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ABSTRACT: The mechanism of mercury (Hg) amalgamation in gold
nanorods coated with a mesoporous silica shell (AuNRs@mSiO2) and
the effect of chemical treatments on the localized surface plasmon
resonance (LSPR) spectral changes in single amalgamated AuNRs@
mSiO2 remains unclear. In this study, we investigated Hg amalgamation
and inward Hg diffusion in single AuNRs@mSiO2 without structural
deformation via dark-field scattering spectroscopy and X-ray photo-
electron spectroscopy. Then, we investigated the chemisorption of thiol
molecules on single amalgamated AuNRs@Hg-mSiO2. Unlike previous
studies on single AuNRs, the thiolation on single AuNRs@Hg-mSiO2
resulted in a redshift and line width narrowing of the LSPR peak within
1 h. To determine the chemical effect, we investigated the competition
between two surface damping pathways: metal interface damping (MID) and chemical interface damping (CID). When we exposed
amalgamated AuNRs@Hg-mSiO2 to 1-alkanethiols with three different carbon chain lengths for 1 h, we observed an increase in the
line width broadening with longer chain lengths owing to enhanced CID, demonstrating the tunability of CID and LSPR properties
upon chemical treatments. We also investigated the competition between the two surface damping pathways as a function of the
time-dependent Au−Hg surface properties in AuNRs@Hg-mSiO2. The 24-h Hg treatment resulted in increased line width
broadening compared to the 1-h treatment for the same thiols, which was attributed to the predominance of CID. This was in
contrast to the predominance of MID under the 1-h treatment, which formed a core−shell structure. Therefore, this study provides
new insights into the Hg amalgamation process, the effect of chemical treatments, competition between surface decay pathways, and
LSPR control in AuNRs@mSiO2.
KEYWORDS: Hg amalgamation, chemical interface damping, plasmon decay, localized surface plasmon resonance, gold nanorods

■ INTRODUCTION
Mercury (Hg) is a highly toxic pollutant among the other
heavy metals in air, water, and soil.1−4 The most stable
inorganic form of Hg is the divalent ion (Hg2+), which is
widely distributed in the ecosystem.3,5 Hg2+ is water-soluble,
nonbiodegradable, and highly reactive, causing severe health
problems even at the lowest concentration that accumulates in
living organisms through the food chain.6,7 Several methods
have been successfully used to detect and determine
Hg2+.1−3,5−8 In these methods, plasmonic nanoparticles
(NPs), such as gold nanoparticles (AuNPs), have been widely
used for Hg detection and purification by probing the changes
in the optical properties of AuNPs owing to their strong
interaction with Hg.9,10

The strong affinity between Au and Hg results in nanoscale
amalgams when AuNPs are exposed to Hg ions. Dark-field
(DF) scattering microscopy and spectroscopy have been used
as robust techniques to investigate the localized surface
plasmon resonance (LSPR) spectral change owing to Au−
Hg interactions during the amalgamation process at the single-

particle level.11,12 For example, Schopf et al. used DF
microscopy and spectroscopy to investigate the morphological
and spectral changes in single gold nanorods (AuNRs) caused
by Au−Hg amalgam formation.11 We previously described the
Hg amalgamation process, which resulted in structural changes
and a blueshift in the LSPR spectrum of bare AuNRs at the
single-particle level.13 Hence, the morphological changes
resulting from Hg amalgamation altered the LSPR properties
of the AuNRs. Furthermore, Mertens et al. showed that Hg
atoms could adsorb onto NP surfaces and form Hg layers, a
core−shell structure. Then, Hg atoms slowly diffuse into Au
atoms and form Au−Hg nanoalloys in air.14
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Recently, we studied the spectral changes caused by Hg
amalgamation without structural deformation in single AuNRs
coated with mesoporous silica (AuNRs@mSiO2).

15 When we
exposed the amalgamated AuNRs@mSiO2 to air for a long
time, the inward Hg diffusion into the AuNR core resulted in a
gradual redshift and line width narrowing of the LSPR peak.15

Moreover, the dielectric silica coating provided structural
stability to the AuNR core against electrochemical manipu-
lations.16 However, further studies are needed to better
understand the Au−Hg interaction mechanism and associated
LSPR changes in amalgamated AuNRs@mSiO2 upon exposure
to chemical environments. To the best of our knowledge, no
studies have reported on amalgamated AuNRs@mSiO2
exposed to adsorbate molecules that may promote changes
in the LSPR properties of the single NPs. Furthermore,
chemical interface damping (CID),17−23 one of the plasmon
decay pathways in plasmonic NPs, and its competition with
other surface damping pathways in amalgamated AuNRs@
mSiO2 remain largely unstudied.

In this study, DF spectroscopy and X-ray photoelectron
spectroscopy (XPS) were used to investigate the mechanism of
Hg amalgamation and Hg inner diffusion into AuNRs@mSiO2
without a structural transformation. Additionally, we inves-
tigated the LSPR spectral variations and CID effects caused by
the chemisorption of thiol molecules with different carbon
chain lengths on amalgamated AuNRs@mSiO2. An effective

method for tuning the LSPR properties by chemical treatment
was demonstrated in amalgamated AuNRs@mSiO2, and the
competition between the two surface decay pathways was
investigated.

