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Direct visual evidence for the chemical
mechanism of surface-enhanced resonance
Raman scattering via charge transfer: (II)
Binding-site and quantum-size effects
Mengtao Sun,a∗ Shasha Liu,b Zhipeng Li,a Jianmin Duan,b Maodu Chen,b

and Hongxing Xua,c

We describe quantum-size and binding-site effects on the chemical and local field enhancement mechanisms of surface-
enhanced resonance Raman scattering (SERRS), in which the pyridine molecule is adsorbed on one of the vertices of the
Ag20 tetrahedron. We first investigated the influence of the binding site on normal Raman scattering (NRS) and excited state
properties of optical absorption spectroscopy. Second, we investigated the quantum-size effect on the electromagnetic (EM)
and chemical mechanism from 300 to 1000 nm with charge difference density. It is found that the strong absorption at around
350 nm is mainly the charge transfer (CT) excitation (CT between the molecule and the silver cluster) for large clusters, which
is the direct evidence for the chemical enhancement mechanism for SERRS; for a small cluster the strong absorption around
350 nm is mainly intracluster excitation, which is the direct evidence for the EM enhancement mechanism. This conclusion is
further confirmed with the general Mie theory. The plasmon peak in EM enhancement will be red-shifted with the increase
of cluster size. The influence of the binding site and quantum-size effects on NRS, as well as chemical and EM enhancement
mechanisms on SERRS, is significant. Copyright c© 2009 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Surface-enhanced Raman scattering (SERS) is a powerful tool for
obtaining chemical information of molecules on roughened metal
substrates.[1 – 5] The enormous enhancement of the Raman signal
results from electromagnetic (EM) and chemical mechanisms.[6 – 15]

The EM enhancement is caused by the strong surface plasmon
resonance of curved metal surfaces coupled to the incident
light.[6 – 10] The chemical enhancement can be considered similarly
to a resonance Raman process between the ground electronic
state of the molecule–metal complex and its new excited levels
arising from charge transfer (CT) between the metallic surface and
the adsorbed molecule, which results in some Raman peaks being
selectively enhanced enormously.[11 – 15]

With the visual method of charge difference density, we have
observed the intracluster excitation and CT (between molecule
and metal) excitation on resonant electronic transitions (Fig. 5
in Ref. [15]), which are the direct evidence for EM and chemical
mechanism, respectively, on surface-enhanced resonance Raman
scattering (SERRS).[10] The model in Ref. [15] assumes that pyridine
adsorbed on the surface of the Ag20 tetrahedron (S-complex,
Fig. 2) and the Ag20 cluster are part of large nanoparticles. Several
theoretical studies have revealed that the absorption properties
of a 20-atom silver tetrahedral cluster behave very similar to the
plasmon excitation observed in nanoparticles, and the Raman
enhancement due to the S-complex is comparable to that on large
nanoparticles (>10 nm).[15 – 17]

As pointed out by Zhao et al.[16] the unique structure of the
Ag20 tetrahedron allows us to study two very different binding
sites. Apart from the S-complex, there is a V-complex model where
the pyridine is adsorbed onto one of its vertices, which is an
ad-atom site. By comparing the SERS spectra calculated with these
S- and V-complex models, we can investigate the influence of
different binding sites[16] on the SERS spectrum. By comparing the
different excitation mechanisms on resonant electronic transitions
at different binding sites with the same incident light, we can
reveal the influence of the binding site on the enhancement
mechanisms on SERRS. If the Ag20 cluster is considered as a part
of large nanoparticles for the S-complex (R � R1 in Fig.1(a)), and
the size for V-complex remains as it is, we can study the influence
of quantum size of the cluster on the SERS spectra as well as the
enhancement mechanisms on SERRS.
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Figure 1. Configurations of (a) S-complex and (b) V-complex having CS symmetry (taken from Ref. [15]. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

Experimentally, Peyser-Capadona et al.[18] have shown that a
small (2–8 atoms) silver cluster encapsulated in a dendrimer or
peptide scaffold can produce single-molecule Raman scattering
characteristic of the scaffold. Theoretically, Jensen et al.[17] have
studied the size dependence of the enhanced Raman scattering of
pyridine adsorbed on Agn (n = 2–8, 20) clusters, and the results
showed that both the absorption and Raman scattering properties
depend strongly on the cluster size and adsorption site.

