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국문 초록 

 

금, 은, 구리와 같은 귀금속 나노 입자는 국지 표면 플라즈몬 공명 

(Localized Surface Plasmon resonance, LSPR) 현상에 의해 그들의 모양, 크기, 

주변 매질의 굴절률(Refractive Index, RI) 등에 따라 독특한 광학적 특성을 

가지며 그로 인해 다양한 분야에서 응용되고 있다. 그 중에서 금 및 은 

나노 입자는 LSPR 바이오 센싱과 관련하여 가장 매력적인 물리적 특성을 

보여준다. 금 나노 입자는 높은 화학적 안정성과 생체 적합성을 

나타내므로 많은 분야에서 응용되고 있다. 은 나노 입자는 주어진 모양과 

크기에 대해 금 나노 입자와 비교할 때 더 나은 RI 감도를 

제공한다. 그럼에도 불구하고 은 나노 입자는 열등한 화학적 안정성 및 

생체 적합성으로 인해 LSPR 기반 바이오 센싱 응용 분야에 사용될 때 

수많은 한계를 보이는 것으로 되었지만, 최근에는 은 나노 입자와 금의 

조합으로 많은 개선이 이루어졌다. 예를 들어, 금과 은을 혼합하여 합금 

또는 Au-Ag 코어-쉘 나노 입자 (AuNRs @ Ag, core @ shell) 를 형성하면 Au-

Ag 비율을 제어하여 지속적으로 조정할 수 있는 하이브리드 LSPR 밴드가 

생성된다. 

본 연구에서는 암시야(Dark-Field, DF) 현미경, 자외선-가시광선 

분광기(UV-VIS spectroscope), 표면증강라만산란(Surface Enhanced Raman 
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Scattering, SERS), 주사 전자 현미경(Scanning Electron Microscope, SEM)을 

사용하여 AuNRs@Ag의 광특성을 분석하였다. 첫째, 쉘 두께가 다른 

AuNRs@Ag에서 피리딘 유도체의 흡착 배향에 따른 화학적 계면 

감쇠(Chemical Interface Damping, CID) 효과에 대해 알아보았다. 

전자공여기를 갖는 피리딘 유도체는 단일 AuNRs@Ag에 흡착되어 질소와 

은 표면의 상호 작용을 통해 강한 CID 효과를 유도하였다. AuNRs@Ag 

두꺼운 은 쉘의 경우 모든 피리딘 유도체에 대해 얇은 은 쉘을 사용하는 

AuNRs@Ag에 비해 상당히 향상된 CID 효과를 나타냈다. 피리딘 분자의 

높은 기울기와 달리 electron donating group(EDG)을 포함하는 피리딘 

유도체는 표면증강라만산란 및 동적 광산란 측정에 따라 Ag 표면에 

평행한 배향을 채택하여 Ag 표면에서 피리딘과는 다른 표면 커버리지를 

생성하고 LSPR 선폭확장이 감소됨을 확인하였다. 둘째, 금 코어의 크기는 

같고 은 쉘의 두께가 다른 두가지의 AuNRs@Ag를 사용하여 주변 매질 

굴절률에 따른 민감도(Refractive Index Sensitivity, RIS)에 은 쉘의 두께에 

따른 영향을 알아보고 2차 미분에 의한 변곡점을 이용하여 RIS를 

향상시켰다. 따라서 본 연구는 단일 AuNRs@Ag에서 피리딘 유도체의 

공여 치환기와 Ag 쉘 두께가 CID에 미치는 영향에 대한 보다 깊은 

이해를 제공하고 은 쉘 두께 증가로 인한 LSPR 센서의 개선을 보여준다. 
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English Abstract 

 

Noble metal nanoparticles such as gold, silver, and copper have unique optical 

properties depending on their shape, size, and refractive index (RI) of the surrounding 

medium due to a localized surface plasmon resonance (LSPR) phenomenon.  Among 

metallic NPs, gold (Au) and silver (Ag) nanoparticles(NPs) have demonstrated the 

most fascinating physical properties with regard to LSPR biosensing.  These gold 

nanoparticles have been applied in many fields because they have the advantages of 

being biocompatible, having high chemical stability and easy surface 

modification. However, for a given shape and size, AgNPs provide better RI sensitivity 

when compared with AuNPs. Nevertheless, AgNPs have been reported to show 

numerous limitations when utilized for LSPR-based biosensing applications due to 

their inferior chemical stability and biocompatibility. Recently, many improvements 

have been achieved with the combination of AgNPs with Au. For instance, mixing Au 

and Ag to form either alloys or Au–Ag core–shell NPs (AuNRs@Ag , core @ shell) 

results in a hybrid LSPR band which can be tailored continuously by controlling the 

Au–Ag ratio. 

 In this study, we used Dark-Field (DF) microscopy, UV-Vis spectroscopy 

(UV-Vis), Surface Enhanced Raman Scattering (SERS) and Scanning Electron 

Microscope (SEM) to analyze the optical properties of single AuNRs@Ag. First, the 

effects of chemical interface damping (CID) according to adsorption orientation of 

pyridine derivatives in AuNRs@Ag with different shell thicknesses were investigated. 
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Pyridine derivatives having electron-donating groups (EDGs) were adsorbed on single 

AuNRs@Ag and induced a strong CID through the interaction of nitrogen with the Ag 

surface. AuNRs@Ag with thick shells showed a considerably enhanced CID effect 

compared with AuNRs@Ag with thin shells for all pyridine derivatives. In contrast to 

the high inclination of pyridine molecules, pyridine derivatives bearing EDGs adopted 

a parallel orientation to the Ag surface according to surface-enhanced Raman 

spectroscopy and dynamic light scattering measurements, which resulted in different 

surface coverage on the Ag surface and decreased LSPR linewidth broadening. Second, 

two AuNRs@Ag with the same size of the gold core and different thickness of the 

silver shell were used to investigate the effect of the thickness of the silver shell on the 

RI sensitivity according to the refractive index of the surrounding medium. RI 

sensitivity was improved by using the inflection point by the second derivative. 

Therefore, this study provides a deeper understanding of the effect of the donor 

substituent of the pyridine derivative and the Ag shell thickness on CID in a single 

AuNRs@Ag, and shows the improvement of the LSPR sensor due to the increase in 

silver shell thickness. 
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1. Introduction 

 

 

1.1. Metallic Nanoparticles (NPs) 

 

Metallic nanoparticles (NPs) show distinct optical properties which are 

sensitive to their shapes, sizes and refractive index (RI), caused by the localized 

surface plasmon resonance (LSPR) effect.1-4 When metallic NPs are irradiated, the 

conduction electrons on their surfaces are excited and collectively oscillate with the 

incident electromagnetic field. Furthermore, the strong interaction between metallic 

NPs causes light to be confined into sub-diffraction volumes.5 For many years, the 

optical properties of single metallic NPs have been intensively investigated by far-field 

single particle imaging and spectroscopic techniques, such as scattering-based dark-

field microscopy and absorption-based photothermal imaging, without ensemble 

averaging.6-8 It has been reported that the LSPR of metallic NPs is strongly dependent 

on the three-dimensional (3D) structure and size of the nanoparticles, as well as on the 

RI of the surrounding medium.2, 9 Accordingly, by controlling these parameters, it is 

possible to tune the characteristic plasmonic properties for specific purposes and 

applications.4, 10 Therefore, in the previous few decades, LSPR in metallic NPs has 

been widely utilized in applications pertaining to chemical and biological sensors.11-13   

LSPR-based biosensing is based on the sensitivity of the LSPR wavelength to 
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variations in local RI around the nanoparticle surface. The refractive index sensitivity 

(RIS) aids to measure the displacement in the wavelength shift of the LSPR peak. 

