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Vibronic coupling within the excited electronic manifold of the solute all-trans-β-carotene through
the vibrational motions of the solvent cyclohexane is shown to manifest as the “molecular near-
field effect,” in which the solvent hyper-Raman bands are subject to marked intensity enhance-
ments under the presence of all-trans-β-carotene. The resonance hyper-Raman excitation profiles
of the enhanced solvent bands exhibit similar peaks to those of the solute bands in the wavenum-
ber region of 21 700–25 000 cm−1 (10 850–12 500 cm−1 in the hyper-Raman exciting wavenum-
ber), where the solute all-trans-β-carotene shows a strong absorption assigned to the 1Ag → 1Bu

transition. This fact indicates that the solvent hyper-Raman bands gain their intensities through
resonances with the electronic states of the solute. The observed excitation profiles are quan-
titatively analyzed and are successfully accounted for by an extended vibronic theory of reso-
nance hyper-Raman scattering that incorporates the vibronic coupling within the excited electronic
manifold of all-trans-β-carotene through the vibrational motions of cyclohexane. It is shown that
the major resonance arises from the B-term (vibronic) coupling between the first excited vibra-
tional level (v = 1) of the 1Bu state and the ground vibrational level (v = 0) of a nearby Ag

state through ungerade vibrational modes of both the solute and the solvent molecules. The in-
version symmetry of the solute all-trans-β-carotene is preserved, suggesting the weak perturba-
tive nature of the solute–solvent interaction in the molecular near-field effect. The present study
introduces a new concept, “intermolecular vibronic coupling,” which may provide an experimen-
tally accessible/theoretically tractable model for understanding weak solute–solvent interactions in
liquid. © 2011 American Institute of Physics. [doi:10.1063/1.3512923]

I. INTRODUCTION

Knowledge on solvent–solute interactions is essential for
thorough understanding of chemical reactions in solution.
Solvent molecules play various roles, such as being a reac-
tion medium, giving/receiving energy as heat bath, promoting
a reaction by stabilizing the intermediates, and triggering a
reaction through the electrostatic interaction.1–4 A single term
“solvent effect” implicitly means a variety of perturbations
imposed on a solute by surrounding solvent molecules. Un-
veiling the physical origin of the solvent effect at the molecu-
lar level is one of the major subjects of contemporary physical
chemistry that still remain to be challenged. In order to under-
stand the roles of solvents in the molecular language, we need
a new method to selectively detect the solvent molecules in
the vicinity of the solute and to discriminate them from those
in the bulk.

a)Author to whom correspondence should be addressed. Electronic mail:
hhama@chem.s.u-tokyo.ac.jp.

Recently, we found a new phenomenon in resonance
hyper-Raman (HR) scattering in solution, in which HR sig-
nal from the solvent was enhanced by more than five orders
of magnitude.5, 6 HR spectra of all-trans-β-carotene in var-
ious solutions showed solvent dependent extra bands along
with the bands assigned to all-trans-β-carotene itself. The
peak positions of the additional bands accorded well with
those of the strong infrared absorption bands of the solvents,
although neat solvents did not exhibit any HR bands. An
experiment with a deuteriated solvent showed expected deu-
teriation shifts of the extra HR bands. From these observa-
tions, we concluded that the extra HR bands originated from
the solvents and that their intensities were enhanced by more
than 5 orders of magnitude by the existence of all-trans-β-
carotene, through a novel molecular phenomenon. We called
this new phenomenon the “molecular near-field effect” in res-
onance HR scattering.5 We developed an extended vibronic
theory, which incorporated intermolecular coupling between
the excited electronic states of all-trans-β-carotene, the so-
lute, and the vibrations of the nearby solvent molecule to ac-
count for the observed enhancement.6 We believe that this

0021-9606/2011/134(3)/034516/9/$30.00 © 2011 American Institute of Physics134, 034516-1
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new phenomenon has a potential to provide a new spectro-
scopic tool that enables us to selectively, and directly, observe
the solvent molecules existing in the close vicinity of the so-
lute.

The purpose of the present paper is to elucidate, further,
the mechanism of the solvent–solute interaction that facil-
itates the intensity enhancement of the solvent HR bands.
In order to clarify the role of the solute electronic states
in the enhanced solvent HR process, the excitation profiles
of HR intensities of both the solute and the solvent are in-
vestigated. It is well known that the excitation profiles re-
flect sharply the resonance mechanism of HR scattering;
they provide information on the locations and the symme-
try of the resonant electronic states.7–10 In the present study,
the observed resonance HR excitation profiles of the sol-
vent bands are compared with those of the solute. They are
then quantitatively analyzed on the basis of our extended
vibronic theory. The coupling mechanism and the assign-
ments of the relevant electronic states are discussed. De-
tailed description of the molecular near-field effect, such
as observed selection rules, solute dependence, and en-
hancement factors, has already been given in our previous
paper.6

II. THEORY

The vibronic theory of resonance hyper-Raman scatter-
ing has been presented by a number of authors and is well
established.11–15 In order to account for the molecular near-
field effect, we have extended the vibronic theory by explicitly
introducing the solute–solvent interaction term in the form of
intermolecular vibronic coupling.6 The theory is briefly re-
viewed in the following.

