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The geometries, UV-vis absorption spectra, and resonance Raman (RR) intensities have been determined
for the S1 and S3 excited states of rhodamine 6G (R6G) in vacuum and ethanol by means of DFT/TDDFT
methodologies with the aim of better understanding the structures and properties of the excited states. The
RR spectra have been simulated from the vibronic theory of RR scattering as well as within the short-time
approximation, while the solvent effects have been modeled using the polarizable continuum model. The S1

and S3 states of R6G present UV-vis absorption bands with similar vibronic structure, i.e., a shoulder at
smaller wavelengths, although this shoulder is relatively more intense and more sensitive to the solvent in the
case of S3. These differences are corroborated by the larger geometry relaxations upon excitation for S3 and
the fact that the charge transfer of S3 is reduced in ethanol. Moreover, the differences between S1 and S3 are
magnified when considering the RR spectra. On one hand, the RR spectrum of R6G in resonance with the S0

f S1 transition presents many transitions of which the relative intensities strongly vary when the excitation
wavelength gets closer to the maximum of absorption. The RR spectrum of R6G in resonance with S1 is
however little influenced by the solvent. On the other hand, the RR spectrum of R6G in resonance with the
S0 f S3 transition displays only a few bands, strongly depends on the solvent, and is little affected when
changing the excitation wavelength within the limits of the absorption band. As a consequence, the short-
time approximation is suitable to reproduce the RR spectrum of R6G in resonance with S3 for a broad range
of excitation wavelengths, whereas the vibronic theory approach is needed for describing the RR spectrum of
R6G in resonance with S1 close to resonance.

1. Introduction

Resonance Raman (RR) spectroscopy1-8 refers to an inelastic
scattering process, where the incident frequencyωL is in
resonance with one of the electronic excited states of the
molecule. Since the RR intensities depend on the structural
modifications along the normal coordinates of vibration upon
excitation to the excited state, this technique has been shown
to be efficient to determine the structural properties of the
excited states as well as the corresponding energy reorganization
occurring upon electronic excitation. For example, RR measure-
ments have been used to investigate the solvent effect of various
conjugated chromophores4,9-13 as well as to study the properties
of radical cations.14,15 The understanding and interpretation of
the experimental results can benefit from the use of theoretical
models to describe the structural and electronic properties of
the ground and excited states. In particular, quantum chemical
calculations can provide valuable information on the geometries
and vibrations of the ground and excited states, on the vibronic
structure of the UV-vis absorption spectra, as well as on the
RR intensities and excitation profiles. In general, theoretical
models combined with quantum chemistry calculations can be
used to interpret a broad range of vibrational spectra,16 which
is also a research direction pursued in our group.17-23

In a previous paper24 we applied density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
methodologies to analyze the RR properties of the julolidine-
malononitrile push-pull chromophore in different solvents. For
this compound, it was shown that quantum chemical calculations

allow a good description of the absorption and RR spectra and
of their solvent dependence. Moreover, the vibronic theory of
RR allowed the determination of the RR excitation profiles for
various vibrational modes in solution. In this paper, we present
an application of the same methodology to the molecule of
rhodamine 6G (R6G). R6G is a cationic dye possessing a strong
absorption band in the visible domain with its maximum around
530 nm, followed by a weaker band around 350 nm. Its structure
consists of a xanthene ring substituted by two methyl groups,
two ethylamino groups, and a carboxyphenyl group. In vacuum,
the phenyl ring plane is found almost perpendicular to the
xanthene plane and therefore not conjugated to it. The properties
of R6G have been characterized in several experimental works
using different linear and nonlinear spectroscopic techniques.
For example, it was used as a probe in surface-enhanced
resonance Raman (SERR) measurements25-30 as well as tip-
enhanced near-field Raman (TER) scattering.31,32These studies
were performed with an excitation wavelength in resonance with
the first absorption band. Its linear properties were also
investigated by absorption and fluorescence spectroscopies33-37

in solution. In the case of nonlinear techniques, R6G was studied
by surface-enhanced resonance hyper-Raman scattering27 and
doubly resonant sum frequency generation38,39in resonance with
the first absorption band. Resonant second-harmonic generation
measurements40,41 were also reported and analyzed for an
excitation in resonance with the second absorption band.
Theoretical studies of R6G using quantum chemical calculations
were performed only recently. Watanabe et al.30 determined the
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vibrational frequencies and normal modes of the ground state
using DFT in order to interpret Raman, RR, SERR, and TER
scattering measurements. In a recent paper Jensen and Schatz42

simulated the Raman and RR spectra in vacuum employing a
TDDFT approach, suitable to evaluate the frequency-dependent
polarizability derivatives in both off-resonant and resonant
domains.

In this work, we present a TDDFT study of the RR properties
of R6G by applying the methodology we previously described
for the analysis of the julolidinemalononitrile chromophore.24

The two states that determine the low-energy UV-vis absorp-
tion spectra of R6G are investigated: (1) geometrical changes
upon excitationsand therefore geometries of the excited statess
are determined within the displaced harmonic oscillator scheme,
(2) the vibronic structures of the UV-vis absorption spectra
are determined by evaluating the Franck-Condon factors, (3)
the RR spectra are simulated using the short-time approximation
as well as the vibronic RR theory when assessing the effect of
the excitation wavelength, (4) the effects of the solvent (ethanol)
on the structures and properties are analyzed using the polariz-
able continuum model (PCM), and (5) these different simula-
tions are compared to experimental and other theoretical results.