Among metallic NPs, gold (Au) and silver (Ag) nanoparticles have 

demonstrated the most fascinating physical properties with regard to LSPR biosensing. 

14, 15 AuNPs show good chemical stability and biocompatibility,16, 17 and so they are 

studied to a large extent in sensing and surface-enhanced Raman scattering (SERS) 

applications.18-20 However, for a given shape and size, AgNPs provide better RI 

sensitivity when compared with AuNPs.21-23 Nevertheless, AgNPs have been reported 

to show numerous limitations when utilized for LSPR-based biosensing applications 

due to their inferior chemical stability and biocompatibility.24 Recently, many 

improvements have been achieved with the combination of AgNPs with Au. For 

instance, mixing Au and Ag to form either alloys or Au–Ag core–shell NPs results in 

a hybrid LSPR band which can be tailored continuously by controlling the Au–Ag 

ratio.13, 21 

 

1.2. Chemical Interface Damping (CID) 

 

It is essential to understand plasmon damping processes in gold nanoparticles 

for their efficient use in various photochemical reactions.25, 26 To date, plasmon 

relaxation pathways in gold nanoparticles of various sizes and shapes have been 

mainly investigated by ultrafast spectroscopy techniques. However, such ultrafast 
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techniques are expensive and inconvenient.27 Fortunately, the measurement of LSPR 

spectrum linewidth using only single gold nanoparticles allows overcoming the 

timescale limitation of ultrafast techniques.28-30 Given the proportional relationship 

between the LSPR linewidth and the damping rate, the homogeneous LSPR linewidth 

and the detailed picture of the total LSPR damping pathways can be revealed by using 

far-field single-particle spectroscopy techniques.31 Among the several far-field 

spectroscopy techniques available, scattering-based dark-field (DF) microscopy and 

spectroscopy have been mainly employed to reveal the homogeneous LSPR linewidth 

broadening in single gold nanoparticles.29, 32-35 The LSPR linewidth is governed by 

various plasmon decay channels including bulk metal damping (ᴦbulk), electron-

surface scattering (ᴦsurf), radiation damping (ᴦrad), and chemical interface damping 

(CID) (ᴦCID).26, 30, 34, 36-40 Therefore, the LSPR total damping channel can be described 

by the following equation.(1) 

 

           ᴦtot = ᴦbulk + ᴦrad + ᴦsurf + ᴦCID                 (1) 

 

 Among these decay processes, CID is the most recently proposed damping 

pathway.26, 41-43 CID occurs when strongly interacting molecules are adsorbed on the 

nanoparticle surface, which induces the direct transfer of hot electrons generated in Au 

to the empty orbitals of the adsorbates (lowest unoccupied molecular orbitals or 

LUMOs).44-48 Furthermore, in the case of CID, the electron transfer from the electronic 
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states of the adsorbate into Au is also possible.49 Recent studies on CID have used 

single-particle spectroscopy to reveal the homogeneous LSPR linewidth of single gold 

nanorods (AuNRs) at the single-particle level.36, 37, 47, 50 However, our understanding 

of CID is still very limited.36 For example, such recent CID studies were mostly 

conducted using thiol (−SH) molecules, which have a strong binding affinity for 

AuNRs. In addition, we have recently reported a study on CID induced by pyridine 

molecules bearing nitrogen substituents, which led to LSPR linewidth broadening in 

single AuNRs through the Au–nitrogen interaction.51 However, the effect of pyridine 

derivatives with nitrogen and different substituents on CID in Ag-coated AuNRs 

(AuNRs@Ag, core@shell) is unknown. More specifically, the influence of the 

preferred orientation of pyridine derivatives with donor substituents on CID is 

unanswered so far. Moreover, another interesting topic arises from plasmon decay 

channel by interfaces, both the Au–Ag interface and the medium-Ag interface in single 

AuNRs@Ag.52 However, our understanding on the additional plasmon damping 

associated with the Au–Ag interface and the silver shell coating is still limited. It is 

also unknown how the Ag shell thickness can affect the LSPR linewidth broadening 

(or CID) in AuNRs@Ag with various shell thicknesses. Thus, it is essential to perform 

single-particle studies to answer the abovementioned questions and to gain a deeper 

insight into the effects of pyridine derivatives and the Ag shell thickness on plasmon 

damping and CID in Au–Ag core–shell nanoparticles.  
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1.3. Surface-Enhanced Raman Scattering (SERS) 

 

Raman spectroscopy is an important analytical technique capable of providing 

vibration-level molecular information through structural fingerprinting. However, 

Raman spectroscopy also has a fatal drawback of poor reproducibility because the 

signal is very weak, it is a kind of inelastic c scattering, and spontaneous scattering is 

almost 0.0001% of the radiation. Various techniques have been developed including 

surface-enhanced Raman scattering (SERS) to overcome these drawbacks of Raman 

spectroscopy. SERS is a phenomenon that can significantly enhance the signal by 

adsorbing target molecules (called probe molecules or Raman reporters) on a metal 

surface. The first SERS was discovered in 1973 by Martin Fleischmann et al. in 

pyridine adsorbed on coarse silver.53 Compared to the normal Raman signal, the degree 

of improvement of the SERS signal can be expressed as the enhancement factor (EF), 

and the maximum EF of the published signal is: About 1014. SERS has shown great 

advantages of high selectivity, quenching the fluorescence, and the removal of the 

photodecomposition of molecules.54-56 

This simple method for improving Raman spectroscopy, SERS, has been 

considered an attractive research topic from basic to applied and has been explosively 

studied to this day. In the case of SERS, there are two complementary mechanisms 

that have been described for powerful enhancements and have been well documented 

through numerous studies.57-60 One is the electromagnetic enhancement (EM) that 
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focuses on the surface plasmon resonance of metals, usually plasmonic nanoparticles 

that feature localized surface plasmon resonance (LSPR). To be precise, the enhanced 

electromagnetic field, which is controlled by the roughness or morphology of the metal 

nanoparticles, is the main reason for the enhancement. Similarly, the presence of "hot 

spots", which are very strong local fields created on rough surfaces or interparticle 

spacing between agglomerated nanoparticles, is key to a strong signal.61 The other 

mechanism is the chemical enhancement (CE) related with a charge-transfer between 

metals and probe molecules. When an adsorbate and metallic nanoparticle form a 

strong chemical bonding, the metal can act as an intermediate for the excitation of 

molecules under the condition that the resonance symmetrically between the electric 

states of molecules and the fermi level of metal.62, 63 

 