■ EXPERIMENTAL METHODS

Chemicals and Materials
Mercury(II) chloride (HgCl2, ≥99.5%) and sodium borohydride
(NaBH4, ≥98%) were purchased from Sigma−Aldrich (St. Louis,
MO, USA) and used without further purification. We purchased
AuNRs@mSiO2 from Nanopartz (Loveland, CO, USA). All thiol
molecules (1-hexanethiol, 1-decanethiol, and 1-hexadecanethiol) were
purchased from Sigma−Aldrich (St. Louis, MO, USA). The thiol
solution was diluted with ethanol.
Sample Preparation
To prevent aggregation and maintain a proper concentration of NPs
on the substrate surface, colloidal solutions of AuNRs@mSiO2 were
diluted to the necessary concentration with 18.2-MΩ pure distilled
water and sonicated for 15 min. The samples were prepared by spin-
casting a diluted AuNRs@mSiO2 solution onto a precleaned
(ultrasonically in ethanol, distilled water, and 2-propanol for 15 min
each) glass slide and drying it. Then, the samples were exposed to Hg
amalgamation solution for 1 h (step 1), and exposure was continued
in air for 24 h (step 2). For the single-particle scattering microscopy
and spectroscopy studies, a 22 mm × 22 mm no. 1.5 coverslip
(Corning, NY) was placed on the glass slide. To investigate the NPs
at the single-particle level and minimize the interparticle LSPR

Figure 1. (A) Schematic representation of the Hg amalgamation and thiolation processes in AuNRs@mSiO2. In step 1, the Au−Hg core−shell
nanoparticle (NP) formed in the Hg amalgamation solution. In step 2, inward diffusion of Hg into the AuNR can occur after the NP is removed
from the Hg solution. (B−D) SEM and EDX elemental mapping images of Au and Hg in the amalgamated AuNRs@mSiO2 after step 1. (E−G)
SEM and EDX elemental mapping images of Au and Hg in the amalgamated AuNRs@mSiO2 after step 2.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00578
JACS Au 2023, 3, 3247−3258

3248

https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coupling, the NP concentration on the slide glass surface was held
constant at 1 μm−2.
Structural Characterization
Scanning electron microscopy (SEM, JSM-6500F, JEOL, Japan) and
transmission electron microscopy (TEM, JEL-2100F, JEOL, Japan)
were used to characterize AuNRs@mSiO2 before and after Hg
amalgamation. The lengths and widths of AuNRs@mSiO2 before and
after Hg amalgamation were determined in the SEM images, and the
structural changes were investigated. Furthermore, by using SEM and
energy-dispersive X-ray spectroscopy (EDX), elemental mapping
images of amalgamated AuNRs@mSiO2 were obtained.
X-ray Photoelectron Spectroscopy Measurements
XPS data were collected on an XPS system (Thermo Fisher K-alpha)
to confirm the state of Hg deposited on the Au surface and the inward
diffusion of Hg. The XPS data at high resolution were obtained using
an analyzer pass energy of 50.0 eV. The C 1s peak was used as the
internal standard for peak positioning.
DF Scattering Microscopy
An inverted Nikon microscope (Nikon Eclipse Ti-2) was used to
obtain the DF microscopy images. The microscope used a Nikon Plan
Fluor 100 × 0.5−1.3 oil iris objective (NA = 0.7−1.4) and an inverted
Nikon DF condenser (NA = 0.7−1.4) in the DF mode. An Andor
iXon EMCCD camera (iXon Ultra 897) was used to capture detailed
DF scattering images of the desired NPs. The collected images were
analyzed by using ImageJ and MATLAB.
Single-Particle DF Scattering Spectroscopy
The DF scattering spectra of single AuNRs@mSiO2 and amalgamated
AuNRs@Hg-mSiO2 were acquired by using an Andor spectropho-
tometer (Shamrock 303i, SR-303I-A, UK) connected to an Andor
charge-coupled device (CCD) camera (Newton DU920P-OE). The
single-particle scattering spectrum was acquired by shifting the
scanning stage to the appropriate sample location, allowing the
objective to gather only the scattered light from the selected NP. The
scattered light from a single NP was directed to the spectropho-
tometer, where it was dispersed using a grating (300 l/mm) and
detected by a Newton CCD camera. The background was measured
in a particle-free environment. Data analysis was performed using
custom-made MATLAB scripts.

■ RESULTS AND DISCUSSION

Hg Amalgamation and Inward Diffusion in AuNRs@mSiO2
without Structural Deformation
Figure S1 shows an SEM image of AuNRs@mSiO2. Using this
image, we determined that the average dimensions of AuNRs@
mSiO2 were 54.53(±5.63) nm × 100.7(±8.68) nm with an
aspect ratio (AR) of 1.85, as shown in Figure S2. The
mesoporous silica shell has a thickness of 18 nm (Figure S3).
Figure S4 shows the ultraviolet−visible−near-infrared (UV−
vis−NIR) extinction spectrum of AuNRs@mSiO2 in distilled
water, and the distinctive transverse and longitudinal LSPR
peaks of AuNRs@mSiO2 were at approximately 516 and 693
nm, respectively.