2. Theoretical Method

The resonance Raman intensities were calculated using the
vibronic theory expressions of RR scattering derived by
Peticolas and Rush.43 This approach makes use of the following
assumptions: (1) the Born-Oppenheimer approximation is
valid, (2) only Condon scattering is considered, which corre-
sponds to the A term of Albrecht,1 (3) the incident light is in
resonance with only one excited state at a time, (4) the ground-
state and excited-state potential-energy surfaces are harmonic,
(5) the excited-state potential-energy surface is only displaced
(the frequencies of vibration of the ground and excited states
are assumed to be the same, and there are no Duschinsky44

rotations), (6) the initial state is the vibrational ground state (ν
) 0), (7) resonance Raman intensities for overtone and
combination bands are not taken into account. Within these
assumptions, the RR intensity for the fundamental 0f 1l

transition is proportional to the fourth power of the electronic
transition moment (M0e) and a frequency-dependent term given
by43,45

where ωL is the frequency of the incident light,ωl is the
frequency of the lth normal vibrational mode,∆l is the
dimensionless displacement for thelth normal coordinate, and
the functionΦ(ωL) is given by the expression

where the summation overu is taken over all the vibrational
quantum numbersui of the probed electronic excited state,ωe0,g0

is the Bohr frequency of the origin transition,〈øg0i|øeui〉 is the
one-dimensional overlap integral between the ground stateg
and the excited statee for the ith normal mode, andΓ is a
damping factor describing a homogeneous broadening. This

factor is equal to one-half of the full width at half-maximum
(fwhm) of the Lorentzian line shape and assumed to be the same
for all vibronic levels.

A simplification43 of eq 1 can be obtained by neglecting the
dependence on the excitation frequencyωL

This expression was earlier derived by Heller and co-work-
ers46,47,2from the time-dependent formulation of RR scattering
in the short-time dynamics limit and is therefore referred to as
the short-time approximation.

The absorption spectrumA(ωL) of the excited state can be
evaluated from the imaginary part48,49 of the Φ(ωL) function

Prediction of the RR intensities and the absorption spectrum
requires calculation of the dimensionless displacements∆l.
Assuming displaced harmonic oscillators, these quantities were
determined from the partial derivatives of the excited-state
electronic energy along the normal modes at the ground-state
equilibrium position. These displacements allow the evaluation
of the Franck-Condon overlap integrals from an analytic
expression24 as well as the geometry of the excited state by a
transformation between the dimensionless displacements∆l and
the non-mass-weighted Cartesian coordinates (for more details,
see ref 24). The RR intensities were calculated either from the
short-time approximation expression (eq 3) or the frequency-
dependent expression (eq 1) assuming a fixed value ofωL. The
quantities|Φ(ωL) - Φ(ωL - ωl)|2 and ImΦ(ωL) appearing in
eqs 1 and 4, respectively, were calculated from their sum-over-
vibrational-states expressions given by eq 2. Finally, the
damping factorΓ and the Bohr frequencyωe0,g0 were considered
as adjustable parameters chosen to reproduce both the experi-
mental absorption spectrum broadening and the position of the
absorption maximum.

Quantum chemical calculations were carried out using the
GAUSSIAN 03 program.50 The geometries and frequencies of
vibration in the ground state were obtained by means of density
functional theory using the B3LYP51,52 exchange-correlation
(XC) functional with the 6-311G* basis set, which contains d
polarization functions on the C, N, and O atoms. The vertical
excitation energies and oscillator strengths were calculated at
the TDDFT level within the adiabatic approximation with the
same functional and basis set. The effect of the solvent (ethanol)
on the geometries, frequencies, and transition excitations was
taken into account by the integral equation formalism of the
polarizable continuum model53-55 (IEFPCM). In this model the
solute is placed in a molecular-shaped cavity surrounded by
the solvent. The cavity was built using the radii given by the
united atom topological model (UA0). The nonequilibrium
procedure of solvation was used for the calculation of excitation
energies. This model is well adapted for processes in which
only the fast reorganization of the electronic distribution of the
solvent should be taken into account. The theoretical vibrational
normal-mode frequencies were corrected using a scaling factor
of 0.98 in order to better match the experimental frequencies
given in ref 30.

