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Direct visual evidence for the chemical
mechanism of surface-enhanced resonance
Raman scattering via charge transfer
Mengtao Sun,a∗ Shasha Liu,b,c Maodu Chenb,c and Hongxing Xua,d
We describe the chemical and electromagnetic enhancements of surface-enhanced resonance Raman scattering (SERRS) for
the pyridine molecule absorbed on silver clusters, in which different incident wavelength regions are dominated by different
enhancement mechanisms. Through visualization we theoretically investigate the charge transfer (CT) between the molecule
and the metal cluster, and the charge redistribution (CR) within the metal on the electronic intracluster collective oscillation
excitation (EICOE). The CT between the metal and the molecule in the molecule–metal complex is considered as an evidence
for chemical enhancement to SERRS. CR within the metal on EICOE is considered as an evidence for the electromagnetic
enhancement by collective plasmons. For the incident wavelength from 300 to 1000 nm, the visualized method of charge
difference density can classify the different wavelength regions for chemical and electromagnetic enhancement, which are
c 2008 John Wiley & Sons, Ltd.
consistent with the formal fragmented experimental studies. Copyright 
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Thirty years after the discovery of surface-enhanced Raman
scattering (SERS),[1,2] it is generally accepted that the enormous
enhancement of the Raman signal is due to two types of
mechanisms.[3] The first is the electromagnetic (EM) enhancement,
which is caused by the strong surface plasmon resonance of curved
metal surfaces coupled to the incident light.[4 – 7] The second is
the chemical enhancement,[8 – 29] which can be considered similar
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. Recently, Sun et al.[29] have
investigated the surface-enhanced resonance Raman scattering
(SERRS) mechanism of the pyridine–Ag2 complex, in which the
CT has been visualized with charge difference density.[30,31] The
visualized CT between pyridine and Ag2 cluster is a direct evidence
for chemical enhancement to SERRS. The charge redistribution
(CR) within the Ag2 cluster on the electronic intracluster collective
oscillation excitation (EICOE) results in a Förster excitation transfer
from the Ag2 cluster to pyridine. Raman scattering of pyridine
via Förster excitation transfer is enhanced by the local EM field
(collective plasmon). The Förster excitation in the local EM field
enhancement in small clusters is analogous to the plasmon
excitation in EM enhancement in large nanoparticles. It should
be noted that when the size of the nanoparticles is large enough
(R > 10 nm), the ‘local electromagnetic field enhancement’ is
called ‘electromagnetic enhancement’.[32 – 34]
Experimentally, Peyser-Capadona et al.[35] have shown that
small (2–8 atoms) silver clusters enclosed in a dendrimer or
peptide scaffold can produce single-molecule Raman scattering
characteristic of the scaffold. Jensen et al.[21] have investigated
theoretically 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 the adsorption
site. Several theoretical studies have revealed that the absorption
properties of a 20-atom silver tetrahedral cluster behave quite
similar to the plasmon excitation observed in nanoparticles,
and the Raman enhancement due to this cluster is comparable
to that from large nanoparticles (>10 nm).[19 – 21] Owing to
high computational demands for large clusters, most electronic
structure studies have adopted small silver clusters to mimic
model surfaces.[19 – 22,29,36 – 41] Recent photoelectron spectroscopy
and relativistic density functional calculations strongly predict
that Au20 has a tetrahedral geometry similar to a fragment of bulk
face-centered cubic (fcc) gold.[42] In this paper, the tetrahedral
Ag20 is adopted, which is a relaxed fragment of the fcc lattice of
bulk silver and is one of the local minima for the Ag20 cluster.[43,44]
For this tetrahedral Ag20 , there are two very different binding
sites (S-complex and V-complex, Fig. 1). The former consists of
an on-top binding to one of its four faces, which represents a
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Figure 1. (a) and (b) Configurations of the two pyridine–Ag20 complexes having CS symmetry. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