Hg amalgamation in AuNRs@mSiO2 spin-casted on a
precleaned glass slide was then achieved (Figure 1A).13,15

The mesoporous silica shell surrounding the AuNRs prevented
the nanoparticles from aggregating upon deposition on the
slide.13,15,24 The AuNRs@mSiO2 were exposed to a solution
containing a high concentration of 10 μM HgCl2 and 10 mM
NaBH4, as shown in Figure 1A (step 1).13,15 Because of its
strong reducing ability, NaBH4 was used to reduce Hg(II) ions
to Hg(0).25 The Hg ions initially adsorbed on the AuNR
surface, followed by the formation of a Hg layer owing to the
strong affinity between Au and Hg. The Hg surface layer
facilitates the formation of the Au−Hg alloy.25 Owing to the

low Hg cohesive energy (0.67 eV/atom) compared to that of
Au (3.81 eV/atom), Au−Hg alloy formation is facilitated by
dissolution and diffusion of Au atom into the Au/Hg interface
or Hg layer.12,13,15 Furthermore, the formation of the Au−Hg
alloy via diffusion results in the structural transformation of
bare AuNRs owing to the gradual increase in the Hg content in
AuNRs. However, in AuNRs@mSiO2, the SiO2 shell provided
structural stability to the AuNR core; thus, no noticeable
structural transformation was observed after Hg amalgamation,
as shown in the SEM image (Figure S5A). The average aspect
ratio (AR) was approximately 1.78, corresponding to a
59.20(±5.53)-nm width and 105.45(±8.2)-nm length (Figure
S5B). Moreover, the inward Hg diffusion (a few nanometers)
into the AuNR core, a slow process that requires >24 h, then
occurred in air (Figure 1A, step 2).15

To further confirm the Hg amalgamation and inward Hg
diffusion into AuNRs@mSiO2, field-emission SEM (FE-SEM)
with EDX elemental analysis and XPS measurements were
performed. The EDX elemental mapping images showed that
Au and Hg were distributed along the AuNRs inside the
mesoporous silica shell after amalgamation in steps 1 and 2
(Figure 1B−G). Additional EDX data of the amalgamated
AuNRs@mSiO2 are provided in Figure S6. We used high-
resolution XPS to characterize the surface state of the
amalgamated AuNRs@mSiO2 after steps 1 and 2 and to
clarify the inward diffusion of Hg in step 2 (Figure 1A). As
shown in Figures 2 and S7, we analyzed the high-resolution

XPS spectra for Au 4f, Hg 4f, Si 2p, and O 1s at different stages
of the experiment, namely, bare AuNRs@mSiO2, amalgamated
AuNRs@Hg-mSiO2 for 1 h (step 1), and amalgamated
AuNRs@Hg-mSiO2 for 24 h (step 2). From the XPS
measurements, two peaks in the Au 4f spectra appear at
binding energies of 83.04 and 87.00 eV, respectively, indicating
Au 4f7/2 and Au 4f5/2 spin−orbital coupling of elemental Au0

before the Hg treatment (Figure 2A).26 However, during the
initial 1 h of Hg amalgamation (step 1), Hg atoms began
interacting with surface atoms of Au and formed a densely
packed layer of Hg over the Au surface, forming an Au−Hg
core−shell structure. Because the free electron density of Au is
higher than that of Hg, electron transfer from Au to Hg is

Figure 2. (A) XPS peaks of Au 4f for AuNRs@mSiO2, AuNRs@Hg-
mSiO2 (1 h, after step 1), and AuNRs@Hg-mSiO2 (24 h, after step 2).
(B) XPS peaks of Hg 4f for AuNRs@mSiO2, AuNRs@Hg-mSiO2 (1
h), and AuNRs@Hg-mSiO2 (24 h)
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expected to decrease the electron density of Au at the surface.
This decrease in the electron density leads to positively
charged Au as shown by the Au 4f spectral shift (Figure 2A) to
a higher binding energy (blueshift). Furthermore, after step 1,
the amalgamated AuNRs@Hg-mSiO2 (1 h) showed adjacent
4f7/2 and 4f5/2 peaks in the Hg 4f spectrum, with the peaks
resulting from adsorption of Hg atoms on the surface of the
AuNRs (Figure 1B and D). In addition, after 24 h of Hg
treatment in air (step 2), a solid amalgam of Au−Hg may have
formed predominantly (the unamalgamated part of the Au
core may have remained), where the Au and Hg atoms were
intermixed. Thus, the Au 4f and Hg 4f peaks shifted to lower
binding energies compared to those for 1 h of Hg
amalgamation. Notably, the XPS peaks for Au shifted back
to the locations of those of bare AuNR@mSiO2 before Hg
treatment. Therefore, using XPS, we confirmed the formation
of the Au−Hg core−shell on the surface of AuNR@mSiO2 at
step 1 and the slow Hg inward diffusion and solid Hg−Au
amalgam formation after step 2, as depicted in Figure
1A.14,15,27,28 Further details of the change in work function
(Φ) at the different stages of Hg amalgamation of AuNR@
mSiO2 are discussed below.
Effects of Hg Amalgamation and Inward Hg Diffusion on
the LSPR Properties in Single AuNRs@mSiO2