3. Results

3.1. Excited States.Table 1 presents the vertical energies
and oscillator strengths of the six lowest excited states of R6G.
The states are found with a different energy order in vacuum
and ethanol. However, they can be unambiguously identified

I0f1l
(ωL) ∝ ωL(ωL - ωl)

3
∆l

2

2
|Φ(ωL) - Φ(ωL - ωl)|2
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Φ(ωL) ) ∑
u

∏
i

3N-6

|〈øg0i
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from their dominant singly excited configuration and oscillator
strengths. For a matter of facility, they were numbered according
to their energy ordering in vacuum. Two states with large
oscillator strengths (S1 and S3) are found below 4 eV and
therefore responsible for the main features of the absorption
spectrum in this energy domain. Additional states with small
oscillator strengths were also determined with energies close
to S3. Accounting for the solvent effects leads to a bathochromic
shift of S1 by 0.13 eV but a hypsochromic shift of S3 by 0.07
eV. This opposite behavior of the S0 f S1 and S0 f S3

transitions can be understood when analyzing the main singly
excited configurations contributing to S1 and S3 (see Table 1
and Figure 2 with the molecular orbitals). Indeed, the non-
negligible charge-transfer character of the S3 state in vacuum,
associated with the Hf L+1 configuration, is strongly reduced
in ethanol. In comparison to vacuum, the oscillator strengths
of both S1 and S3 states are larger in ethanol with values of
0.897 and 0.187, respectively. Comparisons with the experi-
mental absorption maxima in ethanol56 show that the calculations
overestimate the energy of the S1 and S3 states by 0.42 and
0.25 eV, respectively. Indeed, the theory predicts the vertical
transitions of the S1 and S3 states at 2.76 and 3.81 eV in ethanol,
whereas the experimental maxima are found at 2.34 and 3.56
eV for S1 and S3, respectively. These discrepancies are typical
for TDDFT methods and can be ascribed to the approximate
exchange-correlation functional as well as to the lack of vibronic
effects.57 Thus, employing the BP86 pure-DFT XC functional,
values of 2.62 and 2.44 eV for the vertical transition of S1 have
been reported in ref 42 in vacuum and water, respectively. Due
to their small oscillator strengths, states S2, S4, S5, and S6 are

expected to provide negligible contributions to the absorption
spectrum and have weak RR intensities. Therefore, in the
following, the investigation is restricted to the vibronic structure
and resonance Raman properties of the S1 and S3 states in
vacuum and ethanol.

3.2. Geometries.Table 2 lists the geometrical parameters
calculated in vacuum and ethanol for the ground state as well
as for the S1 and S3 excited states. The atomic numbering used
for the bond lengths is given in Figure 1 and similar to the one
introduced by Watanabe et al.30 Though the calculations were
performed without symmetry constraint, the geometries of the
various states present a plane of symmetry containing the
phenyl-COOEt group and perpendicular to the xanthene chro-
mophore. The ground-state geometry is in close agreement with
the calculation reported in ref 30 at the B3LYP/6-311++G-
(d,p) level of approximation. The differences for the bond
lengths between the two calculations are smaller than 0.002 Å,
except for the C17-C18 bond, which is found to be 0.008 Å
longer in our calculation. The effect of the solvent on the

TABLE 1: Vertical Excitation Energies, Oscillator Strengths, and Singly Excited Configurations with Weights Larger than
10% for the Six Lowest Singlet Excited States of Rhodamine 6G Calculated at the TDDFT/B3LYP/6-311G* Level of
Approximation a

vacuum ethanol

theory theory experimentb

state transition weight (%) Evert (eV) f weight (%) Evert (eV) f Emax (eV) λmax (nm)

S1 H f L 76 2.89 0.744 78 2.76 0.897 2.34 530
S2 H-1 f L 86 3.25 0.001 86 3.22 0.002
S3 H-2 f L 67 3.74 0.127 77 3.81 0.187 3.56 348

H f L + 1 12
S4 H-3 f L 82 3.75 0.003 89 3.83 0.005

H-4 f L 17
S5 H f L + 1 87 3.78 0.034 99 3.55 0.002
S6 H-4 f L 82 3.86 0.003 89 3.96 0.003

H-3 f L 17

a The effects of the solvent (ethanol) are described using the IEFPCM approach. H and L correspond to the highest occupied and lowest unoccupied
molecular orbital, respectively.b The experimental values are taken from ref 56.

Figure 1. Structure of rhodamine 6G and atomic numbering.

Figure 2. Molecular orbitals involved in the dominant configurations
of states S1 and S3. H and L correspond to the highest occupied and
lowest unoccupied molecular orbital, respectively.
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ground-state geometry of R6G is rather small. Indeed, the bond
lengths are modified by less than 0.004 Å.

The geometries of the S1 and S3 excited states as well as the
bond length variations,∆BL ) BL(excited state)- BL(ground
state), between the ground state and the excited states are
reported in Table 2. It appears that the first excited state displays
a very similar geometry in vacuum and ethanol. The largest
solvent impact on the geometry is found for the C1-C2 bond
with a value of 0.004 Å. The geometrical variations∆BL are
also comparable in both environments and differ at most by
0.002 Å. The largest value of∆BL is obtained for the C5-C6
bond with a variation of 0.019 Å. Additional variations with
amplitudes around 0.01 Å are found for the bonds C1-C2, C2-
C3, C3-C4, and O13-C14 localized on the xanthene chro-
mophore as well as for the bonds C2-N15 and C6-C17
connecting the ethylamino groups and the phenyl ring to the
xanthene, respectively. Therefore, from the geometrical analysis
of S1, it is expected that the RR spectra in vacuum and ethanol
will show similar features with enhanced intensities for vibra-
tions involving distortions of the xanthene unit.