In this paper, we calculated the normal Raman scattering (NRS)
spectrum, and describe the chemical and local field enhancement
mechanisms of SERRS for the V-complex from 300 to 1000 nm
with charge difference density. The NRS, absorption spectra and
enhancement mechanisms for the V- and S-complex are directly
compared. It is found that the binding site and the quantum size
effects can significantly influence the profile of NRS spectrum as
well as the enhancement mechanisms on SERRS at same incident
wavelength.

Method

In quantum chemical calculations, tetrahedral Ag20 is used for the
model of the nanoparticle, which is a relaxed fragment of the
face-centered cubic (fcc) lattice of bulk silver and which is one
of the local minima for the Ag20 cluster.[16] For this tetrahedral
Ag20, there are two very different binding sites (S- and V-complex,
see Fig. 1). The former consists of an on-top binding to one of its
four faces, which represents a (111) surface of fcc silver, while the
latter consists of binding onto one of its vertices, which represents
an ad-atom site.[16] In this paper, the ground-state geometries of
the pyridine–Ag20 cluster for the V-complex was optimized with
density functional theory (DFT)[19] using B3PW91 functional,[20]

LANL2DZ basis set[21] for Ag, and 6-31G basis set for C, N and H.
The SERS spectra of pyridine–Ag20 clusters were calculated with
the same method at the zero frequency. It should be noted that the
SERS spectrum calculated with Eqn (1) in Ref. [16] was obtained
by averaging over all orientations of the cluster with respect
to the electric field. The electronic structures of pyridine–Ag20
were calculated by the time-dependent density functional theory
(TD-DFT) method[22] and the same functional and basis set. All
above-mentioned quantum chemical calculations were performed
with the Gaussian 03 suite.[23]

The Fermi energy levels of tetrahedral Ag20, S-complex and
V-complex, and the energy levels of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of tetrahedral Ag20 were calculated with the DFT method, the local

density approximation with the Perdew–Zunger parameterization
(LDA-PZ) functional, the double zeta polarized (DZP) basis set, and
300 K for electron temperature, which were calculated with Virtual
NanoLab.[24]

The charge difference density[25] was employed to visualize
intracluster excitation and CT (between pyridine and Ag20
cluster) excitation, which are the direct visual evidence for
the EM enhancement mechanism and chemical enhancement
mechanism, respectively.

To study the influence of the binding-site effect on the EM
enhancement mechanism, we calculated the EM enhancement of
the silver tetrahedral nanoparticle (of side length 50 nm) at the
incident light of 632.8 nm, using the finite difference time domain
(FDTD) method.[26] To show the influence of the quantum-size
effect on the EM enhancement mechanism, we calculated the EM
enhancement for nanoparticles with different sizes in the range
from 300 to 800 nm, using the generalized Mie theory.[27]

Discussion

Binding-site and quantum-size effect on NRS

Because of the coupling interaction between pyridine and the Ag20

clusters, the charge redistribution when forming the complexes
between pyridine and Ag20 clusters (CT is 0.181 e and 0.166 e
for the V-complex and the S-complex, respectively) results in a
large static electronic polarizability (Table 1) and a static chemical
enhancement to NRS (Fig. 2). Comparing the NRS of the V-complex
with that of S-complex (Fig.2 in Ref. [15]), the intensity of ring
stretch (1588 cm−1) of the V-complex is much larger than that
of the S-complex (1582 cm−1), resulting from different chemical
environments of the hydrogens close to the N atom, which is
the binding-site effect. By comparing the calculated results and
the experimental reports in Refs [16, 28], we find that the NRS
spectrum of the S-complex is similar to the experimental reports.