We investigated the time-dependent LSPR spectral variations
caused by Hg amalgamation and inward Hg diffusion in the
AuNRs@mSiO2. Figures S8 and S9 show the experimental

setup for single-particle DF microscopy and spectroscopy.
Figure 3A shows an DF image of AuNRs@mSiO2 immobilized
on a glass slide. According to the homogeneous LSPR spectra
of AuNRs@mSiO2 exposed to Hg solution, the formation of
the Hg metal shell causes a change in the refractive index of the
outer surface of the AuNR and thus changes the free electron
density of the core metal.29 Therefore, the higher electron
density owing to the formation of the Au−Hg core−shell
structure caused the blueshift and line width broadening in the
LSPR spectrum after step 1.13,15 Besides that, the difference in
the dielectric function of Au and Hg and the variation in
effective dielectric function due to the formation of the Au−Hg
core−shell structure may also result in a variation in the LSPR
spectrum.30,31 Since the dielectric function or relative
permittivity of plasmonic materials is highly dependent on
the surface electron density, a large change in the electron
density of states (DOS) at the amalgamated AuNR cores will
also contribute to the LSPR shifts in this system.29−31 The
blueshift and line width broadening saturated within 1 h owing
to the Hg layer formation at the AuNR surface (Figure 3B−D).
Furthermore, the LSPR scattering spectrum was measured for
a longer time (every 1 for 24 h) for the AuNRs@mSiO2 after
they were removed from the Hg solution and kept in air. The
normalized scattering spectra of amalgamated AuNR1@Hg-
mSiO2 (marked by the green circle as AuNR1@mSiO2 in
Figure 3A) after 1 h in Hg solution and 24 h in air (Figure 3B)
show a notable redshift of the LSPR peak. The gradual redshift

Figure 3. (A) DF scattering image of single AuNR@mSiO2. (B) Normalized scattering spectra of AuNR1@mSiO2 before exposure to Hg solution
(blue curve), AuNR1@mSiO2 after exposure to Hg solution for 1 h (red curve), and AuNR1@mSiO2 in air for 24 h (yellow curve). (C) Change in
the LSPR peak of AuNR1@mSiO2 (in Figure 2A) exposed to Hg solution as a function of time. After 1 h, AuNR1@mSiO2 was exposed to air and
measured at intervals of 1 h. (D) Change in the corresponding LSPR line width of AuNR1@mSiO2 as a function of time.
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and line width narrowing in the LSPR spectrum was observed
over the course of 24 h owing to the inward Hg diffusion into
the AuNR@mSiO2 structure (Figure 3C and D); this was
consistent with our previous study.15 Because of the slow
inward diffusion of Hg atoms into Au atoms, a solid amalgam
of intermixed Au and Hg atoms may predominantly form at
this stage. Consequently, the free electron density may
decrease slowly as Hg diffusion progresses over 24 h, resulting
in the redshift and line width narrowing in the LSPR spectrum.
The LSPR spectrum obtained from AuNR2@mSiO2 also
supports the slow inward diffusion of Hg into the AuNR core
(Figure S10).
Chemical Effect on LSPR Properties in Amalgamated
AuNRs@mSiO2

The chemical effect caused by adsorbate molecules on the
plasmonic properties of amalgamated AuNRs@Hg-mSiO2 was
then analyzed and has not been studied thus far. In this study,
we initially used 1-alkanethiol with a six-carbon chain (1-
hexanethiol, C6) as the adsorbate to modify the chemical
interfaces. The time-dependent kinetics of 1-hexanethiol
adsorption on AuNRs@Hg-mSiO2 were investigated. For the
surface modification of AuNRs, thiol molecules have been
widely used as adsorbates owing to their strong binding affinity

with the Au surface via strong covalent soft−soft bonding
between Au−S atoms.32,33 Moreover, thiols have a well-known
affinity for Hg and can strongly interact with soft Hg
surfaces.5,34

After amalgam formation in Hg solution for 1 h (step 1 in
Figure 1A), the amalgamated AuNRs@mSiO2 were removed
from the solution and exposed to 1-hexanethiol in ethanol for
chemisorption, as shown in Figure 4A. We measured the
single-particle scattering spectra for 2 h during exposure. More
Hg and fewer Au atoms were accessible on the surface for
chemisorption, owing to the Hg shell formed on the AuNR
core after step 1. Figure 4B shows the single-particle spectra of
amalgamated AuNR3@mSiO2 (Figure S11) after incubation
for 0 and 1 h in Hg solution with the 1 h Hg-treated sample
incubated for another 1 h in 1-hexanethiol (120 min in Figure
4B, yellow curve). As discussed previously, 1 h of incubation in
Hg solution caused Hg-shell layer formation, resulting in a
blueshift and line width broadening of the LSPR peak.
However, after removing the sample from the Hg solution
(after 1h) and allowing it to react with 1-hexanethiol in
ethanol, the spectra measured at 3 min intervals showed a
gradual redshift of the LSPR peak and narrowing of the full
width at half-maximum (fwhm) (Figure 4C and D). Initially, at
0 min of reaction with 1-hexanethiol (60 min in Figure 4B, red

Figure 4. Effect of thiolation on the LSPR properties of single amalgamated AuNRs@mSiO2. (A) Schematic representation of AuNR@Hg-mSiO2
exposed to 1-hexanethiol in ethanol for chemisorption. (B) Normalized scattering spectra of AuNR3@mSiO2 before exposure to Hg solution (blue
curve), after exposure to Hg solution for 1 h (red curve), and after chemisorption under 1-hexanthiol (yellow curve). (C) Change in the LSPR peak
of AuNRs@Hg-mSiO2 exposed to 1-hexanthiol in ethanol during chemisorption as a function of time. (D) Change in the corresponding LSPR line
width of AuNRs@Hg-mSiO2 exposed to 1-hexanthiol in ethanol during chemisorption as a function of time.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00578
JACS Au 2023, 3, 3247−3258

