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Binary coinage metal clusters can show significantly different enhancement in surface-

enhanced Raman scattering (SERS) from that of pure element clusters, owing to their tunable 

surface plasmon resonance energies affected by the composition and atomic ordering. Yet, the 

tunability by composition requires a deep understanding in order to further optimize the SERS-

based detection technique. Here, to fill this deficiency, we conducted detailed analyses of the 

SERS of pyridine adsorbed through N-Ag bonding on the homonuclear diatomic metal cluster 

Ag2 and heteronuclear diatomic metal clusters of AuAg and CuAg, as well as the involved 

charge transfer under an intracluster excitation, based on calculations using time-dependent 

density functional theory with a short-time approximation for the Raman cross-section. We 

find that although the SERS enhancements for all complexes can reach the order of 103-104, 

the corresponding wavelengths used for SERS excitation are significantly different. Our 

molecular orbital analysis reveals that the complexes based on heteronuclear metal clusters can 

produce varied electronic transitions owing to the polarization between different metal atoms, 

which tune the SERS enhancements with altered optical properties. Our analyses are expected 

to provide a theoretical basis for exploring the multi-composition SERS substrates applicable 

for single molecular detection, nanostructure characterization, and biological molecular 

identification. 

 

1 Introduction 

Since the discovery of surface-enhanced Raman scattering 

(SERS) in the 1970s,1 the relationship between SERS substrates 

and SERS enhancements has become the key issue for 

researchers in the SERS field. With the development of 

nanotechnology, there is a growing interest in using mixed-

metal materials as the substrate. In the past decade, multi-

composition SERS substrates based on coinage metals has been 

widely used as a powerful analytical tool in many fields, such 

as surface analysis, biotechnology, single-molecule detection, 

etc.2-5 It is generally believed that enormous SERS signal 

enhancement arises mainly from two mechanisms:6-9 (a) 

enhanced local electromagnetic fields due to excitations in the 

metal cluster (the EM mechanism), and (b) resonance 

enhancements caused by charge transfer between the molecule 

and metal cluster due to excitations (the CT mechanism). Many 

research findings indicate that, superior to pure coinage metal 

clusters, the mixed-metal clusters can tune their own and the 

molecule-metal’s optical properties by varying the composition 

so as to tune SERS enhancements.2,4,5,10The presence of the 

heteronuclear metal atoms changes the electronic properties of 

clusters, as well as their Fermi levels, band gaps, and electronic 

orbitals.11,12 The complicated and changeable structures of the 

mixed-metal clusters allow optimization of the structure to 

fulfil the requirements of SERS detection.  

In fact, intensive studies have been conducted to achieve 

optimal matching between SERS substrates and excitation light 

in order to maximize the SERS signal, by introducing another 

metal into silver substrates.2,3,13 The hybrid metallic cluster 

exhibits a tunable plasmon resonance frequency and thus makes 

it easier to obtain single-molecule vibrational spectroscopy. 

Most SERS experiments have been based on visible-light 

excitation, at such as 532, 514, and 488 nm, using blue and 

green lasers. According to the literature, single-molecule 

detection can be achieved with excitation light in this range.14-19 

Nie and colleagues achieved single-molecule SERS (SM-

SERS) signals of rhodamine 6G and inaugurated the era of 

single-molecule detection with SERS technology.17 Xu et al. 

detected SM-SERS signals of hemoglobin.19 Their experiments 

were all based on silver nanoparticles with excitation 

wavelength of 514 nm. In 2013, Partha measured the SM-SERS 

spectroscopy of rhodamine 6G on Au/Ag bimetallic clusters 

with excitation wavelength of 532 nm.4 This was the first SM-

SERS detection on bimetallic clusters and at an incident 

wavelength of 532 nm. Clearly, the excitation wavelength is 

closely related to the composition of clusters for SM-SERS 

detection. 
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First-principles approaches are powerful tools to understand 

