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Theoretical study on SERRS of rhodamine 6G adsorbed
on Ag2 cluster: chemical mechanism via intermolecular
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The problem of the chemical enhancement of rhodamine 6G (R6G) adsorbed on silver cluster has been
theoretically investigated by charge difference densities (CDDs) to show the direct charge transfer (CT)
evidence. For surface-enhanced resonance Raman scattering (SERRS) of R6G excited at 514.5 nm, the
enhancements of v(151) and v(154) result from weak intermolecular (from Ag to R6G) CT and the
strong intramolecular CT [similar to that of resonance Raman scattering (RRS) of R6G], respectively. The
possibility of the SERRS of R6G contributed from pure intermolecular CT is also discussed, when the
incident light is close to the new metal–R6G CT excited state at 1571.4 nm. Meanwhile compared with
the absorption process the fluorescence yield of R6G is investigated by transition densities and CCDs.
Copyright  2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Molecular Raman scattering can be enormously enhanced by
molecules adsorbed on or near a rough metallic surface or a
colloidal metallic particle surface. This phenomenon is called
surface-enhanced Raman scattering (SERS) and recently
evolved as a significant laser spectroscopic characteriza-
tion technique.1 – 7 SERS could surmount the potential high
background fluorescence in normal Raman spectra and the
shortcoming of low scattering cross-section.8,9 It is generally
recognized that the huge enhancement in SERS is attributed
mainly to two kinds of mechanisms.5 – 10 One is the electro-
magnetic (EM) mechanism, which is due to the strong surface
plasmon resonance in curved metallic surfaces coupled to the
incident light.10 – 13 The other is the chemical enhancement,
which is caused by metal to molecule or molecule to metal
charge transfer (CT) electronic transition.6,10,14 – 16 The EM
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mechanism can obtain an enhancement factor in the order
of 104 –106, while the chemical enhancement is considered to
be of the order of about 102.6,10,17,18

In recent years single molecule detection has been well
developed especially adopting the SERS or surface-enhanced
resonance Raman scattering (SERRS) method, which has
been called single molecule surface-enhanced Raman spec-
troscopy (SMSERS). In SMSERS, the enhancement factor can
be of the order 1014 –1015.19 Electrodynamics calculations on
dimers or triangular prisms and spherical nanoparticles have
expressed that 1011 order of magnitude can be achieved in
EM enhancement.20,21 Nevertheless it has proved so difficult
to solve the chemical contribution in SMSERS that it is still
an urgent problem in this area. Owing to the significant
role in surface-enhanced Raman spectroscopy, Rhodamine
6G (R6G) (Fig. 1) has been used in high sensitive detection,
for instance, single molecule detection utilizing SERRS.19 – 21

In visible light, the R6G cationic dye has strong absorption
accompanying a severe fluorescence yield. However, the
strong fluorescence yield of R6G may prevent observation of
the Raman spectrum.22

Numerous experimental and theoretical investigations
have been carried out to reveal the structural, electronic, and
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Figure 1. (a) Optimized geometry of R6G in the ground state using BP86/6–31G (d, p) level, and (b) optimized geometry of R6G–Ag2

complex in the ground state of R6G using BP86/6–31G and LanL2DZ level for C, H, O, N and Ag atom, respectively. This figure is
available in colour online at www.interscience.wiley.com/journal/jrs.

optical properties of R6G. Watanabe et al.23 have compared
tip-enhanced near-field Raman scattering (TERS) spectra
of R6G with conventional SERRS spectra under the same
conditions of excitation frequency and sample preparation.
Meanwhile they have adopted density functional theory
(DFT) to perform calculations of vibration and assign the
vibrational modes of the R6G molecule. They have developed
a technique of the tip-surface doubly enhanced near-
field Raman spectroscopy to detect molecular orientations
and distributions. Theoretically Jensen and Schatz24 have
preformed normal Raman scattering (NRS) and resonance
Raman scattering (RRS) spectra calculations of R6G using
time-dependent density functional theory (TDDFT) in their
works. Calculations in RRS have shown that resonance
enhancements have been found to be of the order of 105.