3251

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00578/suppl_file/au3c00578_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00578/suppl_file/au3c00578_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00578?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


curve), the LSPR peak was at 1.92 eV, whereas after 1 h of
reaction, the LSPR peak redshifted to 1.72 eV (yellow curve in
Figure 4B). Accordingly, the LSPR line width was 153 meV at
0 min in 1-hexanethiol and decreased to 124 meV after 1 h of
1-hexanethiol chemisorption in ethanol. When the sample was
exposed to air, the redshift and line width narrowing were
attributed to slow inward Hg diffusion over 24 h (Figure 3).
Interestingly, the chemisorption of 1-hexanethiol on the
surface of amalgamated AuNR3@mSiO2 promoted the line
width narrowing and caused a gradual redshift of the LSPR
peak within 1 h. The redshift and line width narrowing of the
LSPR peak were similar in multiple amalgamated AuNR@
mSiO2 samples (Figure S12). Notably, the line width
narrowing within 1 h of chemisorption was not caused by
inward Hg diffusion into the AuNR core because core diffusion
occurs with much increased time (>10 h, Figure 3). Moreover,
no structural transformation was observed after 1 h of 1-
hexanethiol chemisorption in ethanol on the amalgamated
AuNRs@mSiO2 (Figure S13). To our knowledge, this is the
first report of the chemical effect on LSPR spectral changes in
amalgamated AuNRs@mSiO2 at the single-particle level.

Competition between Surface Plasmon Decay Pathways
in Amalgamated AuNRs@mSiO2

We attempted to elucidate the redshift and line width
narrowing of the LSPR peak by interacting thiol molecules
with the amalgamated AuNRs@mSiO2, as shown in Figure 4.
The LSPR peak was redshifted after the chemisorption of 1-
hexanethiol on amalgamated AuNRs@mSiO2 owing to an
increase in the local refractive index (RI) surrounding the NPs,
as illustrated in Figure 4B and C.32 Line width narrowing in the
LSPR spectrum, in contrast to the line width broadening
observed upon CID of single AuNRs, was observed for the
amalgamated AuNRs@mSiO2. The change in electron density
of amalgamated AuNRs@mSiO2 continued, owing to the
change in energy level due to thiol adsorption. There is a
proportional relationship between the line width and damping
rate in a homogeneous LSPR spectrum.17,32 Thus, the LSPR
line width narrowing is correlated with the plasmon damping
rate and pathways in single AuNRs@mSiO2. In this study, the
competition among the surface damping pathways was
examined to elucidate the chemical effects. Recently,
adsorbates have been reported to provide an additional
plasmon damping pathway called CID.18,19,32,33,35 As shown
in Figure 5A, closely or strongly interacting adsorbates induce

Figure 5. (A) Schematic representation of chemical interface damping (CID) induced by an adsorbate on the AuNR surface. (B) Schematic
representation of the competition between the two primary decay mechanisms in single amalgamated AuNRs@mSiO2. Pathway 1 is caused by Hg
adsorption and coating on the AuNR core. However, in the presence of surface thiol molecules, CID can act as an additional damping pathway
(pathway 2) induced by interfacial hot electron transfer from the metal to adsorbate molecules and compete with pathway 1. (C−E) Energy level
diagrams for AuNRs@mSiO2, amalgamated AuNRs@mSiO2 (1 h), and amalgamated AuNRs@mSiO2 (1 h) with the chemisorption of 1-
hexanethiol in ethanol.
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the direct generation of hot electrons for the empty lowest
unoccupied molecular orbital (LUMO) of the adsorbate within
5 to 100 fs.36−39 Accordingly, the LSPR peak is redshifted and
decreases in intensity, and the line width broadens.17,40−42 In
this study, thiol chemisorption can result in another CID
pathway in addition to the existing surface damping pathway
induced by Hg coating on amalgamated AuNRs@mSiO2.
Thus, the line width narrowing in Figure 4 can be interpreted
in terms of the coexistence and competition between the two
surface damping pathways in a single amalgamated AuNRs@
mSiO2. It should be noted that the LSPR line width change can
also be contributed by bulk damping, radiation damping, and
electron-surface scattering in plasmonic nanomaterials. How-
ever, the above-mentioned damping mechanisms are intrinsic
to plasmonic nanomaterials with specific or known sizes. In our
hybrid system, due to the involvement of other metals and
molecular adsorbates, it can be inferred that hot carrier
generation is the predominant factor contributing to the
variation in the LSPR spectral line width.17,32,43

As shown in Figure 5B, pathway 1 is caused by Hg coating
the AuNR core or metal interface damping (MID), which
broadens the LSPR line width, as shown in Figure 3. However,
in the presence of surface thiol molecules, CID can also occur
(pathway 2), which is induced by interfacial hot electron
transfer from the metal to adsorbate molecules and can
compete with pathway 1, as shown in Figure 5B. Thus, the line

width narrowing in Figure 4D indicates that the considerable
LSPR broadening caused by the MID (pathway 1)
considerably decreases because of CID (pathway 2) upon
the chemisorption of thiol molecules. Figure 5C shows the
energy level diagram for AuNR@mSiO2 with the calculated
work function (ΦAu) of 4.83 eV for Au from the XPS data by
subtracting the photon energy from the binding energy of the
secondary edge (slope) (Figure S14).44 However, in the case
of AuNRs@Hg-mSiO2 (the core−shell structure obtained after
step 1), the calculated work function for the Au−Hg core−
shell structure (ΦAu−Hg) decreased to 3.31 eV (Figures 5D and
S15), indicating an increase in the electron density of
AuNRs@Hg-mSiO2 (core−shell structure) after 1 h. Although
the decrease in electron density of Au was observed after the
beginning of the amalgamation process (as explained in earlier
sections by the Au 4f peak shifts, Figure 2A), the overall
electron density of AuNRs@Hg-mSiO2 (core−shell structure)
increased.

