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Metal nanowires (NWs) with a diameter of a few nanometers have attracted considerable attention as
a promising one-dimensional nanomaterial due to their inherent flexibility and conductive properties and
their weak plasmon absorption in the visible region. In a previous paper, we reported the synthesis of
ultrathin 1.8 nm-diameter Au NWs using toluene-solubilized aqueous solutions of a long-chain

amidoamine derivative (C18AA). This study investigates the effect of different organic solvents solubilized

in C18AA aqueous solutions on the morphology of the Au products and demonstrates that solubilizing
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methylcyclohexane yields thick 2.7 nm-diameter Au NWs and 3.3 nm-diameter Au—-Ag alloy NWs.

Further, the surface-enhanced Raman scattering sensitivity of ultrathin Au NWs, thick Au NWs, and thick
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rsc.li/rsc-advances

1. Introduction

Shape controlled metallic nanocrystals have attracted attention
because of their wide range of applications, including catalysis,
electronics, photonics, and medicine."® As their morphology
directly governs the physicochemical characteristics that
determine the performance of the practical applications,
precise morphological control of the metal nanocrystals is thus
one of the fundamental research topics. Various shape-
controlled nanocrystals, including thin plates, dendrimers,
nanorods, and nanowires (NWs),”® have been realized through
advanced nanotechnology or wet-chemical methods. Among
these metal nanocrystals, interest has recently been directed
toward one-dimensional (1D) ultrathin metal NWs, as an
emerging 1D nanomaterial, because of their inherent and
unique optical, electrical, and mechanical properties.'”>*
Concerning ultrathin metallic NWs, ultrathin Au NWs with
a diameter <2 nm prepared using oleylamine in organic solvents
have been exclusively investigated.>**” Au NWs, for example,
have a characteristic surface plasmonic property and their
longitudinal mode of the localized surface plasmon resonance
appears as a broad band centered at approximately 20 pm.*®
Additionally, two-dimensional closely packed Au NWs can act as
an excellent platform for surface-enhanced Raman scattering
(SERS).?**° Further, their highly flexibility and transparency in
the visible region allow flexible transparent electrodes to be
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Au—Ag alloy NWs were assessed using 4-mercaptopyridine and found that their enhancement factors
are 10%-10° and the order is Au—Ag NWs > thick Au NWs > ultrathin Au NWs.

prepared by densely depositing them on substrates.*** Ultrathin
Au NWs possess unique optical and electrical properties, hence
the development of synthetic methods to produce Au NWs with
different features, including diameters and branching struc-
tures, is an interesting challenge.

We previously reported that organogels composed of a long-
chain amidoamine derivative (C18AA, Fig. 1a) can be employed
as a soft-template for ultrathin Au NWs in the same approxi-
mately 2 nm size as those synthesized with oleyl-amine.**>*
Further, we demonstrated that the water-phase synthesis of
similar ultrathin Au NWs can be achieved by reducing HAuCl,
in an aqueous C18AA solution with an appropriate amount of
toluene,* whereas plate-like Au nanocrystals can be produced
in the identical solution without toluene (Fig. 1b and c). The
produced ultrathin Au NWs were covered with adsorbed C18AA
layers, and the toluene dissolved in a bulk solution of C18AA
naturally distributed into the layers. Since the distributed
toluene influences the assembled structure of the adsorbed
layers, that is, the molecular interaction between C18AA, the
introduction of toluene induced a morphological trans-
formation from plate-like nanocrystals to ultrathin NWs.*®

It is readily conceivable that the solubilization of other
solvents instead of toluene may have a different effect on the
self-assembled layers of C18AA deposited on Au nanocrystals,
allowing the possibility of preparing different types of Au
nanocrystals. Herein, the effect of various organic solvents
solubilized in aqueous C18AA solutions on the morphology of
Au nanocrystals is investigated. We demonstrate that the
addition of methylcyclohexane (MCH) allows thick and longer
Au NWs with a narrow thickness size distribution to be
prepared, and that MCH-containing C18AA aqueous solutions
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(a) Molecular structure of C18AA. Schematic illustrating the formation of (b) plate-like Au nanocrystals with C18AA molecules in a C18AA

solution without toluene and (c) ultrathin Au NWs in a C18AA solution with toluene.

are also effective for preparing thick Au-Ag bimetallic NWs.
Furthermore, the performance of SERS on these NWs is
discussed.