Those previous works mentioned above have provided
some understanding of the enhancement of SERS or SERRS
but it is easy to confuse chemical enhancement with EM
mechanism in SERS or SERRS. This problem calls for a great
deal of further research effort in this area. Hence, in this arti-
cle we present a technique to differentiate the CT mechanism
from the EM mechanism. Chemical mechanism of SERRS
of R6G is under investigation while R6G is adsorbed on
the metallic silver cluster. First of all the optical absorption
of R6G and R6G–Ag2 complex (Fig. 1) is discussed. At the
same time the fluorescence property of R6G is calculated.
Then we explain the chemical mechanism of RRS and SERRS
of R6G via intermolecular and intramolecular CT. Finally
we focus on the enhancement of SERRS of R6G caused by
intermolecular CT.

COMPUTATIONAL METHODS

The ground state structure of R6G was optimized using
DFT25 with BP86 functional26,27 at the level of 6–31G (d,
p) basis set. The ground state structure of R6G–Ag2 com-
plex was optimized using DFT with BP86 functional at
the level of 6–31G basis set for C, N, O, H atoms and
LanL2DZ for Ag atoms, respectively.28 There were no

imaginary wavenumbers found in the wavenumber analysis.
The calculations for adiabatic electronic state optical absorp-
tion of R6G and R6G–Ag2 complex were carried out by
the TDDFT method29 using BP86 functional with the same
basis set. All these calculations were performed in GAUS-
SIAN03 suit.30 The excited-state geometry optimization of
R6G was calculated using TDDFT method with B3LYP
functional and SV (P) basis set31 (which is approximately
6–31GŁ) with TURBOMOLE program.32 With the optimized
excited-state geometry, the fluorescence energy of R6G was
reproduced by TDDFT method, BP86 functional at the level
of 6–31G (d, p) basis set, which is calculated with GAUS-
SIAN03. Fluorescence was treated at the TD-BP86/6–31G
(d, p)//TD-B3LYP/SV (P) level in conventional quantum-
chemical notation ‘single point//optimization level’.33

Absolute off and on resonance Raman intensities can be
calculated as the differential Raman scattering cross-section.
For Stokes scattering with an experimental setup of a 90°

scattering angle and perpendicular planar-polarized light,
the cross-section is written as34
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which is a pure molecular property and independent
of experimental setup. ˛p and 	p are the isotropic and
anisotropic polarizabilities. In this article, Sp is directly
calculated by Gaussian 03 suite.30

The transition density and charge difference density
(CDD) were adopted to study the photoinduced excited-
state properties of the R6G and the R6G–Ag2 complex,
which reveal the orientation and strength of transition dipole
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moments, and the orientation and result of intramolecular
and intermolecular CT on the excitation, respectively.10,35,36

RESULTS AND DISCUSSION

Molecular geometry
We have optimized the molecular geometry of the cationic
R6G in the ground state using the BP/6–1G (d, p) basis

set in vacuum. There are no imaginary wavenumbers in
the wavenumber analysis of the initial structure, therefore
expressing an energy minimum. These geometrical data
together with the 4XD parameters37 and the calculated
data by Watanabe’s are listed in Table 1. Also the geo-
metrical parameters of the excitation state R6G molecule are
listed. In the crystal structure of R6G, the dihedral angle
between the xanthene plane and phenyl-ring plane is 62°,

Table 1. Calculated bond lengths (in Å), bond angles (in degree), and dihedral angles (in degree) of ground state and excited state of
R6G at BP/6–31G (d, p) levela and B3LYP/SV (P) level, respectively

Ground state Excited state

4XD
(expb)

Calculated
B3LYP/6–311CC G(d,p)

Calculated
BP/6–31G(d,p)