When thiol molecules are chemisorbed onto AuNRs@Hg-
mSiO2 (the core−shell structure after step 1), the thiol will
primarily interact and form a strong bond with Hg instead of
with Au. Like Au, sulfur strongly bonds to Hg because S,
especially S2−, which is a soft base, and Hg2+, which is a soft
acid, interact well together.34,45 In this case, the hot electrons
generated in the Au will likely not directly transfer from Au to
the LUMO of the adsorbate molecule via the CID pathway

Figure 6. (A) Schematic representation of the CID effect induced by 1-alkanethiols in ethanol with three different carbon chain lengths (1-
hexanethiol, C6; 1-decanethiol, C10; 1-hexadecanethiol, C16) for AuNRs@mSiO2 obtained after 1 h of Hg amalgamation (step 1). (B)
Comparison of the LSPR peak shifts caused by 1-alkanethiols (C6, C10, and C16), as calculated by comparing the LSPR peak energy of thiolated
AuNRs@Hg-mSiO2 with that of the bare AuNRs@mSiO2. (C) Comparison of the corresponding fwhm shifts caused by 1-alkanethiols (C6, C10,
and C16) in ethanol.
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owing to the Hg shell (pathway 2, blue arrow in Figure 5E).
Instead, the hot electrons in the Au will be transferred to the
Hg shell first (pathway 1, red arrow in Figure 5D) via MID and
then to the LUMO of the adsorbed thiol molecule via CID
(pathway 2) at the Hg−thiol interface.34 This process will
decrease the overall electron transfer rate from Au to the
adsorbate with a decreased plasmon damping rate, which can
narrow the LSPR line width compared to that of AuNR@Hg-
mSiO2 without adsorbed molecules. Therefore, the results
confirm that the MID (pathway 1) from Au to Hg is more
dominant than the direct CID (pathway 2) from Au to the
adsorbate during the competition for single amalgamated
AuNRs@mSiO2 after step 1 (a core−shell structure). To the
best of our knowledge, this is the first study to describe the
competition between CID and other surface decay channels in
single plasmonic NPs.
Tuning the Interfacial Electron Transfer in Amalgamated
AuNRs@mSiO2

To better understand the electron transfer process (or CID) at
the Hg−thiol interface and the tunability, we performed single-
particle spectroscopic studies using thiol molecules with
different carbon chain lengths as adsorbates. We chose 1-
alkanethiols with different chain lengths because the CID
process can be tuned by controlling the chemical nature of the
adsorbate and the interfacial hot electron transfer from the

metal to adsorbate.32,33,35,46 In our previous studies, the LSPR
line width (or CID) increased with an increasing number of
linear carbons owing to increased van der Waals forces.35,46,47

In this study, amalgamated AuNRs@mSiO2 obtained after step
1 (core−shell structure) were exposed to three different 1-
alkanethiols in ethanol (1-hexanethiol, 1-decanethiol, and 1-
hexadecanethiol) for 1 h (Figures 6A and S16). Figure S17
shows the time-dependent changes in the LSPR peak position
and line width during the Hg amalgamation and thiolation
with the three different 1-alkanethiols. Figure 6B and C shows
the LSPR peak and line width shifts calculated by comparing
the LSPR peak energy and FHWM of the thiolated AuNRs@
Hg-mSiO2 with those of bare AuNRs@mSiO2. The LSPR peak
shift for the amalgamated AuNRs@mSiO2 decreased with an
increasing carbon chain length from C6 to C16, while the
fwhm shift increased with an increasing chain length. The
increased fwhm shift with increased chain length can be
attributed to the enhanced interfacial hot electron transfer
from Hg to the adsorbate via CID at the interface (Figure
5E).35,46 Thus, CID at the Hg−thiol interface occurs, and the
plasmon damping rate increases with longer chain lengths in
single amalgamated AuNRs@mSiO2. In addition to the CID
effect, as explained earlier, the chemical-induced permittivity
(CIP) effect29 can explain the result shown in Figure 6C. The
longer-chain thiols having more electrons may form slower
oxidative complexation than the shorter-chain thiols because of

