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ABSTRACT: Experimentally measured resonance hyper-
Raman (RHR) spectra spanning the S; <= Sq, S, < So, and
S; < S, transitions in rhodamine 6G (R6G) have been
recorded. These spectra are compared to the results of first-
principles calculations of the RHR intensity that include
both Franck—Condon (A-term) and non-Condon (B-term)
scattering effects. Good agreement between the experimen-
tal and theoretical results is observed, demonstrating that
first-principles calculations of hyper-Raman intensities are
now possible for large molecules such as R6G. Such agree-
ment indicates that RHR spectroscopy will now be a routine
aid for probing multiphoton processes. This work further
shows that optimization of molecular properties to enhance
either A- or B-term scattering might yield molecules with
significantly enhanced two-photon properties.

There is significant interest in utilizing multiphoton processes
for applications in all-oPtical switching, energy-up conver-
sion, and biological imaging.' ~* For example, two-photon transi-
tions can be used in optical-power-limiting materials, photo-
dynamic therapy, optical data storage, two-photon fluorescence
microscopy, and two-photon photopolymerization for three-
dimensional lithographic microfabrication.”~” Two-photon tech-
niques also provide a method to probe “dark” electronic states,
i.e, those that are either forbidden or only weakly allowed via
one-photon excitation.®

Hyper-Raman scattering” is a type of nonlinear light scattering
in which a photon at @ = 2wy — w, is incoherently scattered,
where @y is the laser frequency and w, is a vibrational frequency
characteristic of the material. Resonance hyper-Raman (RHR)
scattering provides detailed information about the geometry of
two-photon-accessible excited states. For weakly allowed one- or
two-photon transitions, RHR scattering provides additional
information about non-Condon effects, i.e., the nuclear depen-
dence of the one- or two-photon transition moments. The
framework provided by the vibronic theory of RHR scattering®
interprets the observed scattering intensities in terms of vibronic
coupling terms, Franck—Condon factors, and one- and two-
photon dipole moments and their nuclear dependence. This rich
set of information, however, is not easily interpreted because of
the complex interplay of the various excited states and their

topology.
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In this communication, we report a detailed comparison of
experimentally measured and theoretically calculated RHR in-
tensities spanning the S; <— Sq, S, <= S, and S5 <— S, transitions
in rhodamine 6G (R6G). This comparison has allowed us to
identify and quantify the various contributions to the RHR
intensities and demonstrates that reliable calculations of RHR
spectra including both Franck—Condon and non-Condon ef-
fects are now possible for large molecules such as R6G. Further-
more, we have found that the hyper-Raman scattering of R6G is
dominated by non-Condon effects and that interference between
the two lowest electronic states plays an essential role, even
though they are separated by more than 100 nm (~0.4 eV).

RHR and surface-enhanced hyper-Raman scattering
(SEHRS)"' ' spectra were recorded for excitation wavelengths
spanning the two-photon absorption spectrum of R6G. For
some of the wavelengths in this region, the large two-photon
fluorescence of R6G hinders the collection of RHR spectra. The
fluorescence quenching provided by Ag nanoparticles, however,
removes this limitation. The concentration of R6G was 10" M
for the SEHRS studies and 10 > M for the aqueous-solution-
phase RHR measurements. The laser bandwidth was narrowed in
comparison to our previous studies® by increasing the pulse
length to ~6 ps.

Figure 1 displays the RHR (Figure la) and SEHRS spectra
(Figure 1b) of R6G at A = 825 nm. While there are minor
differences between the RHR and SEHRS spectra, the good
agreement suggests that surface effects are a minor perturbation
on the spectra. Figure 1 also compares the experimental spectra
with first-principles simulations using a time-dependent formal-
ism for describing the RHR scattering. The molecular properties
needed for simulating the hyper-Raman scattering were obtained
using time-dependent density functional theory (TDDFT) at the
B3LYP/6-311G* level. Details of the simulations are provided in
the Supporting Information (SI). Our simulations included the
three lowest excited states (S}, S, and S3) and explored Franck—
Condon (A-term) and non-Condon (B-term) scattering effects.

Good agreement between theory and experiment was obtained
when both A- and B-term scattering was included (Figure la—c).
The spectrum calculated using only Franck—Condon effects
(Figure 1d) did not agree with experiment. A further comparison
of the experimental and theoretical spectra for wavelengths
spanning the S;, S,, and S; transitions is displayed in Figure 2.
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Figure 1. Comparison of experimentally measured and theoretically
calculated RHR spectra of R6G at A = 825 nm. (a) RHR spectrum of
10~* M R6G in water. (b) SEHRS spectrum of R6G on aggregated silver
colloids. (c) TDDFT calculation of the RHR spectrum including
both Franck—Condon (A-term) and non-Condon (B-term) scattering.
(d) Spectrum calculated including only A-term scattering. The spectra
were measured and calculated on resonance with the two-photon
S, < S, transition.
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Figure 2. Comparison of (top) experimentally measured and (bottom)
theoretically calculated hyper-Raman spectra of R6G for excitation
wavelengths between 750 and 1050 nm.