the SERS mechanism and have been widely used to describe 

the SERS enhancement of molecules adsorbed onto small metal 

clusters.20-24 Wu and colleagues simulated pyridine adsorbed 

onto small coinage metal clusters by employing the Hybrid 

Density Function Theory (DFT) method, and the obtained 

bonding properties and Raman spectra show agreement with 

experimental data.20,25 Jensen et al. developed a Time-

Dependent Density Functional Theory (TDDFT) method 

implemented in the Amsterdam Density Functional (ADF) 

program by considering the finite lifetime of the electronic 

excited states in linear-response theory.26 They presented a 

detailed analysis of the enhanced Raman scattering of the 

pyridine-Ag20 model system with the developed TDDFT 

method and their results show different contributions to the 

SERS enhancements from previous studies, including CT 

enhancements (103) and EM enhancements (105).21-23 Birke and 

colleagues calculated the resonance Raman spectra of a Ag10-

pyridine vertex complex using the TDDFT method.27 And now 

the TDDFT method is widely accepted and applied in SERS 

simulations.  

 

Figure. 1 Optimized geometries for the MAg-Py (M=Cu, Ag, Au) at the level 

of BP86/TZP. 

 

Since the SERS signal of pyridine was first detected in 1974, 

this small molecule has become one of the most commonly 

used adsorbates in theoretical and experimental investigations. 

Silver is recognized as one of the best materials for SERS 

enhancement and is thus adopted in this study to form coinage 

diatomic clusters with Au and Cu atoms as SERS substrates. 

Silver material has been testified to be the best substrate for 

SERS enhancement. As we all know, all the target molecules 

are almost adsorbed on silver substrate via N-Ag bonding in 

experiments. For silver clusters, the linear combination of s 

orbital allows the Ag atoms to provide symmetry-adapted s 

orbital to receive the lone pair of electrons of the N atom. And 

numerous studies show that the most favorable bonding 

between the pyridine and silver metal atomic dimer is through 

the HOMO of pyridine interacting with the LUMO of metal 

clusters along the M-M bond axis direction. Studies in this 

work include the homonuclear cluster Ag2 and heteronuclear 

clusters of AgAu and AgCu, all possessing stable closed-shell 

configurations.28 Absorption and SERS spectra of pyridine 

interacting with these clusters were calculated in order to show 

the tunability mechanism of SERS enhancement caused by the 

varied composition of the metal clusters. As shown in Figure 1, 

the pyridine molecule is adsorbed onto metal clusters via the N-

Ag bonding. The geometries shown in Figure 1 are all 

optimized at the BP86/TZP level, and all of them are stable. 

However, for pyridine-metal complexes, the composition 

difference of metal clusters can cause the change in electronic 

absorption spectra, resulting in different SERS enhancement of 

target molecules. Our previous DFT study revealed that the 

chemical enhancements and binding properties of pyridine on 

mixed-metal clusters strongly depend on binding sites.11 In this 

article, an intensive study of the tunability mechanism of SERS 

enhancements is presented based on calculations by employing 

the recently developed TDDFT method. 

 

2 Computational methods 

The conventional DFT method is only suitable for computing 

chemical enhancements in SERS.12,29 In contrast, the recently 

developed TDDFT26 method implemented in the ADF program 

package30 can simulate both chemical and EM enhancement for 

pyridine adsorbed onto metal clusters.21,22,27 The new method is 

based on a short-time approximation to the Raman cross-

section. All calculations in this study have been done by 

employing the ADF program package. The Becke-Perdew 

(BP86) XC-potential31 and a triple-ξ polarized Slater type 

(TZP) basis set from the ADF basis set library have been used. 

A full electron basis set has been used for N, C, and H. 

Whereas the 1s-2p core has been frozen for Cu and 1s-3d core 

for Ag, and 1s-4f core for Au, respectively.23,32,33 Scalar 

relativistic effects have been accounted for by means of the 

zeroth-order regular approximation (ZORA).34 The vibrational 

frequencies calculated with the BP86 functional are close to 

experimental results even without the use of scaling factors.35 

Vibrational frequency analysis is performed after obtaining the 

optimized geometries and all vibrational frequencies obtained 

for the electronic ground states are real.  