1.4. Inflection point of LSPR Peak. 

 

Despite the surprising advantages of LSPR-based biosensors, there are still 

many fundamental limitations. First, the efficiency of LSPR-based sensor using 

metallic NPs is lower than that of surface plasmon polariton (SPP) sensor.64 The 

precise determination of LSPR properties is influenced by a realistic representation of 

the wavelength-dependent dielectric function of the nanoparticles.65 Therefore, 

simplistic models negatively impact the fundamental quantities that are necessary for 

the reliable fabrication of plasmonic devices.66 Second, LSPR biosensors are limited 
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by the asymmetric expansion of the LSPR peak when measuring changes in the local 

environment on the nanoparticle surface.67 Also, the change in the shape of the LSPR 

peak negatively affects the sensing efficiency.68 To overcome these limitations, recent 

studies have used lithographic methods to improve their efficiency, but there are 

several drawbacks such as high processing cost and low yield.64 Recently, Chen and 

colleagues reported a different approach to assessing changes in LSPR curvature of 

ensemble samples in relation to changes in RI.64 They showed that higher RI 

sensitivity was obtained at the inflection point (IF) located on the long wavelength side 

(or low energy side) of the LSPR extinction peak.67 However, that report was based 

on only ensemble samples of Au nanoparticles rather than single nanoparticles. It has 

been reported that in single Au bipyramids with sharp tips the LSPR IFs present 

superior RI sensitivity when compared with the LSPR wavelength maximum peak.69 

Nevertheless, to the best of our knowledge, there have been no studies to report the RI 

sensitivity of LSPR curvatures (or IFs) in single Ag@AuNRs with variation in Ag 

shell thickness. We therefore investigated how the shell thickness affects the RI 

sensitivity at LSPR IFs while considering the first and second derivatives of 

homogeneous scattering spectra of Ag@AuNRs.69 
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1.5. Objectives of Study 

 

Firstly, we conducted single-particle scattering studies to reveal the effect of 

Ag shell thickness on the homogeneous LSPR linewidth broadening of AuNRs@Ag 

with two different shell thicknesses for the same size of the AuNR core. Furthermore, 

we investigated how pyridine derivatives having donor substituents affect the CID 

phenomenon through the Ag–nitrogen interaction. In addition, we demonstrated the 

preferred orientation of pyridine derivatives with electron-donating groups (EDGs) on 

the Ag surface compared with that of unsubstituted pyridine, which can directly affect 

the surface coverage and LSPR linewidth broadening (or CID). 

Next, for RI-based LSPR biosensing applications, limited studies have been 

conducted so far on Au–Ag core–shell NPs by mixing various ratios of Au and Ag. 

Furthermore, LSPR biosensors are still prone to the occurrence of unsymmetric peak 

broadening while detecting changes in the local environment at the nanoparticle 

surface. The unsymmetrical nature of the LSPR peak has the potential to negatively 

affect sensing efficiency. Recent studies have been conducted to overcome the 

aforementioned limitation using homogeneous LSPR curvature (or LSPR inflection 

points, IFs) changes in metallic NPs with respect to local RI changes. There have been 

no studies, however, to elucidate RI sensitivity at LSPR IFs of single Au nanorod 

(AuNR) coated with versatile Ag shell thickness (Ag@AuNRs). We studied single 

particle study was presented to reveal the effect of Ag shell thickness on RI sensitivity 
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at LSPR IFs of scattering spectra of single Ag@AuNRs. The RI sensing effect of single 

Ag@AuNRs embedded in three different surrounding media (air, water, and oil) was 

studied by dark-field (DF) microscopy and spectroscopy. 
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2. Experimental section 

 

 

2.1. Materials and Chemicals 

   

Pyridine and pyridine derivatives 4-aminopyridine (4-AP) and 4-

dimethylaminopyridine (4-DMAP) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Cetyltrimethylammonium bromide (CTAB)-stabilized AuNRs with an 

average size of 25 nm × 73 nm were purchased from Nanopartz (Loveland, CO, USA). 

Furthermore, Ag-coated AuNRs with two different sizes (38 nm × 83 nm, 28 nm × 78 

nm) were obtained from Nanoseedz (Hong Kong, China). Microscope cover glasses 

were obtained from Sigma-Aldrich. 

 

2.2. Sample Preparation and Characterization  

 

Structural characterization was carried out using transmission electron 

microscopy (TEM, JEL-2100F, JEOL). Furthermore, their LSPR absorption spectra in 

water were measured under a Varian Cary 100 UV-Vis spectroscope (Agilent, USA). 

For UV–Vis measurements, bare metallic NPs solutions were used without any 

dilution.For sample preparation for single-particle spectroscopy, the microscope cover 
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glasses were cleaned by sonicating in methanol for 15 min, followed by O2 plasma 

cleaning for 1 min. The solution containing AuNRs@Ag was 20-fold diluted and 

sonicated for 3 min to prevent nanoparticle aggregation. A drop of the diluted 

AuNR@Ag solution was then cast onto the glass slides and allowed to dry. To obtain 

air surrounding medium condition, we dried solution dropped on slide glass after 

covering with cover glass because solvent of dropped solution is water. In case of oil 

medium condition after drying solution in the same method of sample preparation with 

air condition, immersion oil was dropped. The concentration of AuNRs@Ag deposited 

on the glass surface was adjusted to be about 1 μm–2 in order to characterize single 

AuNRs@Ag more conveniently and to minimize the interparticle LSPR coupling that 

results in spectral shift.  

 

2.3. Single Particle Microscopy and Spectroscopy 

 

In this study, DF microscopy imaging was used under a Nikon inverted 

microscope (ECLIPSE Ti-U). The schematic and real instrument were presented in 

scheme 1, figure 1. In DF mode, the microscope utilized a Nikon Plan Fluor 100× 0.5–

1.3 oil iris objective and a Nikon DF condenser. An Andor iXonEM + CCD camera 

(iXon Ultra 897) was employed to record DF images of Ag@AuNRs. The collected 

images were analyzed with the Image J software. Furthermore, DF scattering spectra 

were acquired with an Andor spectrophotometer (SHAMROCK 303i, SR-303I-A) and 
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an Andor CCD camera (Newton DU920P-OE). When recording a spectrum, the 

scanning stage moved the sample to the desired location was collected by the objective. 

The scattered light was directed to the entrance of the spectrometer, dispersed by a 

grating (300 L mm−1) and detected by the Newton CCD camera. The background was 

measured at a region without nanoparticles. The collected images were analyzed with 

the program, Image J. Data analysis on the experimental data was performed by Matlab 

programs specially designed for this study. The spectra were fitted to a Lorentzian 

function I(⍵) = C0/[(⍵ ⎼ ⍵0)2 + ᴦ2/4] to determine the LSPR linewidth ᴦ and the 

resonance frequency ⍵0. 