2. Experimental

2.1. Materials

Hydrogen tetrachloroaurate tetrahydrate (HAuCl,-4H,0) was
obtained from Nacalai Tesque, Japan. Silver nitrate (AgNOj;),
toluene, MCH, lithium chloride, and hydrochloric acid were
purchased from Kanto Chemicals, Japan. -Ascorbic acid and 4-
mercaptopyridine were purchased from Tokyo Chemical
Industry, Japan. All chemicals were used as received. N-(2-
Aminoethyl)-3-((2-(2-aminoethylcarbamoyl)ethyl)octadecylam-
ino)propionamide (C18AA) was synthesized according to
a previously reported procedure.’

2.2. Synthesis of ultrathin and thick Au NWs

Toluene (25.5 uL), for ultrathin Au NWs, and MCH (30.6 pL), for
thick Au NWs, were added to an aqueous solution of 10 wt%
C18AA (400 pL). After the mixture was homogenized using an
ultrasonic homogenizer (45 kHz, 5 min), an aqueous solution of
20 mM HAuCl, (200 puL) was then added to the mixture. Addi-
tionally, a reducing-agent solution (200 pL) containing 60 mM t-
ascorbic acid and 3 M lithium chloride was added to the
mixture. The resultant solution was left to stand at 25 °C for 5 d.

2.3. Synthesis of Au-Ag alloy NWs

MCH (30.6 pL) was added to an aqueous solution of 10 wt%
C18AA (400 pL), and the mixture was homogenized using an
ultrasonic homogenizer (45 kHz, 5 min). After the pH of the
mixture was adjusted using 0.5 M HCI or 0.5 M LiOH, aqueous
solutions of 20 mM HAuCl, (100 pL) and 20 mM AgNO; (100 pL)
were added to the mixture, and then a reducing-agent solution
(200 pL) containing 60 mM r-ascorbic acid and 3 M lithium
chloride was added to the mixture. The resultant solution was
left to stand at 25 °C for 5 d.

28938 | RSC Adv, 2022, 12, 28937-28943

2.4. Characterization

X-ray diffraction (XRD) measurements were performed using
a diffractometer (Rigaku, Ultima IV). Transmission electron
microscopy (TEM) images were acquired on a JEOL, JEM-1011
operating at 100 kV. High-resolution TEM (HR-TEM) images
and TEM-energy dispersive X-ray spectra (TEM-EDS) were
acquired using a JEOL, JEM-2100 operating at 200 kV. Raman
spectra were obtained using a microscopic Raman spectrometer
(JASCO, NRS-3200). The prepared ultrathin Au NWs, thick Au
NWs, and thick Au-Ag alloy NWs were used as SERS platforms
to detect 4-mercaptopyridine (4MPy) molecules with different
concentrations. Briefly, aqueous solutions of 4.0 x 107° to
107> M 4MPy (10 pL) were added to the as-prepared NWs
dispersions (90 pL). This solution was left to stand for 1 d to
allow 4MPy to adsorb on the NW surfaces. 20 uL of each solu-
tion was dropped on CaF, substrates and dried in air. The
diameter of the droplet was approximately 5 mm. The dried
droplets were excited with a 785 nm laser at a power of 50 mW,
and spectra were collected with an accumulation time of 10 s.
The laser beam was focused on the sample using a x 2 objective
lens, providing a scattering area of approximately 4 pm in
diameter.