Absolute Raman intensities are presented as the differential 

Raman scattering cross-section (DRSC) in terms of the 

derivative of the polarizability. For Stokes scattering with an 

experimental setup of a 90° scattering angle and perpendicular 

plan-polarized light, the cross-section is given as follows36 
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Here, ω0 and ωi are the frequencies of the incident light and the 

ith vibrational mode, respectively, and h, c, kB, and T are the 

Planck constant, light speed, Boltzmann constant, and Kelvin 

temperature, respectively; dα/dQi and dγ/dQi are the derivatives 

of the isotropic and anisotropic polarizability of the ith 

vibrational mode, respectively. The electronic polarizability of 

both on- and off-resonance Raman scattering is calculated by 

including a finite lifetime (using a damping parameter Γ≈ 

0.004 a.u.) of the electronic excited states in the TDDFT 

polarization calculations.26 

 

3 Results and Discussion 

3.1 UV-visible absorption spectra  
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Figure. 2 UV-Visible absorption spectra of CuAg-py, Ag2-py, and 

AuAg-Py complexes as well as their corresponding bare metal clusters. 

Black lines denote the results of bare metal clusters of CuAg, Ag2, and 

AuAg; red lines denote the results of bare metal clusters of CuAg-py, 

Ag2-py, and AuAg-Py complexes. Absorption coefficients are given as 

the oscillator strength in a.u. and wavelength in nm. Spectra have been 

broadened by a Lorentzian function with a width of 0.1 eV. 

 

Based on the optimized structures, absorption spectra in the 

range from 300 to 550 nm are obtained by TDDFT calculations. 

Figure 2 shows the specific changes in the absorption spectra of 

Ag2-Py, AuAg-Py, and CuAg-Py complexes as well as the 

corresponding bare metal clusters. For Ag2 and AgAu clusters, 

the absorption peaks of our calculations for low singlet states 

(S0→S1) are calculated to be 3.08 and 2.83 eV, respectively, 

which correspond to absorption peaks at 402 nm for Ag2 and 

439 nm for AgAu. Relating to the above, the experimental 

excitation energies are 2.8 eV for Ag2 and 2.73 eV for AgAu 

clusters,28 respectively. For the CuAg cluster, the maximum 

absorption peak is calculated to be 3.18 eV (390 nm), in good 

agreement with experimental value 3.20 eV.28 We can see that 

the absorption spectra change considerably for each complex, 

and the absorption peaks are mainly located in the range 340 to 

500 nm. To further understand the electronic behavior of 

various adsorption systems, we analyzed the electron radiation 

transitions, the detailed data of which are presented in Table 1. 

The absorption spectra and electronic transitions indicate that 

there are two electronic transition mechanisms contributing to 

absorption peaks: a) charge-transfer transitions from the metal 

cluster to the molecule, which contributes to the CT 

enhancement in SERS; b) electronic transitions limited to the 

metal cluster (an analogue to surface plasmon resonance in 

large nanoparticles), which contributes to IE enhancement 

(enhancement for intracluster excitation) in SERS.23,29,32,33 It is 

clear that the original peaks of the clusters disappear in the 

absorption spectra after the combination of pyridine on metal 

clusters, and new peaks appear at other frequencies. The 

corresponding electronic transitions of absorption peaks of the 

bare metal clusters CuAg, Ag2, and AuAg are given in Fig. 

S1†, and the peaks show significant differences in location and 

intensity between the homonuclear cluster Ag2 and 

heteronuclear clusters AuAg and CuAg.  

Figure 2(a) shows the calculated absorption spectra of the 

CuAg cluster and CuAg-Py complex. For the CuAg cluster, the 

strongest peak is located at 390 nm, which could be ascribed to 

the electronic transitions of HOMO-5→ LUMO, and Fig. 