The solvent effects on the geometry of S3 are more pro-
nounced than for S1. For example, the strongest modifications
are found for the bonds C29-O31, C18-C29, C17-C22, and
C3-C4, which on going from vacuum to ethanol are lengthened
by 0.014, 0.013, 0.011, and 0.011 Å, respectively. This is in
agreement with the charge-transfer character of S3 and its
reduction in ethanol. The∆BL values are in general larger than
for S1 and present noticeable differences in both environments.
The largest∆BL are obtained for the bonds C3-C4, C5-C6,
and C2-N15 with values of 0.030, 0.026, and 0.025 Å in
ethanol, respectively. Additionally, significant∆BL values are
also found for the bonds C2-C3, C4-C5, C6-C17, O13-
C14, C29-O30, and O31-C32. Finally, one can notice a
marked difference of∆BL values between vacuum and ethanol
for the bond C17-C22 as well as for the bond C18-C29 linking
the phenyl ring to the ethoxy carbonyl group. Contrary to S1,

the pronounced differences obtained in vacuum and ethanol for
the ∆BL values of S3 should lead to distinct absorption and
RR spectra in both environments.

3.3. UV-Vis Absorption Spectra. The absorption spectra
of the states S1 and S3 evaluated in vacuum and ethanol are
reported in Figures 3 and 4, respectively. These spectra are
calculated from eq 4 assuming a fwhm of 800 cm-1, which is
chosen in order to reproduce the experimental broadening in
ethanol. Since no experimental absorption spectrum is available
in the gas phase for R6G and even if the broadening in vacuum
might be different than that in ethanol, the same value of the
fwhm has been taken for both theoretical spectra. To allow an
easier comparison, the value of the originωe0,g0 is set so that
the theoretical and experimental absorption maxima coincide.
Furthermore, the amplitudes of the theoretical maxima are

TABLE 2: Ground- (G.S.) and Excited-State (S1, S3) Bond Lengths (BL) Calculated at the B3LYP/6-311G* Level of
Approximation in Vacuum and Ethanola

vacuum ethanol

G.S. S1 S3 G.S. S1 S3

bond BL (Å) BL (Å) ∆BL (Å) BL (Å) ∆BL (Å) BL (Å) BL (Å) ∆BL (Å) BL (Å) ∆BL (Å)

C1-C2 1.407 1.413 0.006 1.408 0.001 1.410 1.417 0.007 1.410<5.10-4

C1-C14 1.379 1.381 0.002 1.380 0.001 1.378 1.379 0.001 1.382 0.004
C2-C3 1.446 1.438 -0.008 1.435 -0.011 1.448 1.440 -0.008 1.433 -0.015
C2-N15 1.353 1.361 0.008 1.370 0.017 1.351 1.358 0.007 1.376 0.025
C3-C4 1.368 1.379 0.011 1.387 0.019 1.368 1.379 0.011 1.398 0.030
C3-C25 1.506 1.505 -0.001 1.505 -0.001 1.505 1.503 -0.002 1.502 -0.003
C4-C5 1.424 1.422 -0.002 1.415 -0.009 1.424 1.422 -0.002 1.411 -0.013
C5-C6 1.408 1.427 0.019 1.428 0.020 1.407 1.426 0.019 1.433 0.026
C5-C14 1.419 1.420 0.001 1.422 0.003 1.419 1.421 0.002 1.421 0.002
C6-C17 1.496 1.487 -0.009 1.481 -0.015 1.495 1.487 -0.008 1.481 -0.014
O13-C14 1.358 1.366 0.008 1.369 0.011 1.359 1.369 0.010 1.374 0.015
N15-C23 1.463 1.458 -0.005 1.456 -0.007 1.464 1.460 -0.004 1.455 -0.009
C17-C18 1.409 1.412 0.003 1.416 0.007 1.410 1.413 0.003 1.419 0.009
C17-C22 1.398 1.400 0.002 1.398 <5 × 10-4 1.398 1.401 0.003 1.409 0.011
C18-C19 1.400 1.401 0.001 1.405 0.005 1.401 1.402 0.001 1.400-0.001
C18-C29 1.496 1.498 0.002 1.479 -0.017 1.494 1.496 0.002 1.492 -0.002
C19-C20 1.390 1.390 <5 × 10-4 1.388 -0.002 1.390 1.390 <5 × 10-4 1.397 0.007
C20-C21 1.392 1.392 <5 × 10-4 1.396 0.004 1.393 1.393 <5 × 10-4 1.402 0.009
C21-C22 1.393 1.393 <5 × 10-4 1.396 0.003 1.393 1.393 <5 × 10-4 1.395 0.002
C23-C24 1.531 1.534 0.003 1.536 0.005 1.531 1.535 0.004 1.539 0.008
C29-O30 1.211 1.211 <5 × 10-4 1.229 0.018 1.214 1.214 <5 × 10-4 1.226 0.012
C29-O31 1.338 1.341 0.003 1.329 -0.009 1.340 1.343 0.003 1.343 0.003
O31-C32 1.456 1.454 -0.002 1.467 0.011 1.454 1.453 -0.001 1.466 0.012
C32-C33 1.512 1.513 0.001 1.511 -0.001 1.513 1.513 <5 × 10-4 1.520 0.007

a The bond length variations are defined as∆BLi ) BLi(excited state)- BLi(ground state). Due to the plane of symmetry, only the nonredundant
values are reported.