Calculated
B3LYP/def-svp

Bond length (Å)
C1–C2 1.409 1.407 1.417 1.417
C1–C6 1.442 1.446 1.452 1.444
C1–N20 1.325 1.354 1.362 1.363
C2–C3 1.361 1.380 1.390 1.389
C3–O18 1.368 1.358 1.371 1.360
C3–C4 1.419 1.419 1.430 1.424
C4–C5 1.430 1.424 1.430 1.425
C4–C7 1.388 1.408 1.420 1.434
C5–C6 1.341 1.368 1.382 1.386
C6–C36 1.502 1.506 1.510 1.507
C7–C21 1.491 1.496 1.499 1.489
C21–C22 1.381 1.398 1.410 1.406
C21–C23 1.400 1.401 1.420 1.418
C22–C24 1.373 1.393 1.403 1.399
C23–C26 1.392 1.401 1.410 1.406
C23–C31 1.475 1.497 1.498 1.500
C24–C27 1.370 1.392 1.403 1.397
C26–C27 1.361 1.390 1.400 1.396
C31–O40 1.193 1.213 1.231 1.213
C31–O43 1.333 1.338 1.354 1.339
C41–O43 1.462 1.458 1.466 1.443
C41–C44 1.470 1.513 1.519 1.516
C49–C52 1.493 1.531 1.537 1.536

Bond angles (°)

C1–C6–C5 119.3 118.8 118.8 118.6
C1–C6–C36 119.8 120.0 120.0 120.3
C2–C1–C6 118.4 119.4 119.6 119.2
C2–C1–N20 122.1 121.7 121.6 121.4
C2–C3–C4 123.1 122.5 122.6 122.3
C2–C3–O18 116.6 116.7 116.3 116.2
C3–C4–C5 114.9 116.4 116.5 116.3
C3–O18–C9 120.2 121.0 120.4 120.5
C4–C5–C6 123.9 123.0 123.0 123.5
C4–C7–C21 119.7 120.4 120.4 121.3
C4–C7–C8 119.3 119.1 118.8 117.2
C5–C4–C7 125.3 124.4 124.2 124.1

(continued overleaf )
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Table 1. (Continued)

Ground state Excited state

4XD
(expb)

Calculated
B3LYP/6–311CC G(d,p)

Calculated
BP/6–31G(d,p)

Calculated
B3LYP/def-svp

N20–C56–C59 112.8 113.8 113.7 114.0
C21–C22–C24 121.8 120.9 120.8 121.3
C21–C23–C26 119.3 119.4 119.7 119.7
C21–C23–C31 120.8 119.8 119.0 120.0
C22–C24–C27 119.6 120.0 120.1 119.9
C23–C26–C27 121.0 120.9 120.7 121.0
C23–C31–O40 125.2 123.7 123.8 124.3
C23–C31–O43 109.8 112.7 112.3 112.5
C24–C27–C26 120.2 119.7 119.8 119.7
C31–O43–C41 117.5 116.9 115.4 117.5
O43–C41–C44 108.7 107.6 107.4 108.0

Dihedral angles (°)

C2–C1–N20–C56 �2.9 �1.8 �3.9 �2.9
C1–N20–C56–C59 �118.3 �92.7 �80.5 �82.6
C4–C7–C21–C23 84.6 82.1 86.4 88.2
C10–C12–N19–C49 �0.2 1.8 3.9 2.8
C21–C23–C31–O40 35.3 0.0 0.0 �0.1
C31–O43–C41–C44 �93.6 �180.0 �180.0 �180.0

a Atom numbering as in Fig. 1.
b Experiment data in Ref. 37.

whereas the dihedral angle is 87° in our calculated geometry,
which is consistent with Watanabe’s results at the level of
DFT-B3LYP/6–311 C CG (d, p).23 The conformational dif-
ferences in the crystal and the calculated structure owe to the
packing effect in the crystal. In Tab 1e 1 it can be found that
the structure of R6G optimized by the level of BP86/6–31G
(d, p) in the ground state has slightly longer bond lengths
than those of Watanabe et al. However, bond angles and
dihedral angles are in good agreement with results in Ref. 23.
These differences between our results and the data in Ref. 23
can be ascribed to adoption of different functionals in the
calculations.