(111) surface of fcc silver, while the latter consists of binding
to one of its vertices, which represents an ad-atom site.[19] It
has been found that the calculated SERS spectrum with the Scomplex is in better agreement with the experimental results (for
large nanoparticles) than with the V-complex.[19,22] As illustrated
in Fig. 1, the tetrahedral Ag20 can well mimic a part of large
nanoparticles, and that is probably the reason why the S-complex
is normally used for SERS calculations for molecules absorbed on
metal nanoparticles.
In this paper, we describe the chemical and EM enhancement of
SERRS for the pyridine molecule adsorbed on silver nanoparticels,
where the S-complex is chosen to mimic nanoparticles of a much
larger size than the Ag20 cluster. By using visualization methods
we theoretically investigate how CT occurs between pyridine and
the Ag20 cluster, and how CR occurs within the Ag20 cluster on
the EICOE. The CT between the Ag20 cluster and pyridine in the
pyridine–Ag20 complex is an evidence for chemical enhancement
in SERRS. CR within Ag20 is an evidence for EM enhancement by
collective plasmon excitation in EICOE.

Methods
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The ground state geometry of pyridine–Ag20 (S-complex) was
optimized with density functional theory (DFT)[45] using the
B3PW91 functional,[46,47] the LANL2DZ basis set[48] for Ag,
and the 6-31G basis set for C, N and H. The SERS of the
pyridine–Ag20 complex was calculated with the same method
as at zero frequency, which is normal Raman scattering (NRS)
of the pyridine–Ag20 complex. The electronic structures of
pyridine–Ag20 were carried out by the time-dependent DFT
(TD-DFT) method,[49] and the same functional and basis set. For
comparison, the ground state geometry of pyridine was optimized
with DFT, using the B3LYP functional[50] and the 6-31G basis set,
from which the energy levels of the HOMO and the LUMO were
obtained. The above-mentioned quantum chemical calculations
were performed with the Gaussian 03 suite.[51] The Fermi energy
levels of tetrahedral Ag20 and the S-complex as well as 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 parametrization (LDA-PZ) functional, the
double zeta polarized (DZP) basis set and 300 K for electron
temperature.The calculations were done with Virtual NanoLab.[52]
The charge difference density[29 – 31] was employed to visualize the
CT between pyridine and Ag20 cluster, and CR within Ag20 cluster
in the EICOE.
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Table 1. Calculated static electronic polarizability components in a.u.
The Cartesian coordinate can be seen from Fig. 1(a)

Pyridine
S-complex

xx

yy

zz

63.305
1101.587

66.190
905.737

18.751
876.867

Results and Discussion
Ground state properties of pyridine–Ag20 complex
Because of the coupling interaction between pyridine and the
Ag20 clusters, the CT of the complexes (0.166 e is transferred from
pyridine to the Ag20 cluster) results in a large static electronic
polarizability (Table 1). The SERS spectrum at zero frequency
can be seen from Fig. 2, which is contributed by the static
chemical (SC) enhancement. There are three strongly enhanced
modes, 984 cm−1 (ring breathing with N moving toward silver),
1064 cm−1 (ring breathing) and 1582 cm−1 (C–C stretching with
the α carbon next to nitrogen vibrating toward the silver cluster),
which are symmetric vibrational modes perpendicular the surface
(Fig. 2), that is, the orientation of CR between pyridine and the
Ag20 cluster. So the selection rule for the SC enhancement is that
the orientation of CT in the ground state is the same as that of
molecular vibrations in the ground state.
The Fermi energy level and the energy levels of HOMO and
LUMO for the Ag20 cluster can be seen from Fig. 3. According to
E(Ag20 ) = EHOMO (Ag20 ) − ELUMO (Ag20 )

(1)

the minimum energy of EICOE is 725 nm for the isolated Ag20
cluster. Because of the coupling interaction between pyridine and
the Ag20 clusters (CT within the complex), the Fermi energy level
of the S-complex is slightly increased by 0.027 eV, which was
estimated with
EFermi = EFermi (S-complex) − EFermi (Ag20 )

(2)