S1(a)† indicates that this peak is mainly caused by electronic 

transitions from the Ag atom to the whole cluster as a result of 

polarization between the Cu and Ag atoms. After the adsorption 

of pyridine onto CuAg, the peak at 390 nm disappears and two 

new peaks arise, at 340 and 489 nm. The peak at 340 nm is 

ascribed to electronic transitions of HOMO-5→LUMO+2, and 

electronic transitions of this peak derive from the peak at 390 

nm of the CuAg cluster. The peak at 489 nm comes from 

electronic transitions of HOMO-2 → LUMO+2, and it is 

interesting that these electronic transitions cause charge 

diffusion from the Cu atom, which spreads evenly to the whole 

cluster. We note that the corresponding electronic transitions of 

the peaks at both 340 and 489 nm are all localized on the metal 

cluster (an analogue to surface plasmon excitation in large 

nanoparticles). Therefore, SERS based on IE enhancement can 

be achieved using these two excitation wavelengths. Although 

the peak intensity at 489 nm is much weaker than that at 340 

nm (the oscillating strength is 0.028 for 480 nm and 0.135 for 

340 nm), the SERS experiment is more feasible if using the 

former because it is close to the most commonly used 488 nm 

excitation wavelength in the visible region, while the peak at 

340 nm lies in the ultraviolet region and excitation wavelengths 

in this region are seldom used in SERS experiments.  

 

Table. 1 The oscillator strength, the corresponding wavelength (nm), and the 

orbital transitions in MAg-Py (M=Cu, Ag, Au) complexes and the 

corresponding bare metal clusters. 

Geometry 
Wavelength 

 (nm) 

Oscillating 

strength 
Orbital transition 

CuAg 390 0.225 HOMO-5→LUMO 

CuAg-Py 340 0.135 HOMO-5→LUMO+2 

 489 0.028 HOMO-2→LUMO+2 

Ag2 402 0.348 HOMO→LUMO 

Ag2-Py 375 0.487 HOMO→LUMO+2 

AuAg 368 0.139 HOMO-3→LUMO 

 439 0.118 HOMO→LUMO 

AuAg-Py 369 0.202 HOMO→LUMO+2 

 470 0.029 HOMO-3→LUMO 

 

Figure 2(b) presents the absorption spectra of the homonuclear 

cluster Ag2 and corresponding complex Ag2-Py, with one peak 

each, at 402 nm for Ag2 and at 375 nm for Ag2-Py. These 

results are consistent with previous reports.32 For the Ag2 

cluster, the strongest peak at 402 nm could be ascribed to 

electronic transitions from HOMO to LOMO, as shown in Fig. 

S1(b)†, and the two Ag atoms make equal contributions to this 

peak. Compared to the isolated cluster, the absorption 

maximum of the Ag2-Py complex blue-shifts 27 nm and its 

oscillator strength increases to 0.487 from the 0.348 of Ag2. 

Figure 2(a) indicates that the peak at 375 nm comes from 
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electronic transitions of HOMO → LUMO+2, and the 

corresponding transition is mainly located on the Ag2 cluster. 

Thus, SERS based on IE enhancement can be achieved with an 

excitation wavelength of 375 nm.  

The absorption spectra of the AuAg cluster and AuAg-Py 

complex are shown in Figure 2(c). For AuAg, there are two 

strong peaks, located at 368 and 439 nm, and the corresponding 

electronic transitions are from HOMO-3 to LUMO and from 

HOMO to LUMO, respectively. Fig. S1(c)† indicates that 

contributions from the Au and Ag atoms are different on 

account of polarization between these two atoms. For the 

AuAg-Py complex, the strongest peak appears at 369 nm with a 

red-shift of 1 cm-1 from the peak of AuAg at 368 nm, and its 

oscillator strength increases significantly. After the adsorption 

with pyridine, the peak of AuAg at 368 nm turns into 369 nm in 

the AuAg-Py complex, and the corresponding electronic 

transitions are from HOMO to LUMO+2. However, the peak at 

439 nm disappears and a new peak emerges at 470 nm with an 

oscillator strength of 0.029 in the AuAg-Py complex, and the 

corresponding electronic transitions are from metal to pyridine 

(charge transfer transitions) as shown in Figure 2(c). So IE-

enhanced SERS can be achieved with an excitation wavelength 

of 369 nm and CT-enhanced SERS can be achieved with an 

excitation wavelength of 470 nm. It is more feasible for the 

SERS experiment to detect the peak at 470 nm than at 369 nm 

because it is close to the most commonly used 488 nm 

excitation in the visible region. 

