Au NPs with an average size of

38 nm. The concentration of Au in the solution was 1.93 mM.

2.3 Measurements of plasmonic properties after the application of an external AC field

Fig. 1 shows the schematic procedure for obtaining the plasmonic properties of a Au NP suspension to which an external AC field was

applied before measurement. The suspension was injected into a channel formed using double-sided tape on a glass substrate. An

external AC field was applied to the Au NP suspension using a function generator (GW Instek, SFG-2004) and an amplifier (NF Circuit

Design Bloc, HSA4011). The electric field strength (peak to peak) was measured using a digital oscilloscope (GW Instek, GDS-1062A).

An AC field strength range of 10 V mm™ to 50 V mm! and a frequency range of 0.1 kHz to 1 MHz were used for the field application.

After the application of the field, UV-vis spectra and dispersion particle sizes of the Au NPs in suspension were measured via a UV-vis

spectrometer (Hitachi, U-3900) and a dynamic light scattering (DLS) photometer (Otsuka Electronics Co., ELSZ-2), respectively. To

obtain the data of UV-vis and DLS, the Au NPs to which an AC field was applied with the setup shown in Fig. 1 were transferred into

cuvettes, used in UV-vis and DLS measurements.

2.4 Raman measurements of PMBA after the application of an external AC field

PMBA in ethanol was mixed into the suspension of Au NPs and incubated for 2 h. The concentration of PMBA was 10 M. As shown



in Fig. S1 (ESIt), the DLS peaks and UV-vis spectra of the Au NP suspension changed marginally after the addition of PMBA. After
the application of an AC field at 30 V mm! in the frequency range of 0.1 kHz to 1 MHz for 60 s, Raman spectra were recorded using a
microscopic laser Raman spectrometer (JASCO, NRS-500). Measurements with a 50 X objective lens were performed using a 785 nm
laser with a 10.9 mW incident power and an integration time of 60 s. The Raman measurements above were repeated at least three times.
2.5 Characterization

The Au NPs were observed using FE-TEM (Hitachi, HD-2700). The Au NP assemblies formed by applying an AC field were
observed using SEM (Hitachi, TM-1000S).

Glass substrate AuNPs aq.
s
L] e %@
D:\ [ ] .Au NP
'i’— i— water & —)
o 2'mm'\Cu wire
P /Cover glass

z L d 11 mm Il L II

7 Double-sided tape

AC electric field ' * UV-Vis
60s +«DLS
e,

10-50 V/mm, * Raman

0.1 kHz-1 MHz
e

Fig. 1 Schematic procedure for the measurements of the plasmonic properties of Au NPs to which an external AC field was applied before the
measurements.

3. Results and discussion

Fig. 2(a) shows a TEM image of the Au NPs obtained from the seeded growth procedure. The coefficient of variation of the Au NPs
was 13%. The UV-vis spectrum of the Au NPs in suspension is presented in Fig. 2(b). A single peak, derived from LSPR of the Au
NPs, was observed at 530 nm, which is almost identical to the value reported previously.*

External AC electric fields in the field strength range of 10 V mm! to 50 V mm! were applied to the Au NP suspensions. Fig. 3(a)
and (b) show the UV-vis spectra and colors of the Au NPs obtained by field application at 10 V mm' for 60 s. The spectrum measured
without the application of an AC field is also presented. The absence of differences in appearance in Fig. 3(a) and (b) suggests that the
dispersion states of the Au NPs were only slightly affected by the field application.

An increase in the electric field strength to 30 V mm' changed the optical properties of the Au NPs at each frequency. The UV-vis
spectra shown in Fig. 3(c) indicated that all of the spectra had an intense peak at approximately 530 nm. The widths of the peaks were
broadened by the field application, indicating that the application of the electric fields caused the Au NPs to aggregrate.** In Fig.
3(d), the characteristic red color was exhibited for suspensions without the application of an AC field. However, the red color observed
after the application seemed to be darker than that without the electric field. After the application of a field at 0.1 kHz, the color of the
suspension turned black-purple. As shown in Fig. 3(f), more apparent color changes were observed at 50 V mm! compared with those
at other field strengths.
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Fig. 2 TEM image of Au NPs (a) and UV-vis spectrum of the Au NPs in suspension (b).
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Fig. 3 UV-vis spectra measured in the field frequency range of 0.1 kHz-1 MHz at different strengths of 10 V mm! (a), 30 V mm! (¢) and 50 V mm!
(e). The spectrum measured without the application of an AC field was also presented in the figures (OFF state). Color of the Au NP suspension
observed at 10 V mm (b), 30 V mm (d) and 50 V mm! (f) in the same frequency range.