Figure 3. Absorption spectra of the S1 excited state in vacuum and
ethanol. The theoretical spectra (B3LYP/6-311G/) are obtained from
eq 4 using a fwhm set to 800 cm-1. The experimental spectrum in
ethanol has been taken from ref 56. The theoreticalωe0,g0 origin has
been shifted so that experimental and theoretical absorption maxima
coincide.
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normalized to adjust to the experimental one. A sufficient
number of Franck-Condon factors were evaluated to reproduce
the main vibronic features of the absorption spectra. The
summation of these factors leads to a value close 0.99 for the
S1 state and values of 0.93 and 0.71 for the S3 state in vacuum
and ethanol, respectively. The missing Franck-Condon factors
for S3 are mainly responsible for the background of the
absorption spectrum and therefore not essential for the descrip-
tion of the vibronic structure.

For S1 good agreement is found between the simulated spectra
and the measurement carried out in ethanol. Indeed, the
experimental vibronic shoulder close to 500 nm is reproduced
by the theory in vacuum and ethanol. Its relative intensity with
respect to the maximum, with a value around 0.30 in the
experiment, is slightly underestimated by the calculations, with
a value around 0.25 in both environments. No noticeable
differences are obtained between the theoretical spectra in
vacuum and ethanol. This similarity is in agreement with the
small geometrical differences found for the S1 state in both
environments. Therefore, for this state, it is expected that the
solvent will have a weak impact on the RR intensities. The
underestimation of the amplitude of the shoulder around 500
nm can have various origins. First, this difference can arise from
the approximations made in the theoretical method, particularly
the choice of the XC functional. For example, the effect of exact
Hartree-Fock exchange in the XC functional has been inves-
tigated in a previous paper24 for a push-pull chromophore. It
has been shown that varying the amount of exact Hartree-Fock
exchange in the XC functional can modify the vibronic structure.
However, in the case of R6G, where the donor and acceptor
groups are weakly conjugated, this effect is expected to be
smaller and the B3LYP XC functional appears sufficient. A
second hypothesis is the presence of a small concentration of
molecular dimers in the experimental solution. Indeed, it is
known33-37 that R6G is likely to form dimerssof which the
quantity is related to the concentration of monomers in the
solutionsand that excitonic coupling in these H aggregates is
responsible for a relative increase of the shoulder intensity with
respect to the main band.34 Nevertheless, the rather good
agreement obtained between the theoretical and experimental
results (Figure 3) demonstrates that the shoulder close to 500
nm in the experimental ethanol spectrum mainly originates from
the vibronic structure of the monomer. Finally, neglect of
inhomogeneous broadening in the theoretical model might also

explain some of the deviations between the calculated and the
experimental spectra in solution.

Figure 4 presents the absorption spectra of state S3. Similar
to S1, good agreement is found between theory and experiment.
A marked vibronic shoulder is obtained close to 330 nm with
a relative intensity with respect to the maximum of absorption
of about 0.45 both in the calculated and experimental spectra.
This shoulder has a stronger intensity than the shoulder of the
S1 state, which can be associated with the large∆BL values
found for S3 (Table 2). However, contrary to state S1, the
calculated spectra in vacuum and ethanol are not completely
superimposed but show noticeable differences for wavelengths
around the vibronic shoulder. In fact, accounting for the solvent
leads to a shoulder with a more pronounced shape, which can
be understood as a consequence of the larger geometrical
differences∆BL found for this state in ethanol. These differ-
ences will also be apparent in the RR spectrum, which provides
a more complete picture of the structural modifications occurring
upon excitation. Furthermore, the two theoretical spectra are in
similar agreement with experiment. Indeed, due to their
relatively small deviations and the limited resolution of the
experimental absorption spectrum, it is not possible to draw
further conclusions concerning the accuracy of the predicted
solvent effects.

Finally, the good agreement obtained between the simulated
vibronic structures and the experimental absorption spectra
validates the geometries calculated for the two excited states
S1 and S3.

3.4. Resonance Raman Spectra.The RR properties of state
S1 are now addressed. Figure 5 compares the RR spectra
obtained in vacuum and ethanol within the short-time ap-
proximation. The RR intensities have been obtained from eq 3
without normalization and represented by a Lorentzian function
with a fwhm of 20 cm-1. As suggested by the similarities in
the geometries and absorption spectra of S1, the RR spectra
display comparable intensities in vacuum and ethanol. Going
from vacuum to ethanol, the main differences consist in a
decrease of the intensity of the band around 1650 cm-1 and a
modification of the relative intensities of the bands between
1500 and 1600 cm-1. Therefore, it appears that the ethanol
solvent has a rather weak effect on the various properties
(geometry, vibronic structure, and RR spectrum) of the S1 state.