In the ground state, our calculated results of R6G show
that charges on the phenyl-ring group (ethoxycarbony) are
very small (0.092 e) whereas nearly all of positive charges
(1 e) are localized on the xanthene plane and two NHC2H5

groups. For the R6G–Ag2 complex at the ground state, the
CT from the Ag2 cluster to R6G is 0.13 e, which indicates that
the interaction between R6G and the Ag2 cluster is weak. We
can consider the R6G–Ag2 complex as a weak chemisorbed
system. The static electronic polarizablity between Ag2 and
R6G is not so strong, which can be noted from the data in
Table 2.

We also performed the calculation of the excited-state
molecular geometry of R6G by the level of B3LYP/SV
(P) using TURBOMOLE program. As shown in Table 1, it
is easy to find there are no obvious differences in geometries

Table 2. The static electronic polarizability of R6G and
R6G–Ag2 complex, the unit is atomic unit (a.u.). Their
Cartesian coordinates are in Fig. 1

xx xy yy yz zx zz

R6G 573.638 �0.034 414.565 0.010 41.267 261.638
R6G–Ag2 852.284 �84.447 506.473 4.249 14.876 391.077

between the excited state and the ground state of R6G. The
dihedral angle between the xanthene plane and phenyl-ring
plane is 86° in the excited state, whereas the dihedral angle
is 87° in ground state.

Absorption spectra and fluorescence properties
Our calculated optical absorption spectra of R6G and
R6G–Ag2 are listed in Fig. 2. The results indicate that the
S1 electronic state transition of R6G in vacuum is 474.53 nm
with strong oscillator strengths (f D 0.59), which is about
50 nm blue-shifted from the main electronic absorption
(
max ³ 520 nm) of R6G in ethanol solution. In Ref. 23, the
transition energy is 2.62 eV (474 nm) for S0-S1 adopting the
BP86 functional. They found that in aqueous solution the
excitation energy was 2.44 eV (508 nm) which is in better
agreement with the experimental result. So, the discrepancy
between our calculated optical spectra and the experimental
result is mainly due to the neglect of the solvent effect in the
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Figure 2. (a) The calculated absorption spectrum of R6G at the
level of BP86/6–31G (d, p) in vacuum, and (b) the calculated
absorption spectrum of R6G–Ag2 complex at the level of
BP86/LanL2DZ for Ag and 6–31G for other atoms,
respectively. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

calculation. It will be a time-consuming work to consider the
solvent effect which is not a decisive factor, so we ignore it
in our calculation.

Due to the nature of the interaction between R6G and
the Ag2 cluster, new CT excited states would emerge in
the R6G–Ag2 complex. The calculated optical absorption
spectrum of R6G–Ag2 is shown in Fig. 2. The S1 electronic
state transition of the complex is red-shifted to 1571.4 nm
with weak oscillator strength (f D 0.059), which is much
more red-shifted than Zhao’s results (1010 nm).38 This great
discrepancy is caused by the significant difference in the
molecular geometry. For our result the distance between the
N atom of R6G and the Ag atom is 2.51 Å, whereas the
distance is 3.08 Å in Zhao et al.’s calculation.38 It is reckoned
that the problem could be interpreted in the light of adopting
different basis sets which have great influence on calculated
molecular geometry. The orbital transition for the S1 excited
state is from HOMO to LUMO. The effect of the Ag2 cluster
on R6G lead to a red shift of the main transition to 547.4 nm,

which is a 25-nm shift compared to that in ethanol solution,
whereas it is consistent with the main transition in Zhao
et al.’s results (544 nm).38

It is well known that the fluorescence yield of R6G which
would disturb the signal of the Raman spectrum is strong
in visible light. The optimized fluorescence energy of R6G
shows the fluorescence absorption in 483.45 nm (2.5646 eV,
f D 0.58) at the level of BP86/6–31G (d, p) which is
slightly less than the absorption maximum of R6G in energy
(474.53 nm, 2.613 eV, f D 0.59 by the level of BP86/6–31G
(d, p)). We show the transition densities and the CDDs of the
R6G in both absorption and fluorescence process in Table 3.
The calculated S1 transition dipole moments in absorption
and fluorescence are listed in Table 4. It can be found that
the orientation of the transition dipole moment is consistent
with the orientation of the transition density. Comparing
the transition densities of R6G in absorption and that in the
fluorescence process, it is easy to find that they are consistent
with each other. Both of them are due to the process of
charges transfer from the right side of xanthene to the left
side of xanthene in R6G, since the electrons and holes are
totally localized on left and right side xanthene, respectively.
However, we can find that there are obvious differences in the
CDDs of R6G (Table 3) in the absorption process by contrast
with that in the fluorescence process, since the electrons and
holes are localized on completely reverse position. That is,
the transferred electrons on the absorption will move back
on the fluorescence. This is the most important difference
between absorption process and fluorescence property.