3. Results and discussion

3.1. Effect of solubilizing organic solvents on Au
nanocrystals

We have previously reported that the solubilization of toluene
into aqueous C18AA solutions yields 1.8 nm-diameter ultrathin
Au NWs (Fig. 1c), and that plate-like Au nanocrystals were
produced from the C18AA solutions without toluene (Fig. 1b).*®
The effect of various organic solvents, that is, o-, m-, and p-
xylene, cyclohexane, carbon tetrachloride, ethylbenzene,
benzene, mesitylene, and MCH, was investigated by reducing
HAuCl, in C18AA solutions and solubilizing them. Fig. 2 clearly
shows that the solubilization of other organic solvents, besides
toluene, also has shaping effects on Au products. The resultant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of the Au nanostructures synthesized with (a) o-
xylene, (b) m-xylene, (c) p-xylene, (d) ethylbenzene, (e) cyclohexane, (f)
carbon tetrachloride, (g) mesitylene, (h) benzene, and (i) MCH.

products of all solvent systems were NWs and nanoparticles
(NPs) as side products, but not the plate-like Au nanocrystals
that were produced in C18AA aqueous solutions without
organic solvent. This indicates that all solvents used here
affected the Au nanocrystal morphology, although the length,
diameters, and yield of the NWs depended on them. For
example, ultrathin 2 nm-diameter Au NWs, which are the
identical NWs produced in the toluene system (Fig. 1c), were
obtained in the o-, m-, and p-xylene, cyclohexane, carbon tetra-
chloride, benzene, mesitylene, and ethylbenzene systems;
however, the yield of ultrathin Au NWs in the cyclohexane,
carbon tetrachloride, benzene, mesitylene, and ethylbenzene
systems was very low due to the coexistence of many Au NPs. In
contrast, solubilizing MCH yielded slightly thicker and longer
Au NWs with homogeneous thicknesses, bending portions, and
are different form the ultrathin Au NWs (Fig. 1c).

Fig. 3a shows the size distribution of the thick NWs, and the
average diameter was calculated to be 2.7 £+ 0.6 nm, which is
approximately 1.5-fold larger than the 1.8 nm Au NWs prepared
using toluene-solubilized aqueous solution of C18AA and
oleylamine dissolved in organic solvents.”**”* The XRD
(Fig. 3b) and TEM-EDS (Fig. 3c) analyses confirmed that the
thick NWs were Au. The peaks in the XRD spectrum at 38.3,
44.4, 64.6, and 77.6° were assigned to the (111), (200), (220), and
(311) crystal facets of Au with a fcc structure, respectively.?*?
Further, the HR-TEM image of the Au NWs (Fig. 3d) exhibited
0.235 nm periodic fringes on the Au (111) crystal facets in
different directions, indicating that the thick NWs consisted of
polycrystalline domains.**** This polycrystalline feature was
different from that of the 1.8 nm Au NWs consisting of a single
crystalline domain (Fig. 3e). Hereafter, the NWs obtained from
the toluene and MCH systems are described as ultrathin NWs
and thick NWs, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Diameter distribution, (b) XRD pattern, and (c) TEM-EDS
spectrum of the thick Au NWs. Cu peaks are due to the copper mesh
used as the substrate. HR-TEM images of (d) the thick Au NWs con-
sisting of a polycrystalline domain and (e) the ultrathin Au NWs con-
sisting of a single crystalline domain.

3.2. Synthesis of Au-Ag alloy NWs

The thick Au NWs can potentially be used as platforms for SERS
because the bending portions may act as hot spots that strongly
enhance Raman signals.**** Silver and Au-Ag alloy, besides Au,
are other highly suitable materials exhibiting a high SERS
effect.?*374* If thick Ag and Au-Ag alloy NWs can be fabricated
using a similar procedure, they will be available as a high-
performance platform for SERS detection. Hence, before eval-
uating the SERS activity of the thick Au NWs, we attempted to
synthesize thick Ag and Au-Ag alloy NWs.