Table 1. Calculated static electronic polarizability components in a.u.
The Cartesian coordinate can be seen from Fig. 1

xx yy zz

Pyridine 63.305 66.190 18.751

V-complex 1009.377 886.256 920.188

S-complex 1101.587 905.737 876.867

J. Raman Spectrosc. 2009, 40, 1172–1177 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jrs
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Figure 2. The simulated SERS (normal Raman scattering) spectrum
of the V-complex. The scale factor of the wavenumbers is set at
0.96 in our calculations. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

This is easy to understand since the nanoparticle is large in the
experiments and the S-complex is used to simulate the NRS for
large nonoparticle. By comparing the enhanced intensity of SERRS,
in general, the intensity of the SERS spectrum for the V-complex
is larger than that for the S-complex. It can be interpreted by the
binding site (hot site) effect of the EM mechanism. From Fig. 3,

(a) (b)

Figure 3. The electromagnetic enhancements (|E|) of silver tetrahedral
nanoparticles (side length 50 nm) at incident lights of 632.8 nm. (a) and
(b) are for the case of a cut along the threefold axis of the tetrahedron
and for the case shown the field at the triangular surface, respectively. The
color bars of |E| are shown at the right of the pictures. The enhancements
of SERS intensities, approximated as the second power of the field
enhancement factor |E|, are |E|. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

the EM enhancement at the vertices is obviously larger than that
at the surface. The calculated NRS of the V-complex (binding
site effect) needs similar experimental confirmation in such small
tetrahedrons in future.

Optical absorption spectra and enhanced mechanism of SERRS

The calculated optical absorption spectra for the V-complex and
the S-complex can be seen from Fig. 4(a) and (b). It is found that
there is little influence on the local binding site to the profile of the
absorption spectra in the molecule–metal complex, but there is
more CT for the S-complex than for the V-complex. The qualitative
reason is that the EM enhancement at the vertices is obviously
larger than that on the surface, which can be seen from Fig. 3.

With the visual method of the charge difference density,
we investigated the intracluster excitation and the CT excita-
tion on the resonant electronic transition (Supporting Informa-
tion). It is found that the enhanced mechanism on SERRS at
the strongest absorption around 350 nm is significantly differ-
ent. For the S-complex, the SERRS spectra is contributed by
the chemical mechanism via CT at the strongest absorption
(∼350 nm),[15] while the SERRS spectra are contributed by the
EM mechanism via intracluster excitation at the strongest ab-
sorption (∼350 nm) for the V-complex. It can be interpreted by
the optical properties of the isolated tetrahedral Ag20. We cal-
culated the optical absorption of the isolated tetrahedral Ag20
with TD-DFT/B3PW91/LANL2DZ//DFT/B3PW91/LANL2DZ, which
can be seen from Fig. 4(c). It is found that the strongest optical
absorption is around 350 nm for the isolated tetrahedral Ag20. The
EM enhancement at the vertices for the V-complex is obviously
larger than at the surface for the S-complex at around 350 nm,
which can be seen from Fig. 3. So, different binding sites can
strongly influence the enhancement mechanisms for SERRS at the
same incident wavelength. The enhancement mechanism of the
V-complex at ∼350 nm is similar to our previous results on the
pyridine–Ag2 complex,[29] because they are all based on the model
of the ad-atom site. Since the S-complex and the V-complex are
used to simulate the SERS for naniparticles of large and small sizes,
respectively, the quantum size of the nanoparticle is expected to
influence the enhancement mechanism on SERRS.