Under the application of an AC field, the dielectric force induces the Au NPs to move in their suspensions. The time average of the
dielectric force is given by eqn (1).%
(Foep(0)) = 2mema*Re[K (0)]V| Erms|* M

where &, is the permittivity of the medium, a is the radius of the nanoparticle, and E ms 18 the rms value of the electric field.

K (w) ineqn (1) is the Clausius-Mosotti factor given by eqn (2).4%%
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where &, is the permittivity of the nanoparticle, j2is — 1, = 2mf andfis the frequency. 0, and oy, are the conductivities of the
nanoparticles and the medium, respectively. According to eqn (1), the dielectric force is proportional to the field strength squared. As indicated in
aprevious work,*’ the Clausius-Mosotti factor marginally changes in the frequency range from 0.1 kHz to 1 MHz. As shown in Fig, 3, apparent
changes in the optical properties caused by the field application were observed at 30 V mm™ or higher, indicating that the dielectric force could
be a factor influencing the assembly of the Au NPs in their suspensions. Fig. S2 (ESIt) shows the size distributions of Au NPs acquired by the
application of an electric field with a frequency of 1 MHz and field strengths ranging from 0 V mn” to 50 V mm. The size distributions in Fig,
S2 (ESIt) are important data to support the strong correlation between the clustering sizes and the plasmonic properties of the Au NPs in
solution. The size of the Au NP clusters increased with the field strength. These results suggest that the field-induced clustering of the Au NPs
can be controlled with the field strength as an operational factor.

AC electroosmosis is a force produced by fluid flow along the electrode surface. The fluid velocity near the electrode is given by eqn (3).%
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where V, is the potential applied to the electrode, 7 is the solution viscosity, x is the coordinate axis along the electrode surface with

its origin at the center of the electrode gap, and the dimensionless frequency 2 is given by eqn (4).%
ET
O =wx——=kK )
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where k is the Debye—Hiickel length. Eqn (3) indicates that a strong electroosmotic flow occurred at low frequencies. In addition,
surface polarization is dominant at low frequencies because the polarizability of particles depends on the frequency.®® Surface
polarization induced strong interactions between the Au NPs at 0.1 kHz, causing the formation of Au NP clusters.

Fig. S3 to S5 (ESIT) show the size distributions of the Au NPs in suspension, observed after the application of a field for 60 s.
Although a single intense peak accompanying a small peak was measured at 10 V mm! in Fig. S3 (ESI), bimodal peaks were
measured at 30 V mm! or higher in Fig. S4 and S5 (ESIT). Fig. S6 (ESIT) shows SEM images of Au NPs dried far away from the Cu
electrodes on the glass substrate of a Au NP suspension after the application of an electric field of 30 V mm. The clustered Au NPs
are shown as tiny white dots; higher densities of Au NPs were observed for all of the field applications compared with those without
the application, suggesting that the Au NPs formed clusters in their suspensions. Although the cluster formation was affected by
capillary forces during the suspension drying process, the excess aggregation of Au NPs was induced by the 0.1 kHz application at 30
Vmn',

At a high frequency of 1 MHz, the dielectric property of water should be considered.** The dielectric loss causes the dielectric
friction of water, resulting in fluid flow. This flow should lead to Au NP movement, indicating the formation of Au NP clusters.
Because the dielectric loss increased with the field strength, rapid aggregation of the Au NPs could have been induced at 50 V mm!
and 1| MHz

External AC fields at 30 V mm'! in the frequency range of 0.1 kHz to 1 MHz were applied to a PMBA solution in the presence of
Au NPs. Fig. 4(a) shows Raman spectra obtained by the field application for 60 s to Au NP suspensions. Almost all of the peaks
detected could be attributed to the vibration modes of PMBA.**2 None of the peak positions were shifted after the AC field
application, regardless of the applied frequency. It should be noted that the intensities of the Raman signals demonstrate frequency
dependence. Because the signal intensity of SERS has been reported to be dependent on the Au NP concentration,”® the Raman
spectra of PMBA were measured without an electric field. In the present work, the Raman signal acquired at 0.1 kHz was dramatically
decreased compared with that in the OFF state.