The minimum energy of the incident light is ∼503 nm for the
CT (from Fermi energy level to the LUMO of isolated pyridine)

c 2008 John Wiley & Sons, Ltd.
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Figure 2. The simulated SERS (normal Raman scattering) spectrum of pyridine adsorbed on large (S-complex) silver nanoparticles. The scale factor of the
wavenumbers is set as 0.96 in our calculations. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

resonant transitions, which was calculated with
E(CTmin ) = ELUMO (pyridine) − EFermi (Ag20 )

(3)

The CT resonant transitions with large oscillator strength is at
∼380 nm, which could be calculated with
E(CT) = ELUMO (pyridine) − EHOMO (Ag20 )

(4)
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So, a few conclusions can be made: (1) when energy of the
incident light is below 1.71 eV (725 nm), there is no resonant

electronic state transition, and the Raman scattering is the SERS
contribution from SC enhancement; (2) when the energy of the
incident light is between 725 and 503 nm, there are resonant
electronic state transitions, but the electronic transitions are the
EICOE, without CT from Ag20 to pyridine, so the SERS is only
contributed by the EM enhancement by plasmon excitation; and
(3) when the energy of the incident light is larger than that for
503 nm excitation, CT from Ag20 to pyridine on the resonant
electronic state transitions could occur, which results in chemical
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Figure 3. The Fermi energy level and energy levels of HOMO and
LUMO for Ag20 cluster, the Fermi energy level of S-complex, and the
energy levels of pyridine. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

enhancement for SERS. When the incident light is of wavelength
∼380 nm, there are strong CT excited states (strong CT optical
absorption).
Electronic excited state properties of pyridine–Ag20 complex
Depending on the nature of the interaction between pyridine and
the metal, the new CT (from Ag20 cluster to pyridine) excited
states or intracluster CR excited states on EICOE can occur,
and the enhancement of SERS is roughly proportional to the
oscillator strength of the transition.[19] The calculated absorption
spectrum with TD-DFT can be seen from Fig. 4, where the lowest
resonance energy is at ∼670 nm with weak oscillator strength,
and the strongest absorption is at ∼350 nm. So, if the incident
wavelength is above 670 nm (for example, for 780 and 1064 nm
excitation), the spectrum is SERS without CT, and the Raman
profile of SERS should be similar to the one in Fig. 2. It should be
noted that the lowest electronic transition is at 670 nm calculated
with TD-DFT method, while the lowest electronic transition is at
725 nm calculated with Eqn (1). The difference in energies (shift
corresponds to ∼45 nm) results from the different methods we
have used. Usually, the band gap calculated with Eqn (1) is slightly
lower than the optical electronic state transition energy of S1
for the LDA functional.[53] It should be noted that the strong CT
optical absorption is at ∼380 nm calculated with Eqn (4), while the
strong optical absorption is at ∼350 nm calculated with TD-DFT.
This difference results from the different methods we used in the
calculations.
Chemical and EM enhancement mechanism of SERS for the
S-complex
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The SERS at resonance is proportional to the oscillator strength of
the electronic state transitions.[19] As shown in Fig. 4, the strongest
enhancement for SERS is at ∼350 nm. Depending on the CT excited
states (from Ag20 cluster to pyridine) or the intracluster (Ag20
cluster) CR excited states on EICOE at ∼350 nm incident excitation,
the corresponding SERS enhancement can be characterized as
either chemical enhancement or EM enhancement. The charge
difference densities for the S-complex at 350 nm with strong
oscillator strengths are listed in Fig. S1 in Supporting Information.
For the S-complex, almost all the excited states are CT excited

www.interscience.wiley.com/journal/jrs

Absorption

-2

3.25 eV

Energy Level (eV)