The same synthesis protocol used to produce thick Au NWs
was applied to the MCH solubilized aqueous C18AA solution
under the condition of fixing the total metal content while
changing the ratio of Au to Ag. Fig. 4 shows TEM images
demonstrating the effect of the Au/Ag loading ratio on the
products. The images show that NWs were obtained for Au/Ag =
1 and 2, but not for Au/Ag = 0 and 0.5 with a high Ag content.
Further attempts were made to synthesize Ag NWs under
different conditions, including different organic solvents,
precursor concentrations of Ag and C18AA, and temperature,
but the synthesis of Ag NWs could not be achieved.

Au-Ag alloy NWs were definitely obtained at Au/Ag = 1 and 2,
but many sea urchin-like aggregates were also observed as a by-
product (Fig. 4e and f), indicating that further improvement of
the preparation conditions is needed. Nouh et al. demonstrated
with density functional theory calculations that the adsorption
energy of the NH;'Cl~ group on the surface of Au NWs is lower
than that of the NH, group because NH;'Cl~ groups form an

RSC Adv, 2022, 12, 28937-28943 | 28939
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Fig. 4 TEM images of the Au—Ag nanocrystals prepared at an Au/Ag
loading ratio of (a) O, (b) 0.5, (c) 1, and (d) 2 in MCH solubilized aqueous
solutions containing C18AA. (e and f) TEM images of the sea urchin-like
aggregate surrounded by a white dotted line in (c) and (d).

ion pair network of NH;" and Cl~ on the surface of Au NWs.*
This effect is likely to be present in this study because the
reaction solutions contain Cl~ originated from AuCl,” and
C18AA having such NH, groups as the terminal group (Fig. 1a).
However, some of the terminal amine groups of C18AA are not
protonated because the pH of the reaction solution was 9.4,
slightly higher than the pH of 9.1 of C18AA,* and this effect
seems not to work sufficiently. Hence, insufficient optimization
of the conditions may lead to incomplete formation of such an
ion-pair network. Ag-Au NWs were then prepared at different
PH, and it was apparent that the pH value drastically affected
the morphology of the products (Fig. 5). Alternatively, at pH =

Au/Ag =1

Fig.5 TEM images of the Au—Ag nanocrystals with loading ratios of 1
and 2 synthesized in solutions with different pH.

28940 | RSC Adv, 2022, 12, 28937-28943
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Fig. 6 (a) Diameter distribution, (b) TEM-EDS spectrum, (c) XRD
pattern, and (d) HR-TEM images of the Au—Ag alloy NWs with an Au/Ag
loading ratio of 1. White arrows indicate the directions of the (111)
crystal facets in the domain.

8.6, longer NWs were produced without urchin-like aggregates,
but no NWs were produced at a pH < 5.4 and >10.6, indicating
that tuning the optimal pH is highly effective for facilitating the
preparation of Ag-Au NWs.

Au-Ag alloy NWs prepared at an Au/Ag loading ratio of 1.0
were used for the SERS measurements. Fig. 6a shows the size
distribution of the Au-Ag alloy NWs, and the average diameter
was calculated to be 3.3 £ 0.8 nm. The composition of Ag-Au
NWs was estimated to be Au/Ag = 1.08 £ 0.11 using the TEM-
EDS measurements in Fig. 6b, which was approximately equal
to the loading ratio (JAu]/[Ag] = 1.0) applied in the synthesis.
Further, the XRD pattern in Fig. 6¢ suggests that the product
was an alloy of Au and Ag, and the HR-TEM image of the Au-Ag
alloy NWs (Fig. 6d) exhibited a typical polycrystalline structure
consisting of 0.235 nm periodic fringes extending in different
directions. The periodicity of the fringes corresponds to the
(111) lattice spacing (0.237 nm) of the alloyed nanocrystals (Au/
Ag = 1).*7* Accordingly, the morphology and polycrystalline
structure of the thick Au and Au-Ag alloy NWs were similar.

3.3. SERS performance of Au and Au-Ag NWs

Ultrathin Au NWs are generally fragile and easily undergo
morphological changes under the action of physico-chemical
stimuli.?****° Hence, the adsorption of 4MPy, used as a probe
for SERS measurements, may change the morphology of the
NWs, resulting in a different SERS performance. Fig. 7 depicts
TEM images of the ultrathin and thick Au NWs and Au-Ag NWs
before and after 4MPy deposition. The images clearly show that
the morphology of all the NWs was preserved even after the
deposition of 4MPy.