NRS and SERRS spectrum of R6G and R6G–AG2

complex
The experimental and theoretical normal Raman spectra of
R6G which have a good agreement with each other are listed
in Fig. 3(a) and (b). We focus on several normal modes with

Table 3. The transition and charge difference densities of
R6G. Green color represents the hole and red color the
electron. The isovalue is 2 ð 10�4 in a.u

Transition density Charge difference density

Absorption (S1)

Fluorescence (S1)
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Table 4. The transition dipole moments of R6G in absorption
and fluorescence, the unit is atomic unit (a.u.). Their Cartesian
coordinates are in Fig. 1

Absorption Fluorescence

S1 �3.0375 �0.0007 0.0000 �3.0381 0.0189 �0.0008

high intensity all of which are the symmetric vibration on
the xanthene ring and/or the NHC2H5 group.

According to the theoretical NRS and experimental RRS
in Fig. 3(b) and (c), we find from 600 cm�1 to 1400 cm�1

the profiles of them are identical in principle. However,
in the range of 1400–1800 cm�1 the relative intensity of
RRS is obviously increased, which is thought to be the
effect of the chemical mechanism via intramolecular CT.
In this special area, the vibrational mode of v(154) is a
complete C C symmetric stretching mode of the xanthene
ring (Fig. 1S, Supplementary Material). The reason why
the normal mode v(154) is strongly enhanced is electron
transfer from the edge of the xanthene ring to the inner
of the xanthene ring, which results from the HOMO to
LUMO orbital transition. The normal mode v(151) is the
C C symmetric stretching of the phenyl ring (Fig. 1S). The

Figure 3. (a) Experimental off-resonance Raman spectrum of R6G in ethanol solution (Ref. 23), (b) the calculated normal Raman
spectrum of R6G at zero frequency, (c) the resonance Raman spectrum of R6G in 488 nm (Ref. 23), (d) the calculated normal Raman
spectrum of R6G–Ag2 complex at zero frequency, (e) relative intensities of calculated Raman spectrum of R6G constructed from the
data reported in Table 3 of Ref. 23, and broadened with a Lorentzian line profile having a width of 20 cm�1. This figure is available in
colour online at www.interscience.wiley.com/journal/jrs.
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explanation for the strongly enhanced intensities of v(151)
is that the electron transfer from the xanthene plane to the
phenyl ring, which contributed from the H � 1 to L C 2
orbital transitions. Consequently, the chemical enhancement
of R6G in RRS is the result of the intramolecular CT.

Comparing the experimental SERRS of R6G with the
calculated NRS of the R6G–Ag2 complex in Fig. 3(d) and
(e), it is easy to find that there is no great difference
between the profiles. In our model, we considered only
the chemical interaction between R6G and Ag atoms. For
the SERRS of R6G, the vibrational modes of v(154) and
v(151) are strongly enhanced compared to the NRS of R6G.
The strong enhancement of these two modes result from
the weak intermolecular electrons transfer from Ag2 cluster
to R6G and strong intramolecular electron transfer in R6G,
including the electron transfer from the edge of xanthene
ring to the inner of the xanthene ring, and electron transfer
from xanthene plane to phenyl ring.