 

2.4. Raman and SERS measurements 

 

For SERS sample preparation, a 100-μL aliquot of sample was transferred to 

a centrifuge tube from the AuNR@Ag (27 nm × 80 nm) stock solution and centrifuged 

at 12,000 rpm for 10 min to remove the CTAB surfactant. The rinsed AuNR@Ag 

sample was resuspended in water, and the probe-molecule solution was added to an 

appropriate concentration. This colloidal solution was sonicated for a few minutes for 

adequate dispersion and left at room temperature for approximately 6 h for effective 

binding. The prepared samples were placed into capillary tubes (wall thickness: 0.25 

mm, length: 100 mm). Both ends of the sample capillary tube were sealed to prevent 

loss of solvent by evaporation. Then, SERS measurements were conducted for the 
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prepared samples under our lab-built Raman spectroscopic system with a 785-nm 

diode laser close to the resonant condition of thin AuNRs@Ag (27 nm × 80 nm). 

A lab-built confocal Raman spectroscopic system equipped with two different 

lasers (532 nm and 785 nm) was used in this Raman study. The laser power was set to 

60 mW; however, the intensity that actually arrived on the stage was a half of the initial 

power because of beam losses along the pathlength. A monochromator with a spectral 

resolution of 0.1 nm was used with a 600-line/mm grating and a slit width of 

approximately 100 μm. The Raman and SERS spectra were collected using a 40× 

objective lens with a numerical aperture (NA) of 0.75. An Andor CCD camera 

(Newton Du9209-OE) was used as a detector, and an Andor spectrometer 

(SHAMROCK 303i, SR-3031-A) transmitted the electric data as a spectrum. The 

schematic and real instrument were presented in scheme 2, figure 1.  

Bulk Raman spectra of pyridine and its derivatives (4-AP, 4-DMAP) were 

obtained by confocal Raman spectroscopy with 532-nm laser and 1200 grating (NOST, 

HEDA). The Raman spectra were collected under the condition of 1-sec exposure time 

at room temperature using a 100× objective lens with a NA of 0.9. All spectra were 

obtained and analyzed with the Matlab software. 
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Figure 1. A photograph to show the experimental setup for single particle DF 

spectroscopy and Raman spectroscopy (back-side).  

 

 

Scheme 1. Schematic diagram showing the working principle of scattering-based DF 

microscopy and spectroscopy. 
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Scheme 2. Experimental setup for surface-enhanced Raman spectroscopy. 70  
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3. Results and discussion 

 

3.1. Influence of the Preferred Orientation of Pyridine Derivatives 

with Donor Substituents on Chemical Interface Damping Induced in 

Silver-Coated Gold Nanorods with Different Shell Thicknesses  

 

Figures 2A and B show a schematic of the AuNRs@Ag used in this study, 

which have two different Ag shell thicknesses and the same size of the AuNR core. 

Figures 2C and D display TEM images of AuNRs@Ag with a thick Ag shell (thick 

AuNRs@Ag) and AuNRs@Ag with a thin Ag shell (thin AuNRs@Ag), respectively, 

in which the difference in the Ag shell thickness between the two samples can be 

clearly observed. As shown in Figures 2A and B, thick AuNRs@Ag were 92 nm long 

and 48 nm thick, whereas thin AuNRs@Ag were 80 nm long and 27 nm thick. In 

addition, as shown in Figure 2, the size of the AuNR core (23 nm × 76 nm on average) 

was the same for both AuNR@Ag samples. The two different Ag shell thicknesses in 

AuNRs@Ag were confirmed by the energy dispersive spectroscopy data shown in 

Figures 3 and 4. Then, we obtained the extinction spectra of both types of AuNRs@Ag 

using a Varian Cary 300 UV–vis spectrophotometer (Figure 5). The shape-induced 

characteristic LSPR peaks were observed for AuNRs@Ag dispersed in water. 

Furthermore, the unique LSPR peaks for Ag were more prominent for AuNRs@Ag 

with a thick shell in the spectral range between 350 and 450 nm (Figure 5A). However, 
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the information obtained from ensemble measurements was limited due to the lack of 

homogeneity; thus, single-particle measurements were required to gain deeper 

knowledge of detailed optical properties without ensemble averaging. Recently, we 

reported a single-particle study on the LSPR linewidth broadening in single AuNRs 

induced by pyridine molecules through Au–nitrogen interaction.51 However, the effect 

on CID of using pyridine derivatives with nitrogen and different substituents in 

AuNRs@Ag remains unknown. Furthermore, to the best of our knowledge, the effect 

of Ag shell thickness on the CID in AuNRs@Ag has not been investigated yet. Thus, 

to address these questions, we carried out single-particle DF measurements on 

AuNRs@Ag having pyridine derivatives with donor substituents at the para position 

as adsorbates. A photograph of the experimental arrangement for DF scattering studies 

is shown in Figure 1. Scheme 1 displays a schematic depicting the working principle 

of DF microscopy; only scattered light from the sample is collected by the objective 

lens. 
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Figure 2. (A, B) Schematic diagram showing the dimensions of AuNRs@Ag with two 

different Ag shell thicknesses. (C, D) TEM images of (C) thick AuNRs@Ag and (D) 

thin AuNRs@Ag. The Au core and Ag shell are clearly observed in the TEM images. 
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Figure 3. Energy dispersive spectroscopy data of AuNRs@Ag with thick shell 

thicknesses. 
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Figure 4. Energy dispersive spectroscopy data of AuNRs@Ag with thin shell 

thicknesses. 
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Figure 5. (A, B) UV-Vis extinction spectra of (A) thick AuNRs@Ag in water and (B) 

thin AuNRs@Ag dispersed in water. 
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We selected pyridine and pyridine derivatives containing EDGs for two 

reasons (Figure 6A): first, pyridine molecules having nitrogen substituents have been 

demonstrated to be effectively adsorbed on metal (Au, Ag) surfaces through the 

nitrogen lone pair (chemisorption, Figure 6B),71-74 which allowed us to focus on the 

effect of the Ag shell thickness on CID induced by pyridine and pyridine derivatives 

with donor substituents. Second, a recent study revealed that the preferred orientation 

of pyridine adsorbates on Au changed from perpendicular for pyridine to parallel for 

pyridine derivatives bearing donor substituents at the para position.73, 75 Thus, we can 

investigate how their orientation of adsorption on the AuNR@Ag surfaces affects CID 

using the direct transfer of hot electrons generated in AuNR@Ag to the empty orbitals 

(LUMOs) of the adsorbates (Figure 6C).44-48 It should be noted that CID is strongly 

affected by the surface coverage (or density) of adsorbate molecules. 
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Figure 6. (A) Schematic diagram showing the chemical structure of pyridine, 4-AP, 

and 4-DMAP used as adsorbates. (B) Schematic diagram showing the adsorption of 

pyridine on the Ag surface through nitrogen–Ag interaction. (C) Schematic diagram 

showing the CID mechanism for the transfer of hot electrons generated in AuNRs@Ag 

to the empty orbitals (LUMOs) of adsorbates. 
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Figures 3A and B show DF scattering images of single AuNR@Ag with a 

thick shell (48 nm × 92 nm) and single AuNR@Ag with a thin shell (27 nm × 80 nm), 

respectively. As can be seen, the single AuNRs@Ag appear as solid bright spots in a 

dark background. Figures 3C and D show the DF scattering spectra of thick 

AuNR1@Ag and thin AuNR1@Ag, respectively. The scattering spectrum of single 

thick AuNR1@Ag exhibited a peak at approximately 1.92 eV, whereas the LSPR peak 

of single thin AuNR1@Ag was observed at approximately 1.75 eV. The LSPR 

linewidth (or full width at half maximum, fwhm) was obtained by Lorentzian fitting; 

as shown in Figures 3C and D, the experimental data for AuNRs@Ag were fitted well 

by the Lorentzian function. 
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Figure 7. (A, B) DF scattering images of (A) thick AuNR@Ag1 and (B) thin 