To the best of our knowledge, this represents the first first-
principles calculation of RHR intensities that includes non-
Condon effects for a molecule as large as R6G.

We now interpret these effects with reference to the one- and
two-photon absorption spectrum of R6G shown in Figure 3. In a
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Figure 3. Comparison of the experimentally measured one-photon
(blue) and two-photon (black; ref 15) absorption spectra of R6G. The
ratio of the 1535 and 1189 cm™ ' peaks (x ) is reproduced from ref 8.
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Figure 4. Non-Condon effects in R6G. The hyper-Raman scattering
resonant with the S; state is dominated by B, scattering, where the non-
Condon effects arise from the nuclear dependence of the two-photon
transition moment. For the S, state, the hyper-Raman scattering is
dominated by By scattering, where the non-Condon effects arise from
the one-photon transition moment. Depicted for each electronic state
are the normal mode of the 1535 cm ™" vibration and the corresponding
one- and two-photon transition moments.

previous study,” we found that the dominant 1535 cm™ ' band is
correlated with the S, <= S, transition. The S, < S, transition
is two-photon-allowed, but only weakly one-photon-allowed;
therefore, the non-Condon effects arise from the nuclear depen-
dence of the transition dipole moment (the B, term). In contrast,
the S; < S, transition is strongly one-photon-allowed but only
weakly two-photon-allowed; therefore, on resonance with S, the
non-Condon effects arise from the nuclear dependence of the
two-photon transition moments (the B, term). Figure 4 com-
pares the B, and B, terms for the two states and displays the
normal mode associated with the strongest vibrational band
(1535 cm™ ') observed on resonance with S,. From these data,
we must conclude that the hyper-Raman spectrum of R6G is
characterized by significant non-Condon effects for both the S;
and S, states.
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Non-Condon scattering is typically weak because either the
two-photon or one-photon electronic transition is forbidden (or
nearly so). Our simulations show, however, that R6G has a large
differential hyper-Raman cross section of 7.6 x 10~ °* cm®* s
photon71 st ' onresonance with the S, state. At this wavelength,
the contribution from the B term is ~300 times stronger than the
contribution from the A term. For comparison, the hyper-Raman
differential cross section of p-nitroaniline (PNA), a prototypical
push—pull molecule with a significant hyperpolarizability, is only
4.1 x 10 >* cm* s photon " st~ ' on resonance with a state that is
both one- and two-photon-allowed. This suggests that further
optimization of the molecular properties to enhance either A- or
B-term scattering could yield molecules with significantly larger
hyper-Raman cross sections.

In resonance Raman scattering, it is well-known that inter-
ference effects in the spectrum may arise when multiple excited
states contribute to the scattering process. This typically requires
spectral overlap between the excited states, as the Franck—
Condon scattering intensity falls off rapidly with detuning from
resonance. This is not the case, however, for B-term scattering,
and our calculations showed significant interference between the
two lowest excited states in the RHR spectra even though they
are separated by more than 100 nm. On resonance with S,, we
found that the constructive interference between the S, and S;
states amounts to roughly 34% the intensity while the contribu-
tions from only S, or S; contribute 53 and 13%, respectively.
While the interference is constructive when resonant with S,, we
found it to be destructive when resonant with S;.

The interference is caused by a combination of the detuning
from resonance and the relative orientations of the one- and two-
photon transition moments and their derivatives on the two
excited states. The interference from the detuning was found to
cause constructive interference at S; and destructive interference
at S, (see the SI). For the S, state, we found that the two-photon
transition moment (S,() and the nuclear dependence of the one-
photon transition moment (di,0/dQ) are almost antiparallel.
However, for the S, state, the one-photon transition moment
(t10) and the nuclear dependence of the two-photon transition
moment (dS,;o/dQ) are parallel. This leads to a change in the sign
of the interference. Thus, the observed interference is a result of
the combined effect of the interference from detuning and the
sign arising from the transition moments.

This work has demonstrated that the complex interplay of
electronic excited states encountered in RHR scattering is now
accessible using first-principles theory for large molecules such as
R6G. This agreement was achieved only after the inclusion of
non-Condon terms in the calculations, which yields important
insights into the two-photon properties of the molecular chro-
mophore. Furthermore, this work suggests that non-Condon
terms and interference effects are more important in determining
two-photon properties than previously expected. Future studies
utilizing RHR and SEHRS will elucidate the complex interplay of
electronic excited states encountered in multiphoton processes
such as all-optical switching, energy up-conversion, and biologi-
cal imaging.
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