In the absorption spectra of the CuAg-py, Ag2-py, and 

AuAg-Py complexes in Figure 2, there are many obvious 

differences despite pyridine being adsorbed onto the silver 

atoms in all these cases. For the CuAg-py and AuAg-Py 

complexes, new absorption peaks appear near the blue light 

region, which can be used to excite SERS in experiments. It is 

evident that the tunable electronic properties of pyridine-metal 

complexes are achieved by varying the composition of the 

metal cluster.  

3.2 Enhanced Raman Scattering  

 

Figure. 3 Frequencies of enhanced vibrational modes for pyridine 

molecules. 

 

Six vibrational modes of the pyridine which are commonly 

known are given in Figure 3 for latter comparison. Those 

modes are expected to be influenced more by the interaction 

with metal clusters because they involve vibrational motion of 

the N atom along the N-Ag bond or consist mainly of C-C 

stretching vibrations with the carbon next to nitrogen vibrating 

toward the metal cluster.37  

 

Static enhancement: The interactions between pyridine and the 

metal clusters result in changes in the polarizability, which will 

affect the pyridine’s Raman spectra, as shown in the 

wavenumber range between 400 and 1800 cm-1 in Figure 4.   

We note that for pyridine alone, the static differential Raman 

cross-section (DRSC) is of the order of 10-31 cm2/sr, as shown 

in Figure 4(a). The intensities are enhanced by a factor of about 

40 for the CuAg-Py, 2 for the Ag2-Py, and 4 for the AuAg-Py 

complexes. The static Raman enhancement due to composition 

variations of metal clusters is therefore of the order of 10-102. 

Ring breathing modes at 978, 1022 cm-1 and ring stretch mode 

at 1573 cm-1 dominate the static Raman spectrum of pyridine, 

and these three modes and other weaker modes are more 

intense in the calculated spectra of different complexes. Shifts 

in the vibrational frequencies are observed for all complexes. 

The largest shifts observed are by about 20-30 cm-1 for the 

modes at 598, 978, and 1573 cm-1 because these modes are 

more sensitive to interaction between pyridine and metal 

clusters,21,37 while other modes at 1022, 1199 and, 1467 cm-1 

are found to have shifts smaller by only several wavenumbers.  

 

Figure. 4 Calculated static Raman spectra of (a) pyridine, (b) CuAg-Py, 

(c) Ag2-Py, and (d) AuAg-Py complexes based on static polarizability 

derivatives. Differential cross-section is measured in the unit of 10-30 

cm2/sr and wavenumber in cm-1. The spectra have been broadened by a 

Lorentzian function to a width of 20 cm-1. 

 

IE enhancement and CT enhancement: It is generally believed 

that enormous SERS signal enhancement arises mainly from 

two mechanisms:6-9 (a) local electromagnetic fields due to 

excitations in the metal cluster, and (b) resonance caused by 

charge-transfer excitations between the molecule and metal 

clusters. However, our calculation indicates that the dominant 

factor in SERS enhancement is closely related to the 

composition of clusters and excitation wavelength.  
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Figure. 5 Calculated SERS spectra of the CuAg-Py complex: (a) for the 

IE-enhanced SERS spectrum at an incident light wavelength of 340 nm, 

and (b) for the IE-enhanced SERS spectrum at an incident light 

wavelength of 489 nm. 