AuNR@Ag1. (C, D) Single-particle scattering spectra of (C) thick AuNR@Ag1 and 

(D) thin AuNR@Ag1. The experimental spectrum (blue curve) is fitted well by the 

Lorentzian function (green curve). 
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First, using DF microscopy and spectroscopy, we investigated the broadening 

of the LSPR linewidth caused by the chemical interactions of pyridine and pyridine 

derivatives substituted with EDGs in single AuNRs@Ag with two different shell 

thicknesses. As AuNRs@Ag samples synthesized by wet chemistry have the capping 

reagent CTAB on the surface, we removed the surfactant layer from the single 

AuNR@Ag surfaces by oxygen plasma treatment for 10 s in this single-particle study. 

Subsequently, we obtained the single-particle DF scattering spectra of bare 

AuNRs@Ag shown in Figures 8A and E, and the corresponding fwhm values were 

determined by the Lorentzian fitting to be 128 meV for thick AuNRs@Ag and 118 

meV for thin AuNRs@Ag. The fwhm value was further determined to be 96.1 meV 

for bare AuNRs of similar size (25 nm × 73 nm) (Figure 9). Thus, we noticed a much 

broadened LSPR linewidth for single AuNRs@Ag as compared with that of bare 

AuNRs without the Ag shell (Figures 8 and 9). Furthermore, single AuNRs@Ag with 

a thick shell showed more pronounced LSPR linewidth broadening (or plasmon 

damping) than single AuNRs@Ag with a thin shell (Figures 8A and 8E). Liu and 

Guyot-Sionnest presented the additional damping primarily ascribed to the interface 

between Au and Ag.52 Thus, our results, showing the increase of the fwhm value as 

the Ag thickness increases, can be attributed to both the increase of the volume 

plasmon damping and the additional plasmon damping caused by the interface 

between Au and Ag in single AuNRs@Ag.52 Then, we introduced pyridine (10 μM) 

in water to the two differently sized AuNRs@Ag to investigate the CID effect under 
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DF single-particle microscopy and spectroscopy (Figure 8). Figures 8B and F show 

that pyridine can induce strong CID through the nitrogen–Ag interaction with a 

considerable increase in the LSPR linewidth of single AuNRs@Ag. Furthermore, 

compared with bare AuNRs of similar size, AuNRs@Ag showed stronger CID effect 

and LSPR linewidth broadening upon the adsorption of pyridine under the same 

conditions (Figures 8 and 10). This demonstrates that pyridine molecules were 

effectively bound on the AuNR@Ag surface in the absence of the capping material 

CTAB, which led to a strong CID effect with a considerably increased LSPR linewidth. 

In addition, the resonance peak was red-shifted for both thick and thin AuNRs@Ag 

after the adsorption of pyridine molecules due to the change in the refractive index 

around the AuNR@Ag (Figure 11). 

In addition to pyridine, we further investigated the CID effect using pyridine 

derivatives with donor substituents in the para position, that is, 4-AP and 4-DMAP, 

under the same experimental conditions. We introduced the pyridine derivatives 

(10μM) in water to the two differently sized AuNRs@Ag and obtained the 

corresponding DF scattering spectra. We found that the homogeneous LSPR linewidth 

of the AuNRs@Ag decreased for the strong EDG-containing 4-AP and 4-DMAP 

compared with that for pyridine (Figure 8). Moreover, 4-DMAP showed a more 

decreased homogeneous LSPR linewidth than 4-AP for both thick and thin 

AuNRs@Ag. 
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Figure 8. (A–D) Single-particle scattering spectra of (A) thick AuNR@Ag upon 

removal of CTAB (bare), (B) thick AuNR@Ag after the adsorption of pyridine on the 

surface, (C) thick AuNR@Ag with 4-AP, and (D) thick AuNR@Ag with 4-DMAP. (D) 

(E–H) Single-particle scattering spectra of (E) thin AuNR@Ag upon removal of 

CTAB (bare), (F) thin AuNR@Ag after the adsorption of pyridine on the surface, (G) 

thin AuNR@Ag with 4-AP, and (H) thin AuNR@Ag with 4-DMAP. 

 

E F G H 



 

29 

 

 

Figure 9. Normalized scattering spectra of single AuNRs (on average, 25 nm × 73 nm) 

without Ag shell. The average LSPR wavelength and linewidth were determined to be 

1.71 eV and 96.1 meV, respectively. 
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Figure 10. Normalized scattering spectra of single AuNRs (on average, 25 nm × 73 

nm) upon adsorption of pyridine. The average LSPR wavelength and linewidth were 

determined to be 1.62 eV and 109.3 meV, respectively. 
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Figure 11. (A) Change in the scattering spectrum of thick AuNR@Ag after the 

adsorption of pyridine molecules. (B) Change in the scattering spectrum of thin 

AuNR@Ag after the adsorption of pyridine molecules. The scattering spectra were 

red-shifted for both thick AuNR@Ag and think AuNR@Ag after the adsorption of 

pyridine molecules on the particle surface. 
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To gain a deeper understanding on the CID effect induced by pyridine and the 

pyridine derivatives, 4-AP and 4-DMAP shown in Figure 8, we performed a statistical 

analysis with more AuNRs@Ag (thick and thin) measured under the same 

experimental conditions. Figures 12A and B show the comparison of fwhm values 

obtained for bare AuNRs@Ag, AuNRs@Ag with pyridine, AuNRs@Ag with 4-AP, 

and AuNRs@Ag with 4-DMAP for both thick AuNRs@Ag (A) and thin AuNRs@Ag 

(B). Figure 12A shows that the LSPR linewidth increased by 32.3% from 124 meV 

(bare) to 164 meV (pyridine), which is consistent with the results extracted from 

Figures 8A and B for thick AuNRs@Ag. However, for pyridine derivatives with EDGs, 

the LSPR linewidth decreased from 164 meV for pyridine to 145 meV (4-AP) and 134 

meV (4-DMAP) for thick AuNRs@Ag (Figure 12A). In addition, the same tendency 

and results were observed for thin AuNRs@Ag with respect to pyridine and pyridine 

derivatives, as shown in Figure 12B. However, thick AuNRs@Ag showed a more 

increased LSPR linewidth broadening than thin AuNRs@Ag (Figures 12A and B) for 

all adsorbate molecules. Liu and Guyot-Sionnest ascribed the additional damping 

primarily to the interface between Au and Ag.52 However, our result, showing the 

strong sensitivity of the LSPR linewidth to the surface adsorbates, can suggest that the 

scattering may be more an effect of the Ag surface. To the best of our knowledge, this 

is the first report presenting the occurrence of CID induced by pyridine and pyridine 

derivatives containing EDGs through the strong nitrogen–Ag interaction, and 

confirming the effect of Ag shell thickness on CID in AuNRs@Ag. 
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Figure 12. (A, B) Comparison of the fwhm values of AuNRs@Ag for bare, pyridine, 

4-AP, and 4-DMAP adsorbates under the same experimental conditions. The error bars 

are based on the determination of the standard deviation measured from ∼150 

nanoparticles for each sample. 
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Finally, the results included in Figures 8 and 12 deserve further discussion. 