Figure 7. (A) Comparison of the CID effect induced by thiolation after step 1 (1 h of Hg amalgamation) with that after step 2 (24 h of inward Hg
diffusion) in the amalgamated AuNRs@mSiO2. After step 1, Hg coats the AuNR surface, producing an Au−Hg core−shell structure. However, after
step 2, the coated Hg diffuses into the AuNR core to a certain degree (a few nanometers), producing a different Hg state on the AuNR surface. (B)
Changes in the LSPR peak energy of AuNRs@mSiO2 induced by thiolation with three different carbon lengths of 1-alkanethiols (C6, C10, and
C16) after steps 1 and 2. (C) Corresponding changes in the LSPR line width of AuNRs@mSiO2 induced by thiolation with three different carbon
lengths after steps 1 and 2. (D) Energy level diagram of amalgamated AuNRs@Hg-mSiO2 (24 h) with thiolation.
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their prolonged reorientation and redistribution of electrons on
metal surfaces; thus, van der Waals forces increase with
increasing carbon chain length.35,48 Since the dielectric
function or relative permittivity of plasmonic materials is
highly dependent on the surface electron density, the
adsorption of longer-chain thiol may induce a high permittivity
(or CIP) and a large change in the electron density of states
(DOS) at the amalgamated AuNR cores and thiol interfaces.
Therefore, the chemical effect with 1-hexadecanethiol (C16) is
higher than those with 1-hexanethiol (C6) and 1-decanethiol
(C10); thus, the LSPR alterations caused by long carbon chain
thiols are enhanced in amalgamated AuNRs@mSiO2 compared
with those caused by short chain thiols. To the best of our
knowledge, this is the first report to describe the tunability of
interfacial electron transfer (or CID) via chemisorption in
amalgamated AuNRs@mSiO2.

Additionally, an important point needs to be discussed with
regard to Figures 4 and 6. The interfusion of Hg atoms into the
AuNR cores of AuNRs@mSiO2 resulted in a gradual redshift
and line width narrowing in the LSPR spectrum in air
compared to that in solution, as shown in Figure 3. Inward Hg
diffusion is a slow process, and the redshift and line width
narrowing of the LSPR peak were constant after ∼24 h.27 In
our previous study, oxygen plasma treatment resulted in faster
inward diffusion of Hg into AuNR cores within 20 min.27

Herein, when the amalgamated AuNRs@mSiO2 were sub-
jected to 1-alkanethiol, the redshift and line width narrowing of
the LSPR peak saturated within 1 h. Therefore, chemical
treatments can be used to tune the LSPR properties of
amalgamated AuNRs@mSiO2 without causing structural
deformation, which has not been demonstrated previously.
Effect of the Au−Hg Surface Property on Competition
between Surface Damping Pathways in Single
Amalgamated AuNRs@mSiO2

We then investigated the effect of the time-dependent Au−Hg
surface properties on the competition between surface
damping pathways in single amalgamated AuNRs@mSiO2.
As shown in Figure 7A, we compared the CID effect induced
by thiolation after step 1 (1 h of Hg amalgamation) to that
after step 2 (24 h in air) in the amalgamated AuNRs@mSiO2.
As explained, during step 1, at the initial stage of Hg
amalgamation, the Au−Hg core−shell structure was predom-
inant on the AuNRs@mSiO2 (Figures 1A and 7A).28 However,
after step 2 (24 h in air), both Au and Hg atoms were exposed
to the surface owing to inward Hg diffusion and solid
amalgamation of Au−Hg over the surface. Then, we studied
the competition between the two surface damping pathways in
amalgamated AuNRs@mSiO2 under different Au−Hg surface
properties after steps 1 and 2.

Figure S18 shows the normalized scattering spectra of
AuNR4@mSiO2 before exposure to Hg solution (blue curve),
AuNR4@mSiO2 after exposure to Hg solution for 1 h (red
curve), AuNR4@mSiO2 after exposure to Hg in air for 24 h
(yellow curve), and AuNR4@mSiO2 after exposure to Hg
solution and after thiolation with C6 (purple curve). Figure 7B
and C shows changes in the LSPR peak and line width for
AuNRs@mSiO2, respectively, induced upon thiolation with
three different 1-alkanethiols (C6, C10, and C16) after steps 1
and 2. Increasing the carbon chain length decreased the LSPR
peak energy (or redshifted) for the AuNRs@mSiO2 after steps
1 and 2. The LSPR line width broadened with increasing
carbon chain length for the AuNRs@mSiO2 after steps 1 and 2.

However, the 24-h condition (step 2) broadened the line
width more than the 1-h condition (step 1) for the same thiol
carbon chain length for single AuNRs@mSiO2 (Figure 7C).
Because sulfur has a strong affinity toward both Au and Hg,
thiol molecules will react with the Au and Hg atoms that are
exposed to the surface in the single amalgamated AuNRs@
mSiO2 after step 2, as supported by the XPS data shown in
Figure 2. Thus, the amalgamated Ag−Hg surface property
strongly influences the energy and line width of the LSPR peak
for single amalgamated AuNRs@mSiO2.