 

The absorption spectra of CuAg-Py, Ag2-Py, and AuAg-Py 

change significantly in the range 300 to 550 nm, and excitation 

lights within this range are often used in SERS experiments, 

especially in SM-SERS detection.14-19 Next, the IE and the CT 

mechanisms in SERS enhancement are presented by using 

excitation wavelengths in the range 300 to 550 nm. The SERS 

spectra based on different resonance excitations are listed in 

Figures 5-7 for pyridine adsorbed on CuAg, Ag2, and AuAg 

clusters. 

There are two resonance absorption peaks in the absorption 

spectra of CuAg-Py, at 340 and 489 nm, whose corresponding 

SERS spectra, denoted SERS (340 nm) and SERS (489 nm), 

are presented in Figure 5. The intensities of both Raman spectra 

are all in the order of 10-28 cm2/sr, presenting an enhancement 

of the order of 103 compared to the 10-31 cm2/sr of pyridine.21 

Molecular orbital analysis results indicate that SERS (340 nm) 

and SERS (489 nm) are mainly caused by excitations of 

electronic transitions confined to metal clusters and a small 

number of charge transfers to the molecule, showing an IE 

mechanism. A comparison of these two spectra reveals the 

main changes in the intensities with quite similar features 

except the absence of the ring stretch mode at 1589 cm-1 in the 

SERS (340 nm) spectrum. Among the six selected modes, that 

at 1001 cm-1 shows the largest DRSC. However, the intensity of 

SERS (340 nm) is four times that of SERS (489 nm) since the 

oscillating strength of electronic transitions from HOMO-5 to 

LUMO+2 is about four times greater than that from HOMO-2 

to LUMO+2. Because the 489 nm excitation light is in the 

visible region and is closer to the most commonly used 488 nm 

laser than the 340 nm excitation light in the ultraviolet region in 

experiments, the SERS (489 nm) is more likely to be detected 

in SERS experiments. In addition, it is very interesting that the 

electronic transitions responsible for SERS (340 nm) are mainly 

from the Ag atom, while for SERS (489 nm), the electronic 

transitions are all from the Cu atom. This is a unique feature of 

heterogeneous binary clusters.  

 

Figure. 6 The IE-enhanced SERS spectrum of an Ag2-Py complex at an 

incident wavelength of 375 nm. 

 

Significantly different from the results of CuAg-Py, there is 

only one absorption peak at 375 nm in the absorption spectrum 

of Ag2-Py complex, whose SERS spectrum, denoted SERS 

(375 nm), is shown in Figure 6. The intensity of the order of 10-

26 cm2/sr corresponds to an enhancement of the order of 104 

from the 10-31 cm2/sr of pyridine. Molecular orbital analysis 

results in Figure 6 indicate that the SERS at 375 nm is mainly 

caused by electronic transitions confined to the Ag2 cluster and 

small charge transfers to the molecule, showing an IE 

enhancement mechanism. The ring stretch mode at 1589 cm-1 

shows the largest enhancement and the result is consistent with 

previous literature.32 

 

Figure. 7 SERS spectra of the AuAg-Py complex: (a) an IE-enhanced 

spectrum at an incident wavelength of 369 nm, and (b) a CT-enhanced 

spectrum at an incident wavelength of 470 nm. 

 

The absorption spectrum of AuAg-Py shows two resonance 

peaks, at 369 nm in the ultraviolet region and 470 nm in the 

visible region, and their corresponding SERS spectra, denoted 

SERS (369 nm) and SERS (470 nm), are presented in Figure 7. 