The decrease in the fwhm values for the EDG-containing pyridine derivatives (4-AP 

and 4-DMAP) can be explained from two aspects. First, the decrease in the fwhm 

values for pyridine derivatives containing EDGs can be ascribed to the interfacial 

electronic effects on CID. In our previous study, fwhms induced by EDGs were lower 

than those induced by electron-withdrawing groups.47 Therefore, the results can be 

attributed to the impact of the adsorbate on the nature of interfacial nitrogen–Ag bonds. 

In other words, EDGs can decrease the effectiveness of interfacial nitrogen–Ag bonds 

on inducing plasmon dephasing during direct interfacial hot-electron transfer or CID.47 

Second, it should be noted that CID is closely related to the surface coverage of 

adsorbate molecules. Thus, the decrease in the fwhm values can be caused by the 

difference in the preferred orientation on Ag between pyridine and EDG-containing 

pyridine derivatives, as shown in Figure 13A. Suzuki et al. showed that pyridine 

molecules are chemisorbed through nitrogen–Ag bonding with high inclination on the 

Ag surface.76 Furthermore, it has been recently shown by quantum chemical 

calculations that the preferred orientation on Au changes from perpendicular for 

pyridine to parallel for pyridine derivatives with donor substituents at the para position. 

73 Therefore, compared with the perpendicular orientation (or high inclination angle) 

of pyridine, the preferred orientation of 4-AP and 4-DMAP can be expected to be 

parallel to the Ag surface, which can lower the surface adsorption coverage (or density) 

of pyridine derivatives with EDGs at the para position, with the concomitant decrease 
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in the fwhm values, as shown in Figure 13A. In addition, the fwhm value for 4-DMAP 

was lower than that of 4-AP, which may be attributed to the steric hindrance effect 

decreasing the surface coverage (or density). In this study, we confirmed the formation 

of different orientations for pyridine and pyridine derivatives adsorbed on the Ag 

surfaces by dynamic light scattering (DLS) measurements (Figure 14).  

To shed some light on the preferred orientation of pyridine and EDG-

containing pyridine derivatives adsorbed on the Ag surfaces, we further performed 

Raman scattering and surface-enhanced Raman scattering (SERS) measurements. In 

the case of chemisorption (e.g., Ag–nitrogen), the adsorbed molecule changes its 

chemical structure and symmetry because of bond formation with the metal. This 

stronger adsorption usually introduces frequency shifts of the vibrations of adsorbed 

molecules in comparison with those of the free molecules.75, 77 Thus, the presence of 

frequency shifts in the SERS spectrum in comparison with the bulk Raman spectrum 

of the same molecule can be used to evaluate the nature of the adsorbate–metal 

bonding. 

In this study, we compared the SERS and Raman spectra of pyridine and 

pyridine derivatives having EDGs at the para position. Figure 13A displays the 

schematics showing the preferred orientation of adsorbed pyridine and pyridine 

derivatives with EDGs on the Ag surface. According to Suzuki and co-workers, 

pyridine molecules are chemisorbed through nitrogen–Ag bonding with high 

inclination (or vertical adsorption) on the Ag surface.76 In this case, σ bonding of the 
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pyridine nitrogen to the Ag metal causes blue shifts in the SERS spectrum as compared 

to the bulk Raman spectrum.78 On the other hand, Mollenhauer et al. reported that 4-

AP and 4-DMAP can be adsorbed onto the metal surfaces with the pyridine ring 

adopting a flat geometry (parallel adsorption).73 In this case, the SERS peaks are red-

shifted compared with the bulk Raman peaks due to π bonding between the pyridine 

ring and the Ag atom.75, 78 By comparing the bulk Raman and SERS spectrum of 

pyridine, we confirmed that the Raman peaks at 1008 and 1036 cm–1 that correspond 

to the ring breathing mode were blue-shifted in comparison with the SERS peaks at 

1024 and 1054 cm–1 (Figure 15).79, 80 This result indicates that the pyridine ring is tilted 

from a flat geometry, and that the pyridine nitrogen interacts with the Ag surface 

through a strong σ bonding.78 In contrast, we observed red shifts in the SERS spectrum 

compared with the bulk Raman spectrum for both 4-AP and 4-DMAP (Figures 13B 

and C). For example, the Raman peaks at 996 (4-AP) and 987 cm–1 (4-DMAP) that 

correspond to the ring breathing mode were red-shifted compared with the SERS peaks 

at  862cm–1 (4-AP) and 779cm–1 (4-DMAP) due to π bonding between the pyridine 

ring and the Ag atom.75, 81 Thus, the result suggests that the pyridine ring is lying flat 

on the Ag surface through π bonding.75, 78 In addition, σ bonding between the nitrogen 

in the amine group and the Ag surface may also have an effect on the formation of the 

flat geometry, as depicted in Figure 13A. Therefore, we experimentally proved the 

preferred orientation of pyridine and EDG-containing pyridine derivatives 

chemisorbed onto the Ag surfaces. Moreover, this study provides deeper 
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understanding of the effects of pyridine derivatives with donor substituents and the Ag 

shell thickness on CID in single AuNRs@Ag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

 

Figure 13. (A) Schematics showing the preferred orientation of pyridine and pyridine 

derivatives with EDGs (4-AP and 4-DMAP). The pyridine molecule is adsorbed onto 

the Ag surface through a strong nitrogen–Ag interaction. (B) Bulk Raman (top) and 

SERS (bottom) spectra for 4-AP. (C) Bulk Raman (top) and SERS (bottom) spectra 

for 4-DMAP. In this study, thin AuNRs@Ag were used for SERS measurements at 785 

nm. 
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Figure 14. (A-C) Dynamic light scattering (DLS) measurements of thick AuNRs@Ag 

(48 nm×90 nm) with (A) CTAB, (B) pyridine and (C) 4-AP as adsorbates. The change 

of the particle size of AuNRs@Ag, measured by a DLS measurement. In case of 4-AP, 

the mean size decreased to 268.9 from 281.2 as compared to that of pyridine. 
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Figure 15. (A) Bulk Raman and (B) SERS spectra for pyridine. In this study, thin 

AuNRs@Ag (28 nm × 78 nm) were used for SERS measurement at 785-nm excitation. 
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3.2. Influence of shell thickness on the refractive index sensitivity of 

localized surface plasmon resonance inflection points in silver-coated gold 

nanorods 

 