Figure 6 provides a comparison between the calculated RR
spectra and the experimental spectrum recorded in ethanol by

Figure 4. Absorption spectra of the S3 excited state in vacuum and
ethanol. The theoretical spectra (B3LYP/6-311G/) are obtained from
eq 4 using a fwhm set to 800 cm-1. The experimental spectrum in
ethanol has been taken from ref 56. The theoreticalωe0,g0 origin has
been shifted so that experimental and theoretical absorption maxima
coincide.

Figure 5. Simulated RR spectra of R6G in resonance with the S0 f
S1 transition in vacuum and ethanol (within the short-time approxima-
tion) using DFT and TDDFT methods at the B3LYP/6-311G/ level of
approximation. The RR transitions are represented by Lorentzian
functions having fwhm of 20 cm-1.
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Watanabe et al.30 The experimental RR spectrum has been
reconstructed from the relative intensities given in Table 3 of
ref 30 by applying to each transition a Lorentzian function with
a fwhm of 20 cm-1. To allow an easier comparison, the spectra
were normalized such that the intensity of the band close to
1650 cm-1 is equal to unity. The agreement between the
theoretical and experimental spectra is noticeable. With the
exception of the larger intensity of the band at 1643/1652 cm-1,
our simulated spectra are also very similar to the spectrum
obtained by Jensen and Schatz42 using a different XC functional
(BP86). The main experimental RR active bands at 611, 775,
1178, 1310, 1361, 1505, and 1649 cm-1 are reproduced by the
calculations. The main discrepancy concerns the feature/pattern
around 1577 cm-1 as well as the relative intensities of several
of the low-frequency bands. As expected from the geometrical
analysis of S1sand from the frontier orbitals dominating the
excitation processsthe modes presenting an enhancement in the
RR spectrum mostly display motions localized on the xanthene
ring as well as on the two ethylamino groups. The relative
intensities of the bands in the calculated spectra show a
qualitative agreement with experiment. The effect of the solvent
improves the relative intensity of the bands at 1652 and 1356
cm-1 in ethanol, whereas it leads to an overestimation of the
intensities at 1513 and 1552 cm-1. On the contrary, the
intensities of the bands at 614, 770, and 1180 cm-1 are
underestimated. As a consequence, according to our calculations
the discrepancies observed between the theoretical and experi-
mental spectrum in ethanol cannot be attributed to solvation
effects.

An assignment of the experimental bands is proposed in Table
3 in addition to the theoretical frequencies and the relative RR
intensities calculated from eq 3. Our vibrational mode assign-
ment is based on (i) the comparison between the modes and
frequencies of Watanabe et al. (Figure 4 of ref 30) and ours,
which we do not reproduce here because they are mostly
identical, and (ii) the RR intensities that we calculated. Our
assignment is mostly in agreement with the one proposed by
Watanabe et al.30 from comparing off-resonance, resonance, and
surface-enhanced-resonance Raman scattering measurements
with calculated frequencies at the B3LYP/6-311++G(d,p) level
of approximation. Indeed, the experimental bands at 611, 775,
1178, 1361, 1505, and 1649 cm-1 are assigned to the same
vibrational modes dominating the RR spectra (see Table 3).

However, for the experimental bands at 775, 1178, and 1361
cm-1, the calculations predict additional vibrations with non-
negligible relative intensities at 759, 1194, and 1363 cm-1,
respectively. These modes give a noticeable contribution to the
simulated RR peaks and may also be assigned to the experi-
mental bands. Our assignment differs from the one of ref 30
for the two bands at 1310 and 1577 cm-1. The band with a
maximum at 1296 cm-1 in the simulated spectrum is obtained
from the superposition of three transitions at 1295, 1301, and
1310 cm-1 having relative intensities of 0.309, 0.026, and 0.119,
respectively. Therefore, our calculations suggest that the
experimental band at 1310 cm-1 can mainly be assigned to the
vibration at 1295 cm-1 with a secondary intensity arising from
the vibration at 1310 cm-1. Nevertheless, the discrepancy found
between the maxima of the theoretical and experimental bands
(14 cm-1) may also suggest that the relative intensity of the
modes at 1295 and 1310 cm-1 is inaccurately predicted by the
simulation. The second difference in the assignment concerns
the band at 1577 cm-1, which was assigned by Watanabe et
al.30 to distortions of the phenyl ring (ω ) 1576 cm-1) and
then later by Jensen and Schatz42 to in-plane xanthene ring
stretching and N-H bending. Our calculations rather assign this
band to two modes involving motions located on the xanthene
and ethylamino groups with frequencies at 1551 and 1565 cm-1.