Since the morphological change due to 4MPy deposition was
demonstrated to be negligible, the SERS performance of each
NW was accessed using these NW dispersions containing 4MPy.
20 mL of each NW dispersion containing a given concentration
of 4MPy was dropped on CaF, substrates. The dispersions did
not spread but adhered to the substrates as droplets with an
approximate diameter of 5 mm, and the droplets dried in air

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 TEMimages of the (a) ultrathin Au NWs, (b) thick Au NWs, and (c)
Au-Ag alloy NWs (I) before and (Il) after 4MPy adsorption.

were subjected to Raman measurements. Fig. 8a shows the
Raman spectra of 4MPy with different concentrations adsorbed
on the thick Au NWs, together with 4MPy itself. The spectral
feature was independent of the 4MPy concentration, and was
identical to the previously reported SERS spectra of 4MPy
deposited on Au NPs.”*** The strong bands at 426, 710, 1012,
1098, 1211, and 1575 cm™ " were assigned to the ring deforma-
tion, CH deformation, ring breathing, trigonal ring deforma-
tion, CH deformation, and C=C stretching modes,
respectively.”® The 4MPy Raman signals naturally increased
with an increasing 4MPy concentration and could be detected
even at a concentration of 4.0 x 10~° M, that is, 4.1 x 10" > M
mm 2. The enhancement factor (EF) of the thick Au NWs was
estimated by comparing the Raman spectra of the thick Au NWs
deposited with 4.0 x 10~> M 4MPy and 0.10 M 4MPy without Au
NWs. Considering the concentrations of 4MPy and the observed
intensities of the ring breathing at 1012 cm ™" in Fig. 8a, the EF
was calculated to be 7.7 x 10

Further, Fig. 8b shows the SERS spectra of 0.04 mM 4MPy
adsorbed on ultrathin Au NWs, thick Au NWs, and thick Au-Ag
NWs. The thickness and the composition influenced the Raman
intensity enhancement, but not on the spectral feature. The EFs
of the ring breathing at 1012 cm ™" for the ultrathin Au NWs,
thick Au NWs, and thick Au-Ag NWs were calculated to be 4.6 x
10%, 7.7 x 10%, and 33.0 x 10" (Fig. 8c), respectively, indicating
that thicker NWs can serve as a high performance platform for
SERS detection. Accordingly, the order of the enhancement was
thick Au-Ag NWs > thick Au NWs > ultrathin Au NWs and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Raman spectra of the 4MPy adsorbed on thick Au NWs and
a 4MPy of 1 x 107! M. The concentration of the 4MPy for adsorption
was from 4 x 1073 to 4 x 10~ M. (b) SERS spectra of 4MPy adsorbed
on ultrathin Au NWs, thick Au NWs, and thick Au—Ag NWs. The
concentration of 4MPy was 4 x 10> M. (c) EFs of the ultrathin Au NWs,
thick Au NWs, and thick Au—Ag NWs. The EF value was calculated using
the 4MPy peak at 1012 cm™* shown in (b).

alloying with Ag was found to be effective in improving SERS
performance.

4. Conclusions

This study demonstrated that the morphologies of Au products
in aqueous C18AA solutions were dependent on the types of the
solubilized organic solvent, and that the solubilizing organic
solvents play an important role in controlling the morphology
of Au NWs. The solubilization of MCH yielded thick Au NWs
with an approximate diameter of 2.7 nm, and the solubilization
of MCH was also effective for synthesizing thick Au-Ag NWs.

RSC Adv, 2022, 12, 28937-28943 | 28941
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The thick Au and Au-Ag NWs exhibited a polycrystalline struc-
ture with different crystal orientations, which was different
from that of ultrathin Au NWs with a single crystal orientation.
Additionally, thick Au and Au-Ag NWs can serve as high
performance platforms for SERS detections.
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