This study first attempted to elucidate the scattering properties of single 

Ag@AuNRs under conventional dark-field (DF) microscopy and spectroscopy.82 The 

experimental setup for single particle DF microscopy and spectroscopy is shown in 

Figure 1. The sample was obtained by drop casting the Ag@AuNRs in water onto a 

pre-cleaned glass substrate for DF scattering measurements. Subsequently, the 

prepared samples were illuminated with a tungsten lamp (white light) focused by an 

oil-immersion condenser with high numerical aperture (NA) and only the light rays 

that was scattered from the sample was gathered by the objective lens as depicted in 

Scheme 1. The DF scattering image of single Ag@AuNRs with thick shell thickness 

is presented in Figure 16A, and the corresponding single particle scattering spectra of 

four Ag@AuNRs indicated by a green square in (A) are shown in Figure 16B. As 

shown in Figure 16B, the scattering spectra of thick Ag@AuNRs embedded in water 

showed a broad LSPR peak at about 1.98 eV. Moreover, a scattering image of single 

Ag@AuNRs with thin shell thickness (Figure 16C) was obtained, and single thin 

Ag@AuNRs measured in water also exhibited a broad LSPR peak at about 1.77 eV 

(Figure 16D). 

 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig2
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig2
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig2
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig2
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig2
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Figure 16. (A) Dark-field image of single Ag@AuNRs with thick Ag shell. (B) 

Corresponding scattering spectra of single Ag@AuNRs with thick Ag shell squared 

with green in (A). (C) Dark-field image of single Ag@AuNRs with thin Ag shell. (D) 

Corresponding scattering spectra of single Ag@AuNRs with thin Ag shell squared 

with yellow in (C). 
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Subsequently, the influence of changing the RI of the surrounding medium on 

the LSPR wavelength of Ag@AuNRs having two different shell thickness was 

investigated. Single particle scattering spectra of Ag@AuNRs were collected in three 

kinds of RI mediums namely, air, water, and oil. Figures 17A and B show the 

scattering spectra of single Ag@AuNRs that have different shell thickness, fixed on a 

slide and surrounded by air, water, and oil. As seen in Figures 17A and B, the LSPR 

wavelengths of a Ag@AuNR increased with increasing the RI from air to oil, which 

is in good agreement with the earlier studies.7, 69 Figure 17C presents the comparison 

of LSPR frequency shifts with respect to the local RI for thick Ag@AuNR (blue-curve) 

and thin an Ag@AuNR (red-curve). It was confirmed that Ag@AuNR with thick Ag 

shell showed increased LSPR frequency shift and RI sensitivity than thin Ag@AuNR 

(Figures 17C and D). Therefore, the result indicates that single Ag@AuNRs with thick 

shell thickness yields a higher RI sensitivity in LSPR sensing, which is consistent with 

the previous results. 

 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig3
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig3
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig3
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig3
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Figure 17. (A) Change in the LSPR scattering spectra of single Ag@AuNRs with thick 

Ag shell in the different local RI media, air, water, oil. (B) Change in the LSPR 

scattering spectra of single Ag@AuNRs with thin Ag shell in the different local RI 

media, air, water, oil. (C) LSPR wavelength shifts for thick Ag@AuNRs (blue-curve) 

and thin Ag@AuNRs (red-curve) as a function of the local RI of medium. (D) 

Comparison of RI sensitivity at the maximum LSPR wavelength for thick Ag@AuNRs 

(left) and thin Ag@AuNRs (right). 
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It has been reported that in single Au bipyramids with sharp tips the LSPR IFs 

present superior RI sensitivity when compared with the LSPR wavelength maximum 

peak.69 Nevertheless, to the best of our knowledge, there have been no studies to report 

the RI sensitivity of LSPR curvatures (or IFs) in single Ag@AuNRs with variation in 

Ag shell thickness. We therefore investigated how the shell thickness affects the RI 

sensitivity at LSPR IFs while considering the first and second derivatives of 

homogeneous scattering spectra of Ag@AuNRs.69 The rows 1–3 in Figures 18A–

C present the scattering spectra of single Ag@AuNR with thick Ag shell and the 

respective first and second order derivatives. Unlike the rows, the columns are 

differentiated by three local RI media used, namely, air, water, and oil. The maxima 

of LSPR scattering peak in the three mentioned RI environments represented by the 

legend B occurs at 2.17 eV, 2.04 eV, and 1.82 eV for air, water, and oil, respectively. 

Additionally, the local minima and maxima of the first order derivatives (shown by A 

and C respectively) occur at 2.09 eV/2.24 eV, 1.98 eV/2.12 eV and 1.75 eV/1.87 eV 

for the three different RI media, respectively. It is noticed that markers A and C 

represent the two LSPR IFs which show a value 0 for the second order derivatives of 

the LSPR scattering spectra (third row). A match between the local minima/maxima 

of the first order derivatives and the LSPR IFs is observed at the same points of A and 

C that occur in the photon energy axis for the three RI media considered. Analogous 

to the first order derivative, the point B appears to be the critical point of LSPR 

scattering spectra of Ag@AuNR, which represents null value for the first order 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
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derivatives spectra. 

 

 

Figure 18. Inflection point method for single particle LSPR scattering sensing with 

Ag@AuNRs with thick Ag shell thickness in the three local refractive indexes (air, 

water, and oil). (A–C) LSPR scattering efficiencies (first row), LSPR scattering 

efficiencies first order derivatives (second row), and LSPR scattering efficiencies 

second order derivatives (third row). (D) Peak energy plotted against the three local 

RI for A, B, and C. (E) Sensitivity of local RI media on peak shifts A, B and C. 
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In our previous report, we presented LSPR IFs collected from extinction 

spectra of gold nanoparticles recorded at the ensemble level.21 It is evident from Figure 

18 that the nature of LSPR scattering spectra of single Ag@AuNRs corresponding to 

the first and second order derivatives collected in this study are in agreement with our 

previous report. In addition, it is noticed that the first order derivatives records zero 

perfectly on the point of symmetry for the three local RI media. This point is 

represented by the legend B which also marks the LSPR peak maxima. An analysis on 

the curvature confirmed that both the LSPR scattering curves and second order 

derivatives are even functions that are symmetric about the intensity axis, whereas, the 

first order derivatives represent odd functions that are symmetrical about the photon 

energy axis. 

In order to confirm the reproducibility and compatibility of the results shown 

in Figure 18, we measured and analyzed LSPR scattering spectra of 10 more 

Ag@AuNRs with thick shell for each local RI environment. The results of these 

experiments are presented in ESI tables (Tables 1–3), which yielded the LSPR peak 

maxima (B) to be 2.21 (±0.06) eV, 1.96 (±0.06) eV and 1.85 (±0.01) eV for air, water, 

and oil RI media, respectively. We then determined the values of LSPR IFs to be 2.15 

(±0.06) eV (A) and 2.29 (±0.06) eV (C), 1.92 (±0.04) eV (A) and 2.04 (±0.07) eV (C), 

and 1.78 (±0.05) eV (A) and 1.92 (±0.05) eV (C), respectively. In the regime relevant 

to sensing properties, we observed that the peak energies show good approximation 

linear functions of local RI media.83 We considered A, B, and C peak energies and 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
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examined their linearity with respect to local air, water, and oil RI media. Figure 

18D shows plots of energy peaks A, B, and C against local air, water, and oil RI media 

with corresponding values equal to 1.00, 1.33, and 1.52, respectively. As demonstrated 

in Figure 18D, the peak energies at A, B, and C linearized with the local RI media. It 

should be noted that inflection point C exhibited the highest sensitivity with respect to 

A and the LSPR peak maxima (B) as shown in Figure 18E. 