To determine the interfacial damping that occurs in this
system and the competition between the two decay pathways
(Figure 5), we calculated the work function from the XPS data
and compared the work function of the Au−Hg amalgam at
each step in the process at 1 h (ΦAu−Hg) and 24 h (ΦAu−Hg*) of
Hg treatment with the work function (ΦAu) of bare AuNR@
mSiO2. The calculated work function (ΦAu) of bare AuNR@
mSiO2 was 4.83 eV. However, the ΦAu−Hg after 1 h of Hg
amalgamation decreased to 3.31 eV, and then, it increased to
4.38 eV (Figures 7D and S19) after step 2 (ΦAu−Hg*). Thus,
the electron density of the AuNR core increased as the Au−Hg
core−shell structure formed after step 1, and the electron
density slightly decreased after step 2 as Hg amalgamation
slowly intensified. For 1 h of Hg amalgamation (step 1, Figure
5E), the energetic hot electrons generated in Au are excited to
Hg more easily via pathway 1 because the electron density is
higher after the Hg shell formation. Therefore, pathway 1 (or
MID) between Au and Hg will be dominant over pathway 2
(or CID) from Au to the adsorbate, as discussed (Figure 5). In
contrast, for 24 h of Hg amalgamation (step 2, Figure 7D), the
electron density decreases owing to the complete amalgam
formation from the intermix of Au−Hg atoms. Notably, the
unamalgamated Au core could still be available at the center of
the AuNR; thus, the hot electrons generated at the core can
transfer to the amalgamated Au−Hg surface via pathway 1
(MID). However, after step 2, pathway 2 (CID) will be
dominant over pathway 1 (MID) owing to the availability of
exposed Au and Hg atoms for thiol interactions on the
surface.45,49 Au bonds more strongly to sulfur than Hg does.45

Thus, the stronger surface damping observed upon 24 h of
treatment than for the 1-h treatment can be ascribed to the
stronger interaction of Au and Hg with the − SH group. Thus,
we provide new insights into CID and its competition effects
for the different Au−Hg surface properties of amalgamated
AuNRs@mSiO2 upon adsorption of thiol molecules.

The detection of Hg2+ ions using plasmonic nanoparticles
has been reported earlier.1−3,6,7,11 However, a deeper under-
standing of plasmon damping caused by Hg amalgamation at
the single-particle level is still limited.12−16 Moreover, a
complex plasmon damping mechanism involving two different
pathways, namely, MID and CID, and a competition between
these two damping pathways in a system at the single-particle
level have not been understood earlier. Therefore, this study,
providing a deeper understanding of the different stages of the
Hg amalgamation process and the plasmon damping effects
caused by Hg deposition as well as thiolation at the single-
particle level without any noticeable structural change in
AuNRs@mSiO2, can be effectively utilized to design plasmonic
sensors. Additional studies on plasmonic sensors using the
LSPR line width of AuNRs@mSiO2 to detect various adsorbate
molecules are underway.
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■ CONCLUSIONS
In summary, we investigated Hg amalgamation without
structural deformation in single AuNRs@mSiO2 by using DF
microscopy and spectroscopy. Hg inward diffusion into Au
resulted in a blueshift of the LSPR peak and significant line
width broadening. The subsequent inward Hg diffusion into
the AuNR core, as confirmed by XPS, caused a gradual redshift
and line width narrowing of the LSPR peak over a long time
(24 h). Our investigation of the effect of the chemisorption of
thiol molecules on single amalgamated AuNRs@Hg-mSiO2
resulted in a redshift and line width narrowing of the LSPR
peak within 1 h; in contrast, a redshift and line width
broadening of the LSPR peak caused by thiolation were
observed in single AuNRs in previous studies. To determine
the chemical effect, the competition between the two surface
decay pathways, MID and CID, was investigated. In the
amalgamated AuNRs@Hg-mSiO2, the CID process competed
with MID, and the line width narrowing induced by thiolation
indicated that the considerable LSPR broadening caused by
MID decreased owing to the additional damping pathway
(CID) that occurred at the interface upon the chemisorption
of thiol molecules. Next, we exposed the amalgamated
AuNRs@Hg-mSiO2 to three different 1-alkanethiols in ethanol
(1-hexanethiol, 1-decanethiol, and 1-hexadecanethiol) for 1 h.
The LSPR peak shift for AuNRs@Hg-mSiO2 decreased with
increasing carbon chain length from C6 to C16, while the
fwhm shift increased with increasing chain length. The
increased fwhm shift with increasing carbon chain length can
be attributed to enhanced interfacial hot electron transfer from
Hg to the adsorbate via CID at the interface. Thus, these
chemical treatments were demonstrated to be new, effective
methods for tuning the CID and LSPR properties of
amalgamated AuNRs@Hg-mSiO2. Finally, we investigated
the effect of the time-dependent Au−Hg surface properties
on the competition between the two surface damping pathways
in single AuNRs@Hg-mSiO2. The 24-h Hg treatment
condition led to increased line width broadening compared
with the 1-h Hg treatment condition for the same thiols in the
single AuNRs@Hg-mSiO2. In the case of 1-h Hg treatment, the
thiol molecule interacted with the Hg shell on the AuNR core,
and the electron density increased in the Au−Hg core−shell
structure to facilitate the transfer of energetic hot electrons
from Au to Hg. Thus, pathway 1 is more dominant than
pathway 2 from Au to the adsorbate. In contrast, in 24-h Hg
amalgamation, because of internal Hg diffusion, the availability
of exposed Au and Hg atoms over the surface, and stronger
bonding of the thiol with Au and Hg, CID was dominant.
Thus, the LSPR line width increased for the 24-h
amalgamation owing to enhanced CID (pathway 2), as
opposed to the predominance of MID (pathway 1) during
the 1-h amalgamation. Therefore, this study provides new
insights into Hg amalgamation without structural deformation
in AuNRs@mSiO2, the effect of chemical treatments, the
competition between the surface damping pathways, the effect
of Au−Hg surface properties on the CID, and methods for
controlling the LSPR properties.
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