-1

400

500

600

700

Wavelength (nm)
Figure 4. The optical electronic state absorption of the S-complex. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

states, where electrons transfer from Ag20 cluster to pyridine,
except for S68 (which is an intracluster CR excited state), so SERRS
at ∼350 nm for the S-complex mainly originates from chemical
enhancements via CT from the Ag20 cluster to pyridine, while the
EM enhancement via intracluster CR on EICOE is very weak.
As mentioned above, the minimum wavelength of the incident light is ∼503 nm for the CT (from Ag20 cluster to pyridine)
resonant transition, according to Eqn (3). If the ∼45 nm red shift
is considered (discussed above), the lowest Ag20 cluster to the
pyridine CT excited state calculated with TD-DFT method should
be at ∼458 nm. By examining the excited state properties of the
S-complex with charge difference density (shown in Fig. S1 in
Supporting Information), the lowest Ag20 cluster to the pyridine
CT excited state calculated with TD-DFT method is at ∼455 nm. In
the region from 455 to 338 nm, almost all the excited states are the
CT excited states (from Ag20 cluster to pyridine, see Fig. S1 in Supporting Information). So, the SERS in this region should almost be
contributed by chemical enhancement via CT from the Ag20 cluster
to pyridine. From the charge difference density in Fig. S1 (Supporting Information), from 338 to 300 nm, the SERS of pyridine should
be contributed by EM enhancement by plasmon excitation since all
of these excited states are intracluster CR excited states, except S89
at ∼318 nm (which is the Ag20 cluster to pyridine CT excited state).
In the region from 455 to 670 nm, almost all the excited states are
the intracluster CR excited states (electron and hole are localized
in the metal cluster; see Fig. S1 in Supporting Information). So,
the SERRS in this region should mostly be contributed by EM
enhancement via plasmon excitation.
To summarize the different SERS enhancement mechanisms
of the S-complex for different incident excitations from 300 to
1000 nm, the spectrum enhancement mechanisms are illustrated
in Fig. 5, where CT for chemical enhancement happens roughly in
the region of 330–455 nm, and CR for EM enhancement roughly
in the regions of 300–330 nm and 455–670 nm. The region of the
SC enhancement is above 670 nm.
It is interesting that the formal fragmented experimental
studies on SERS of pyridine at different incident wavelengths can
actually confirm our results in Fig. 5. Comparing the calculated
SERS spectrum of pyridine in Fig. 2 with the experimental SERS
spectrum at the incident light of 532 nm,[54] one can find that they
have very similar Raman profiles. Since SERS of pyridine at 532 nm

c 2008 John Wiley & Sons, Ltd.
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Figure 5. The chemical and electromagnetic field enhancement mechanisms at different wavelength regions. The two inserts are the charge
difference densities for the intracluster excitation and CT excitation (charge
transfer from Ag20 cluster to pyridine), respectively, where the green and
the red stand for hole and electron, respectively. This figure is available in
colour online at www.interscience.wiley.com/journal/jrs.

is contributed by the EM field enhancement in the enhancement
spectrum of Fig. 5, and the EM enhancement should not change
the Raman profile, the consistency between the experiment and
the simulation can be well explained. Recently, SERS of pyridine
adsorbed on the S-complex at the strongest absorption of 350 nm
has been calculated by Zhao et al.,[19] where the intensities of the
ring deformation mode at 607 cm−1 was strongly enhanced, while
the intensity of ring stretch modes at 1208 cm−1 was decreased
to very small values. The selective changes of the Raman peaks are
the evidence of the chemical enhancement, which is consistent
with our conclusions in Fig. 5.
The CT mechanism is also often used to explain the dependence of certain bands in SERS experiments on the electrode
potential.[15,16,28] The idea is that by changing the electrode potential, the CT state can be tuned to be at resonance or away from
it for certain incident excitation wavelengths. The relationship between the optical absorption energy in the absorption spectrum
and the shift of electrode potential can be estimated with
E(V) = E0 (V = 0) − eβV

(5)