 

 

Table 1. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thick Ag shell thickness in refractive index of air 

 

Table 2. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thick shell thickness in refractive index of water 

 

Table 3. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thick shell thickness in refractive index of oil 

 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
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To further comprehend the effect of shell thickness on RI sensitivity at the 

LSPR IFs, Ag@AuNRs with thin shell thickness were measured by scattering-based 

DF microscopy and spectroscopy. The RI sensitivity of LSPR IFs of thick 

Ag@AuNRs was then compared with that of thin Ag@AuNRs. Note that both thick 

Ag@AuNRs and thin Ag@AuNRs have almost same size of AuNR core at the 

different Ag shell thickness. Therefore, this investigation focuses on influence of the 

Ag shell thickness of Ag@AuNRs on the RI sensitivity at LSPR IFs at the single 

particle level. 

Similar to the analysis method adopted for thick Ag@AuNRs (Figure 18), we 

considered the first and second derivatives of our experimental LSPR scattering 

spectra of Ag@AuNRs with thin shell. The rows 1–3 shown in Figures 19A–C present 

the scattering spectra of single Ag@AuNRs and the respective first and second order 

derivatives. The maximum peaks of LSPR scattering curve in the three RI 

environments air, water, and oil are shown by B. It is noticed that they take the values 

of 1.91 eV, 1.79 eV, and 1.75 eV. The points of local minima and maxima of the first 

order derivatives flanking the LSPR peak maxima (B) are represented by A/C, situated 

at values of 1.87 eV/1.94 eV, 1.76 eV/1.83 eV and 1.71 eV/1.78 eV for air, water, and 

oil mediums. Consequently, A and C show the two LSPR IFs of thin Ag@AuNRs for 

which the second order derivatives tend to zero. 

 

 

http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig4
http://lps3.pubs.rsc.org.ulibx.ulsan.ac.kr/en/content/articlehtml/2020/ra/d0ra02691c#imgfig5
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Figure 19. Inflection point method for single particle LSPR scattering sensing with 

Ag@AuNRs with thin Ag shell thickness in the three local refractive indexes (air, 

water, and oil). (A–C) LSPR scattering efficiencies (first row), LSPR scattering 

efficiencies first order derivatives (second row), and LSPR scattering efficiencies 

second order derivatives (third row). (D) Peak energy plotted against the three local 

RI for A, B, and C. (E) Sensitivity of local RI media on peak shifts A, B and C. 
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Same results were recorded when we measured the LSPR (B, maximum) 

scattering spectra of 10 more Ag@AuNRs for each local RI. The values were 

calculated to be 1.90 (±0.09) eV, 1.77 (±0.01) eV and 1.74 (±0.04) eV for local air, 

water, and oil RI, respectively (Tables 4–6). Similarly, the LSPR IFs were also 

computed to be 1.86 (±0.09) eV (A) and 1.94 (±0.09) eV (C), 1.74 (±0.01) eV (A) and 

1.81 (±0.02) eV (C), and 1.71 (±0.03) eV (A) and 1.78 (±0.04) eV (C), respectively. 

We then plotted peak energy A, B, and C as a function of the three selected RI media. 

As shown in Figure 19D, the peak energies at A, B, and C revealed a linear behavior 

with the three selected RI media. Similar to the experimental result of thick 

Ag@AuNRs in Figure 18, it is also notable that inflection point C showed the highest 

sensitivity with respect to the IF A and the LSPR peaks maxima (B) as clearly 

presented in Figure 19E. The result is consistent with that of thick Ag@AuNRs in 

Figure 18. However, it should be noted that the RI sensitivity at IF C of thick 

Ag@AuNRs in Figure 18D was about 2 times higher than that at IF C of thin 

Ag@AuNRs in Figure 19E. Therefore, this study found that IF C recorded better RI 

sensitivity than the LSPR peak maximum for Ag@AuNRs with two different sizes. 

Furthermore, thick Ag@AuNRs showed higher RI sensitivity than thin Ag@AuNRs 

at the locations of LSPR peak maximum (B) and LSPR IFs (A, C) (Fig 18E and 19E). 
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Table 4. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thin Ag shell thickness in refractive index of air 

 

Table 5. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thin Ag shell thickness in refractive index of water 

 

Table 6. Inflection points and LSPR peak locations on the curvatures of single 

Ag@AuNRs with thin Ag shell thickness in refractive index of oil 
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4. Conclusions 

 

In conclusion, we studied the effect of CID according to the adsorption 

orientation of pyridine derivatives and improving method of RI sensitivity in Au@Ag 

core shell nanorods. First, we presented DF scattering studies using pyridine and 

pyridine derivatives containing donor substituents as adsorbates on single 

AuNRs@Ag having two different shell thicknesses. Pyridine and its derivatives 

containing EDGs were effectively adsorbed on single AuNRs@Ag after removal of 

CTAB, and induced a strong homogeneous LSPR linewidth broadening through strong 

interaction between nitrogen and Ag surfaces. AuNRs@Ag with a thick shell showed 

a considerably enhanced CID effect compared with that of AuNRs@Ag with a thin 

shell for all pyridine derivatives. Furthermore, compared to pyridine, pyridine 

derivatives 4-AP and 4-DMAP caused a decrease in the LSPR linewidth broadening 

of single AuNRs@Ag under the same experimental conditions. These results can be 

ascribed to the preferred parallel adsorption of pyridine derivatives with EDGs (which 

results in lower surface coverage) and to the impact of the adsorbate on the nature of 

the interfacial Ag–nitrogen bonds for inducing plasmon damping during the CID 

process. Therefore, this study provides new insights into the effects of pyridine 

derivatives with donor substituents and the Ag shell thickness on the LSPR linewidth 

broadening (or CID) in single AuNRs@Ag. 

Second, we presented the LSPR sensitivities of single Ag@AuNRs with two 



 

54 

 

different shell thickness towards changes in the three-different surrounding RI media 

(air, water, oil). Single Ag@AuNRs with thick shell thickness showed higher RI 

sensitivity than single Ag@AuNRs with thin shell thickness. Furthermore, higher RI 

sensitivity was shown at LSPR IF Cs than the variation in the frequency of counterpart 

LSPR maximum peak for single Au@AuNRs. Therefore, this study provides a deeper 

insight into the effect of Ag shell thickness on the LSPR RI sensitivity of Ag@AuNRs 

at LSPR IFs (or curvature). This study further described that homogeneous LSPR IFs 

in the LSPR scattering spectra of single Ag@AuNRs can be effectively employed for 

the improvement of sensitivity in LSPR-based RI sensing. 
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