Based on the measured Raman intensities, the two intense peaks at 1020 cm™ and 1391 cm! in the Raman spectra were chosen to
compare the SERS enhancements at different AC electric field frequencies. As summarized in Fig. 4(b), the intensities of the two
peaks at 0.1 kHz showed the minimum intensities. Conversely, high intensities for the peaks were observed for the field application at
1 kHz or higher. Fig. 4(c) shows the relative intensities of the two peaks to those without AC field application for the suspensions.
Although relative intensities in the range of 20% to 50% were obtained at 0.1 kHz, the maximum enhancement in the application at 1
kHz was 150% at 1391 cm’".
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Fig. 4 Raman spectra of PMBA measured by the field application of 30 Vmm! in the frequency range of 0.1 kHz to 1 MHz (a), their intensities (b) at
1020 cm! and 1391 en! in the Raman spectra and the relative intensities (c) normalized by those obtained at the same wavenumbers without the
application of an electric-field (OFF state).
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Fig. 5 UV-vis spectra measured by the application of 1 kHz at 30 V mm! for each application time from 30 s to 180's.

The SERS enhancements acquired at each frequency can be strongly correlated with the assembly states of the Au NPs in solution.
The relationship between the DLS sizes of the Au NPs and the Raman intensities is summarized in Table S1 (ESIT). Due to the fast
sedimentation of large Au NP clusters induced by the field application at 0.1 kHz, the concentration of the Au NPs around the center
of the Raman measurement cell that the laser focused on could be lower at 0.1 kHz than that without application of the electric field.
This is a possible reason why the intensities of PMBA measured under the application at 0.1 kHz were weaker than that without the
electric field. On the other hand, the application of 1 kHz or higher caused a moderate clustering of the Au NPs in the suspension,
resulting in the formation of hotspots among neighboring Au NPs.

In addition to the field strength and frequency, the application time of an electric field can also be adjusted to change the Au NP
cluster sizes in suspension. Fig. 5 shows the UV-vis spectra of the Au NPs observed after field application at 30 V mm™ and 1 MHz
for 0 to 180 s. The peaks gradually broadened with application time. The average sizes of the Au NP clusters changed as the time
increased as shown in Fig. S7 (ESIt), which shows that the plasmonic properties were controllable by adjusting the application time
of the electric field.

To evaluate the reproducibility of the formation of Au NP clusters, we compared the UV-vis spectra of the Au NPs measured after
the application of an electric field at 1 MHz at 30 V mm’. As shown in Fig. 6, the spectra marginally changed in each measurement.
The results indicate that accurate control over the clustering states of the Au NPs can be achieved using an external AC electric field.
The electric field-induced clustering of Au NPs, however, is irreversible in the present system. We think that coating Au NPs with a
thin layer (e.g. silica layer) should be effective to overcome the irreversibility and will realize reversible control over the clustering by

switching an electric field.
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Fig. 6 UV-vis spectra of Au NPs measured by the field application of 1 MHz at 30 V mm! for 60 s.

4. Conclusion

The plasmonic properties of Au NPs in suspension were compared with and without the application of an external AC field in the field
strength range from 10 V mm! to 50 V mm! and the frequency range from 0.1 kHz to 1 MHz. The UV-vis spectra broadened with
the application of an electric field, suggesting that the Au NPs became clustered. Because the clustering states of the Au NPs depend
on the applied field conditions, it was suggested that the clusters were formed by various forces (e.g., dielectrophoresis, AC

electroosmosis, particle polarization and the dielectric friction of water). The suspension color and SEM observations of the Au NPs

6



experimentally supported the frequency-dependent clustering in suspension. No SERS enhancements were observed for the Au NP
suspension treated with low-frequency application of an electric field at 0.1 kHz at 30 V mmr'. Conversely, application at high
frequencies of 1 kHz or 1 MHz successfully enhanced the Raman intensities by approximately 150%, which was probably due to
hotspot formation caused by the clustering of Au NPs. In addition, the clustering states of the Au NPs were controlled by the field
application time. The present results show that the application of an external AC electric field may be a promising approach to obtain
specific plasmonic properties from metal nanoparticles in suspension. This proposed technique is applicable to developing optical

materials and highly sensitive biosensors.
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