The intensities of SERS (369 nm) and SERS (470 nm) are both 

in the order of 10-27 cm2/sr, representing an enhancement of the 

order of 104 from the 10-31 cm2/sr of pyridine. Molecular orbital 

analysis results in Figure 7 indicate that SERS (369 nm) is 

mainly caused by electronic transitions confined to the metal 

cluster, showing an IE enhancement, while SERS (470 nm) is 

due to excitation by charge-transfer from the metal cluster to 

pyridine, indicating a CT enhancement. In addition, it is a 

unique phenomenon of heterogeneous binary clusters that the 

electronic transitions which contribute to SERS (369 nm) are 

all from the Au atom, while for SERS (470 nm), the electronic 

transitions are mainly from the Au atom. A comparison of these 

two spectra revealed very different shapes and intensities. In the 

SERS (369 nm) spectrum, the ring breathing mode at 1005 cm-1 

Page 5 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

shows the largest DRSC, followed by the ring deformation 

mode at 630 cm-1, while the ring stretch mode at 1593 cm-1 is 

almost invisible. However, in the SERS (470 nm) spectrum, the 

ring stretch mode at 1593 cm-1 shows the largest DRSC, 

followed by the ring stretch mode at 1208 cm-1, and the modes 

at 1470 and 630 cm-1 are almost invisible. In addition, the 

enhancement of SERS (470 nm) is three times that of the SERS 

at 369 nm. Although the oscillator strength of electronic 

transitions from HOMO to LUMO+2 (0.202, corresponding 

absorption peak at 369 nm) is about six times that from 

HOMO-3 to LUMO (0.029, corresponding absorption peak at 

470 nm), the modes at 1593 and 1208 cm-1 both involve 

motions of the atoms at which the LUMO orbital is localized, 

explaining why the enhancements of SERS (470 nm) are more 

intense than those of SERS (369 nm). Moreover, in contrast to 

the 369 nm excitation light in the ultraviolet region, the 470 nm 

excitation light lies in the visible region and is close to the 488 

nm laser most commonly used in experiments. Thus, SERS 

(470 nm) is more likely to be detected in SERS experiments.  

 

Conclusions 

In a previous study based on the density functional theory 

approach, we found that the chemical enhancement of SERS is 

closely related to the adsorption site for the complex of pyridine 

adsorbed onto heteronuclear clusters.11 Considering that SERS 

enhancement can be determined by both EM and CT 

mechanisms, there is a need to include the EM mechanism in 

the calculation, as it also plays a dominant role in SERS 

enhancements. In this study we adopted a recently developed 

TDDFT method which can simulate both IE and CT 

enhancement, and conducted a comprehensive study of the 

SERS enhancement based on the composition-tunability 

mechanism. The new approach uses a short-time approximation 

for the Raman cross-section calculation. 

We obtained the absorption and SERS properties of MAg-Py 

(M=Cu, Ag, Au) complexes. The results indicate that the 

resonant excitation wavelengths, together with the 

characteristics and effect of SERS, depend strongly on the 

composition of metal clusters. Although the enhancements of 

the SERS at 489 nm (CuAg-Py) and at 470 nm (AuAg-Py) are 

weaker than that at 375 nm (Ag2-Py), the excitations of the 

former two are close to the 488 nm laser and thus are more 

feasible for SERS detection. Thus, the heteronuclear metal 

clusters have advantages in tuning the excitation light in SERS 

experiments. Molecular orbital analysis results reveal that IE 

enhancement is not exclusive to the presence of CT 

enhancement. However, it is very interesting that for the SERS 

at 489 nm of the CuAg-Py complex, the Cu atom acts as donor 

to provide transitional charge in the process of excitation, as 

does the Au atom in the AuAg-Py complex in the process of 

SERS (369 nm) excitation, presenting a unique feature of 

heteronuclear metal clusters as SERS substrates, owing to the 

polarization between atoms of different metals.  

Although the pyridine is adsorbed onto the silver atoms in all 

these three complexes, binding properties analysis indicates that 

the complexes of heteronuclear clusters are more stable than 

homonuclear clusters. The chemical and physical properties of 

complexes can also be tuned by varying the composition of 

metal clusters. Superior performances of mixed-metal materials 

are needed for the development of nanoscience and technology, 

and our study is expected to provide a theoretical basis for 

exploring novel multi-composition SERS materials that can be 

widely used in many fields, including characterization of 

nanostructures, SM-SERS detections, and biological molecular 

recognitions.  
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