J. Raman Spectrosc. 2009, 40, 137–143

E0 (V = 0) = E(V) + eβV

(6)

one can consider that the increase of the cathodic potential is not
tuned to the energy of the incident light, but shifted the optical
absorption from higher energy (eV) toward 514.5 nm.
It should be noted that the calculated SERRS spectra at different
incident wavelengths for the pyridine–Ag2 complex[29] were all
contributions from Albrecht’s term-A (the Frank-Condon term),[55]
since the laser excitation is close to an allowed electronic transition,
and only one excited state is involved. With the increase of the
cluster size, there are more excited states (the energy levels
of electronic states are much closer, see Fig. 4) close to the
wavelength of the incident laser, so Albrecht’s term-B (HerzbergTeller term)[55] will also contribute to SERRS because of the
coupling effect between excited states. So, the SERRS spectra
calculated with a larger cluster size may be more accurately
reproduced than that of a small cluster size. Owing to the high
computational demands for a large cluster, the SERRS spectra for
the pyridine–Ag20 complex are not calculated in this paper, which
have been done by Zhao et al. in Ref. [19].

Conclusions
In summary, we described the chemical enhancement of SERRS
via CT from Ag20 to pyridine on resonance excitation, and EM
enhancement of SERRS via intracluster CR on EICOE. From the
ultraviolet to the infrared region, we construct an enhancement
spectrum to classify different incident excitation wavelength
regions for the dominating chemical and EM enhancements
for pyridine absorbed on Ag20 cluster in the S-complex. Our
conclusion is supported by the formal fragmented experimental
and theoretical SERRS studies of pyridine at different incident laser
frequencies.
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where E(V) is the optical absorption energy with V the change
of the cathode potential V and β ≤ 1. For pyridine adsorbed
on silver nanoparticles, β = 0.75.[28] According to Eqn (5), the
relationship between energy in the absorption spectra and the
shift of the electrode potential can be seen from Fig. 6(a) and (b).
Experimentally, the ring stretch of the normal mode at 1208 cm−1
(the 9a normal mode in Fig. 6(a)) and the ring deformation of
the normal mode at 607 cm−1 (the 6a normal mode in Fig. 6(a))
have been found to be quite sensitive to the potential of the
electrode. The vibrations of these two normal modes can be
seen in Fig. 2. In that experiment, the incident light is 514.5 nm,
i.e. E0 (V = 0) = 514.5 nm. When the cathode potential is
−0.25 V, the incident light of 514.5 nm corresponds to a new
incident excitation of 2.66 eV (467 nm). According to the spectrum
of the enhancement mechanisms in Fig. 5, the enhancement of
SERRS is electromagnetic. So the profile of SERRS of pyridine is
similar to the case of zero potential. When the cathode potential
is increased to −0.5 V, however, the incident light of 514 nm
corresponds to a new incident excitation of 2.91 eV (426 nm).
According to the spectrum of enhancement mechanisms in Fig. 5,
the enhancement of SERRS now becomes chemical due to CT
excitation states. In the experimental SERRS spectrum, the ring
stretch modes at 1208 cm−1 and the C–C stretching appear with
low intensity, which gives evidence for chemical enhancement.
This experimental result is again consistent with the conclusion
in Fig. 5. With the further increase of the cathode potentials,

the intensities of the ring stretch mode at 1208 cm−1 and ring
deformation mode at 607 cm−1 are gradually enhanced, and the
strongest enhancement of these two modes is obtained when
the potential goes to −1.2 V. This is easily understood. Increasing
the cathode potential is equivalent to tuning the energy of the
incident light at 514 nm close to the strong optical absorption
at 350 nm. When the cathode potential is −1.2 eV, the incident
light of the laser corresponds to 370 nm, which is very close to
the peak absorption. The changes of the SERRS spectra clearly
show the evidence of chemical enhancement, which is consistent
with the enhancement spectrum in Fig. 5. Arenas et al.[16] have
reasoned that the experimental appearance of the modes at 1208
and 607 cm−1 on silver electrodes coincides with the appearance
of CT. The displacements between the ground state of pyridine
and its anion for these two vibrational modes are much larger
than others, so relative intensities of SERRS spectra for these two
normal modes are strongly enhanced.
If Eqn (5) is rewritten as
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