Using the generalized Mie theory[27] we calculated the EM
enhancement at the point A, which is 1 nm above the surface
of the silver nanoparticle (Fig. 5). The direction of the wave

www.interscience.wiley.com/journal/jrs Copyright c© 2009 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2009, 40, 1172–1177
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Figure 4. (a) The optical electronic state absorption of the S-Complex from
Ref. [15], (b) for V-complex and (c) for isolated Ag20 tetrahedron. The
intracluster and CT on resonant electronic transitions at lowest 100 singlet
excited states have been shown. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

vector and polarization is shown in the inset. The multipole
order n is here truncated at N = 12, which is enough for the
convergence. We considered two types of radius: 20 and 50 nm.
For R = 50 nm, the local enhancement factor for the intensity is
about 31 in the wavelength range 400 to ∼700 nm, which means
that the EM enhancement gives the main contribution to the SERS
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Figure 5. The EM intensity enhancement (I = |E|2) at point A as a function
of the incident wavelength. A is 1 nm away from the upper surface of the
Ag nanoparticle (R = 20, 50 nm). Inset shows the direction of the wave
vector and the polarization. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

enhancement in this range. For R = 20 nm, the enhancement is
significant around 360 nm, while for λ>400 nm, it is lower than
the case of R = 50 nm.

By comparing Fig. 6 (a)and (b), one can find that the lowest
CT excited state for the S-complex is 450 nm, while the lowest
CT excited state for the V-complex is 550 nm. We interpret
this with orbital energy level and their Fermi levels. The CT
from the metal to pyridine on resonant electronic transition
is from the Fermi level of the S-complex and that of the V-
complex to the LUMO of pyridine, respectively, for the lowest
CT excited state (Fig. 7(a)). From Fig. 7(b), the Fermi level of the
V-complex is slightly higher than that of the S-complex, and
EFermi(V − complex) − EFermi (S − complex) = 0.083 eV, so the CT
excited states for V-complex are red-shifted compared to those of
the S-complex.

For the V-complex, all of them are the intracluster CT
excited states on the electronic collective oscillation excitation at
∼350 nm, so SERRS at∼350 nm for the V-complex is contributed by
local field enhancement effect by plasmon collective oscillations.
Our previous theoretical study on SERRS of the pyridine–Ag2
complex is a simplified model of the V-complex, and the SERRS at
∼379 nm with strong oscillator strength is also contributed by the
local field effect by plasmon collective oscillations. The red shift of
the strong absorption peak (∼30 nm) is from the size effect of the
cluster.

So, the enhanced mechanism for the V-complex is clear now,
according to the charge difference densities in the range of
670–300 nm in Supporting Information. When the energy of
the incident laser light is below 670 nm, the Raman spectra is
SERS, not SERRS, and the mechanism of SERS is static chemical
enhancement. When the incident laser light is between 670 and
550 nm, the excited states are the intracluster excitation, so the
SERS is contributed by EM enhancement. When the incident
laser wavelength is between 550 and 365 nm, the excitations
are a mixture of intracluster and CT excited states, and therefore
the SERRS is contributed by the mixture of chemical and EM
enhancements via CT from Ag20 cluster to pyridine. When the
incident light is below 365 nm, SERRS is contributed by the local
field enhancement on intraluster collective oscillation excitation,
except for S98.

J. Raman Spectrosc. 2009, 40, 1172–1177 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jrs
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Figure 6. (a) The molecular orbital energy levels of HOMO and LUMO of
the S-complex and V-complex, and (b) the Fermi energy levels of Ag20
cluster, S-complex and V-complex. This figure is available in colour online
at www.interscience.wiley.com/journal/jrs.

Conclusions

The NRS spectrum, absorption spectrum and enhancement
mechanism (via intracluster or CT excitations) have been compared
between the V-complex and the S-complex. It is found that there
is no influence on the absorption spectra when the molecule is
adsorbed on different sites. The NRS spectrum and enhancement
mechanism are strongly influenced by different binding-site and
quantum-size effects for the V-complex and the S-complex.
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