The central theories of chemical enhancement is to
invoke RRS by a CT intermediate state. Adsorbed molecular
orbitals are extended into resonances by interaction with
the conduction electrons. There are two probabilities for
new excitations: One is molecule–metal CT: during this
process electrons can be excited from the fully filled
molecular orbitals to empty metal orbitals; the other is
metal–molecule CT in which metal electrons can be excited
to the partially filled molecular orbitals. From the CDDs
in Table 1S (Supplementary Material), there are seven CT
excited states, where the electrons excited on the Ag2 are
transferred to R6G. Due to CT for these excited states, the
holes are localized on the Ag2 cluster while all electrons are
localized on R6G. It is clear that electrons are excited from the
metal to the adsorbed molecule. The chemical mechanism of
SERRS is considered similar to a resonance Raman process
between the ground electronic state of the molecule–metal
complex and its new excited levels arising from CT between
the metallic surface and the adsorbed molecule. So we afford
a direct theoretical evidence for chemical mechanism of
SERRS by providing visualized CT between R6G and Ag2

cluster with CDD.
In Table 5 seven excited states S1, S6, S8, S9, S18, S19, S26

are complete CT (between R6G and the Ag2 cluster) with
weak oscillator strengths. The first transition in 1571.4 nm
of all these excited states has the largest oscillator strengths
(f D 0.0590). Notice that there is no intramolecular (R6G)
CT in S1. Therefore, the chemical enhancement of SERRS
of R6G at the incident light of 1571.4 nm should be via
pure intermolecular CT (from Ag2 cluster to R6G). That is
in 0.7890 eV (1571.40 nm), when the excitation wavelength
is resonant with this CT excited state, there should be
the strongest chemical enhancement to SERRS. Considering
other pure CT excited states in Table S1 when the excitation
wavelength is resonant with those CT excited states,
respectively, there also should be chemical enhancement
with smaller contribution to SERRS.

Table 5. The charge difference density of the R6G–Ag2

complex for the seven pure charge transfer (CT) states. Green
color represents the hole, red color the electron. The isovalue
is 2 ð 10�4 in a.u

S1 S6

S8 S9

S18 S19

S26

Actually the calculated excited states of the R6G–Ag2

complex S3, S7, S11 and S12 (Table S1) are CT states with
strongest oscillator strengths; however, in these excited
states there is not only involving charge transition from
the Ag2 cluster to R6G but also including intramolecular
CT of R6G. That means when the excitation wavelength
is resonant with these CT excited states, there should be
strongest chemical enhancement contributed by RRS and
SERRS together. Especially, we pay more attention to S3

(547.39 nm f D 0.2395) with the strongest oscillator strengths
since it plays a primary role in SERRS. Notice that S16,
S17 and S22 are totally intramolecular CT of R6G without
participation of the Ag2 cluster, furthermore almost all the
holes are localized on the carboxyphenyl group and nearly
all the electrons are localized on the xanthene chromophore
and the nitrogen of the ethylamino group. This can be
explained that the chemical enhancement roots in RRS of
R6G when the excitation wavelength is resonant with these
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CT excited states. Finally there is a novel phenomenon in the
last transition of R6G S30 (331.80 nm f D 0.0064) which the
charges transfer from R6G to Ag2 cluster. In this excited state
all the holes are localized on the R6G and all the electrons
are localized on the Ag2 cluster.

CONCLUSIONS

In summary we have provided direct CT evidence by CDDs
to show theoretically the chemical enhancement of R6G
adsorbed on silver. In visualization ways we investigate
how CT occurs in the R6G–Ag2 complex and within R6G
with CDD, which shows visually the orientation and result
of CT in photoinduced dynamics. The CT in R6G and the
R6G–Ag2 complex is considered as the evidence for chemical
enhancement in RRS and SERRS. For SERRS of R6G excited
at 514.5 nm, the enhancements of v(151) and v(154) result
from weak intermolecular (from Ag to R6G) CT, and the
strong intramolecular CT (similar to that of RRS of R6G).
The possibility of the SERRS of R6G contributed from pure
intermolecular CT is also discussed, when the incident light
is close to the new metal-R6G CT excited state at 1571.4 nm.

Supplementary material
Supplementary electronic material for this paper is available
in Wiley InterScience at: http://www.interscience.wiley.
com/jpages/0377-0486/suppmat/
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