In ref 42 it has been proposed that the bands at 611 and 775
cm-1 may gain some intensity enhancement by a vibronic
coupling mechanism. Indeed, in the experiment realized by
Watanabe et al.30 the RR spectrum has been recorded for an
excitation wavelength close to the vibronic shoulder. Knowing
that the relative RR intensities can be strongly affected by the
position of the excitation wavelength with respect to the
absorption maximum, a specific value close to the vibronic
shoulder could possibly modify the intensities of the two bands
at 611 and 775 cm-1. In order to investigate the effect of varying
the excitation wavelength, the RR spectrum of R6G in resonance
with the S0 f S1 transition was simulated for three different
wavelengths corresponding to excitations in the maximum (530
nm), the vibronic shoulder (496 nm), and the post-resonance
domain (457 nm), as deduced from Figure 3. These excitation
wavelengths were used in the SERR spectra measured by
Hildebrandt and Stockburger.25 Figure 7 presents the calculated

Figure 6. Comparison between theoretical (within the short-time
approximation) and experimental RR spectra of R6G in resonance with
the S0 f S1 transition. The experimental spectrum in ethanol is
constructed from the relative intensities reported in Table 3 of ref 30.
The RR transitions are represented by Lorentzian functions having
fwhm of 20 cm-1 and are normalized so that the intensity of the band
around 1650 cm-1 is equal to unity.

TABLE 3: Assignment of Selected Vibrational Bands of
R6G in Ethanol to One or More Vibrational Normal Modes
Determined Using the B3LYP/6-311G*/IEFPCM Approacha

experiment theory

frequencies (cm-1) frequencies (cm-1) relative intensities

611 614b 0.223
775 759 0.068

771b 0.189
1178 1179b 0.203

1194 0.128
1310 1295 0.309

1301 0.026
1310b 0.119

1361 1354b 0.555
1363 0.270

1505 1513b 0.725
1577 1551 0.465

1565 0.373
1576b 0.053

1649 1652b 1.000

a The relative RR intensities are calculated using the short-time
approximation (eq 3). The experimental frequencies are taken from the
RR scattering measurements performed in ref 30. The theoretical
frequencies (cm-1) have been scaled by a factor of 0.98.b These modes
correspond to the assignment made in ref 30.
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spectra in ethanol evaluated from eq 1. The same values ofωe0,g0

and fwhm were used as for simulating the UV-vis absorption
spectrum. Similar to Figure 6, the spectra were normalized so
that the intensity of the band close to 1650 cm-1 is equal to
unity. The spectrum obtained at 457 nm is very close to the
spectrum calculated within the short-time approximation. This
is due to the fact that the excitation is far from the maximum,
therefore reducing the impact of the vibronic structure. For an
excitation in the vibronic shoulder (496 nm), the effect of the
vibronic structure remains small. The bands at 1180, 1296, and
1356 cm-1 gain some relative intensity, which slightly improves
the agreement with the experimental spectrum reported in Figure
6. Nevertheless, the bands at 614 and 770 cm-1 are still found
with a too weak intensity. For an excitation in the maximum of
absorption (530 nm) the bands at 1180, 1296, and 1356 cm-1

gain some additional intensity, but the most noticeable enhance-
ment is obtained for the bands at 614 and 770 cm-1, showing
the importance of vibronic coupling. If one compares our spectra
with the SERR measurements given in Figure 11 of ref 25, it
can be seen that the evolution of the relative intensities as a
function of the wavelength is qualitatively reproduced by the
calculations, though the effect of the surface is not taken into
account in our simulations. Indeed, the band at 770 cm-1 is
strongly enhanced for an excitation in the maximum, both in
experiment and theory. Furthermore, inversion of the relative
intensity of the bands at 1356 and 1652 cm-1 obtained in the
simulations, when going from an excitation at 457 nm to an
excitation at 530 nm, is in qualitative agreement with what is
measured in the SERR of ref 25. When going from an excitation
wavelength of 457 to 530 nm, the simulated relative intensities
of the bands at 770 and 1356 cm-1 increase from 0.14 and 0.75
to 0.94 and 1.12, respectively. The simulated spectra at 457
and 530 nm are in good agreement with the SERR spectra. For
an excitation in the absorption shoulder, the main disagreement
concerns the band at 770 cm-1, but several studies25,26,28have
shown that the experimental SERR intensities of the bands
around 611 and 775 cm-1 present large fluctuations, which can
be explained by interactions with the surface. This is also in
agreement with the SERR measurements performed at compa-
rable excitation wavelengths.27,29 A similar difference with
experiment is noticed for the bands around 611 and 775 cm-1

when comparing to the RR spectrum of Watanabe et al.30

recorded for an excitation at 488 nm. Additional simulations

performed for an intermediate excitation, but not reported here,
gradually recover the exaltation of the low-frequency band
intensities. This demonstrates that the enhancement of these
bands arises from vibronic coupling and that the approximations
made in our simulation predict their appearance at larger
wavelengths, i.e., at wavelengths closer to the absorption
maximum.

The RR properties of the S3 state are now considered. Similar
to Figure 5, Figure 8 presents the RR spectra in vacuum and
ethanol calculated from the short-time approximation expression
(eq 3). Contrary to state S1, the solvent has a large effect on
the RR intensities. The intensities of the bands at 1296, 1356,
1513, and 1652 cm-1 significantly increase in ethanol and are
in agreement with the larger∆BL values found for this state in
ethanol (Table 2). Additionally, the bands at 854 and 1730 cm-1

lose most of their intensities when considering ethanol as
solvent. These bands correspond to the normal modes 73 and
155. As can be seen from Figure 9, they are characterized by
vibrational motions localized on the ethoxy carbonyl group.
Therefore, the strong sensibility of the RR intensities to the
solvent can be related to the structural modifications occurring
on the ethoxy carbonyl group upon excitation. From Table 2, it
appears that the main differences of∆BL values between
vacuum and ethanol are obtained for the C18-C29 bond and
to some extent for the C29-O30 and C29-O31 bonds. All these
bonds show a decrease of their absolute∆BL value when
passing from vacuum to ethanol, which explains why modes
73 and 155 lose most of their intensities in ethanol, in agreement
with the change of singly excited configuration contributions.

Figure 7. Simulated RR spectra of R6G in resonance with the S0 f
S1 transition in ethanol (calculated from eq 1) for three different
excitation wavelengths using DFT and TDDFT methods at the B3LYP/
6-311G/ level of approximation. The RR transitions are represented
by Lorentzian functions having fwhm of 20 cm-1 and normalized so
that the intensity of the band at 1652 cm-1 is equal to unity. The
theoreticalωe0,g0 origin has been shifted so that experimental and
theoretical absorption maxima coincide.

Figure 8. Simulated RR spectra of R6G in resonance with the S0 f
S3 transition in vacuum and ethanol (within the short-time approxima-
tion) using DFT and TDDFT methods at the B3LYP/6-311G/ level of
approximation. The RR transitions are represented by Lorentzian
functions having fwhm of 20 cm-1.

Figure 9. Pictorial representation of the normal modes 73 and 155
(B3LYP/6-311G/).
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The spectra presented for the S3 state are clearly different than
those of the S1 state and show a strong solvent effect.
Unfortunately, to our knowledge, no experimental RR measure-
ments were performed for an excitation wavelength in resonance
with this state, and therefore, no comparison to experimental
results is presented.

Figure 10 presents the RR spectra of R6G in resonance with
the S0 f S3 transition in ethanol simulated for three different
wavelengths corresponding to an excitation in the maximum
of absorption (348 nm), the vibronic shoulder (333 nm), and
the postresonant domain (320 nm). The RR spectrum of R6G
in resonance with S3 displays a weak dependence with respect
to the excitation frequency. Indeed, the relative intensities of
the bands at 1652 and 1513 cm-1 are almost not modified. The
main effect is found for the bands at 1296 and 1356 cm-1, which
show a small reduction of their relative intensities for an
excitation in the vibronic shoulder (333 nm). Moreover, the three
spectra are rather similar to the one obtained within the short-
time approximation (Figure 8), which confirms that the fre-
quency dependence of the RR intensities is small for this state.
The weak effect of the excitation wavelength arises from the
fact that only few modes are RR active for S3 and that they are
all located in a limited frequency region (1250-1700 cm-1).
Therefore, they have comparable excitation profiles and their
relative intensities are only slightly modified for excitations
scanning the absorption spectrum.

4. Conclusions

The geometries, UV-vis absorption spectra, and RR intensi-
ties have been determined for the S1 and S3 excited states of
R6G in vacuum and ethanol by means of DFT/TDDFT
methodologies with the aim of better understanding the struc-
tures and properties of the excited states. The RR spectra have
been simulated from the vibronic theory of RR scattering as
well as within the short-time approximation, while the solvent
effects have been modeled using the polarizable continuum
model.

The S1 and S3 states of R6G present UV-vis absorption bands
with similar vibronic structure, i.e., a shoulder at smaller
wavelengths, although this shoulder is relatively more intense
and more sensitive to the solvent in the case of S3. These
differences are corroborated by the larger geometry relaxations

upon excitation for S3 and the fact that the charge transfer of
S3 is reduced in ethanol. Moreover, the differences between S1

and S3 are magnified when considering the RR spectra. On one
hand, the RR spectrum of R6G in resonance with the S0 f S1

transitionsin the 500-1800 cm-1 windowspresents many
transitions of which the relative intensities strongly vary when
the excitation wavelength gets closer to the maximum of
absorption. The RR spectrum of R6G in resonance with S1 is
however little influenced by the solvent. On the other hand,
the RR spectrum of R6G in resonance with the S0 f S3

transition displays only a few bands, strongly depends on the
solvent, and is little affected when changing the excitation
wavelength within the limits of the absorption band. As a
consequence, the short-time approximation is suitable to repro-
duce the RR spectrum of R6G in resonance with S3 for a broad
range of excitation wavelengths, whereas the vibronic theory
approach is needed for describing the RR spectrum of R6G in
resonance with S1 close to resonance.

The simulated UV-vis absorption (S1 and S3) and RR (S1)
spectra are globally in good agreement with experiment and
substantiate the theoretical investigations by Watanabe et al.30

and Jensen and Schatz.42 In particular, the vibronic theory
calculations confirm the assumption made in ref 42 about the
vibronic coupling origin of the large intensity bands at 614 and
770 cm-1. Though the surface is not modeled in our simulations,
our calculations also reproduce most of the features observed
in surface-enhanced measurements carried out as a function of
the wavelength. Limitations of our calculations can be attributed
to the quality of the XC functional, the lack of anharmonicity
corrections, the approximate treatment of the solvent, and the
absence of surface.
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