The intensity of hyper-Raman transition from the ini-
tial state |i〉 to the final state | f 〉 is proportional to the
square of the first hyperpolarizability (βλμν)if. An element
of the first hyperpolarizability tensor βλμν of a molecule
with an excitation angular frequency ω0 is expressed as
follows12, 15, 16:

(βλμν)i f ≡
∑

n

∑
m

[
〈 f | Rλ |n〉 〈n| Rμ |m〉 〈m| Rν |i〉(
εm − εi − ¯ω0

) (
εn − εi − 2¯ω0

)
+ 〈 f | Rν |n〉 〈n| Rλ |m〉 〈m| Rμ |i〉(

εm − εi − ¯ω0
)

(εn − ε f + ¯ω0)

+ 〈 f | Rμ |n〉 〈n| Rν |m〉 〈m| Rλ |i〉
(εn − ε f + ¯ω0)(εm − ε f + 2¯ω0)

]
, (1)

where εm , εn , εi , and ε f represent the energies of the
first and the second intermediate states |m〉, |n〉 and those
of the initial |i〉 and final | f 〉 states, respectively. Here,
λ, μ, and ν refer to the polarization directions of the in-
cident and scattered radiation fields in the molecular fixed
frame.

When twice the energy of the incident photon is close
to the transition energy of a molecular eigenstate, i.e., under

a two-photon resonant condition, the contribution from the
first term dominates in Eq. (1) and the latter two terms can be
neglected.16 Equation (1) then is rewritten as

(βλμν)i f =
∑

m

〈 f | Rλ |n〉 〈n| Rμ |m〉 〈m| Rν |i〉(
εm − εi − ¯ω0

) (
εn − εi − 2¯ω0 − i�ni

) .

(2)

Here, �ni is the damping constant. Under the Born–
Oppenheimer approximation, the molecular eigenstates are
expressed as products of pure electronic and pure vibrational
eigenkets:

|i〉 = |g]|i), | f 〉 = |g]| f ),
(3)

|m〉 = |m]|u), and |n〉 = |n]|v).

Only the hyper-Raman transition between the vibra-
tional substates |i) and | f ) of the ground electronic state
|g] is considered. | ] and |) denote ket vectors in the
pure electronic and pure vibrational spaces, respectively.17

The adiabatic electronic kets are, further, expanded by the
Herzberg–Teller expansion. Here, additional terms, which
express the dependence of electronic kets on nuclear
coordinates of nearby solvent molecule, are introduced
to explicitly incorporate solute–solvent interactions. The
Herzberg–Teller expansion for an arbitrary state |s] is given
as

|s] = |s0] +
∑

a

∑
e �=s

|e0]
ha

es(
ε0

s − ε0
e

) Qsolute
a

+
∑

α

∑
e �=s

|e0]
hα

es(
ε0

s − ε0
e

) Qsolvent
α + · · · , (4)

where

ha
es = [e0|

(
∂ Hev

∂ Qsolute
a

)
0

|s0] and

hα
es = [e0|

(
∂ Hev

∂ Qsolvent
α

)
0

|s0].

|e0] and |s0] are the electronic eigenkets with energies ε0
e

and ε0
s , respectively, under the crude adiabatic approxima-

tion where all the nuclear coordinates are fixed to the equi-
librium positions. Here, Hev is the Hamiltonian correspond-
ing to the vibronic interaction energy, and Qsolute

a and Qsolvent
α

represent the normal coordinates of the solute and the prox-
imate solvent molecule, respectively. The second term in
Eq. (4) corresponds to the ordinary intramolecular vibronic
coupling, whereas the third term the intermolecular vibronic
coupling.

Substituting Eqs. (3) and (4) into Eq. (2) gives the hy-
perpolarizability expressed under the vibronic expansion. Re-
arranging terms in orders of their dependence on the nuclear
coordinates and neglecting the second and higher-order terms,
we obtain the following terms6:
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(βλμν)i f = A + B1 + B ′
1 + B2 + B ′

2

A =
∑
mu,v

F(ω0)(Mλ)gn(Mμ)nm(Mν)mg( f |v)(v|u)(u|i),

B1 =
∑
mu,v

∑
a

∑
e �=n

F (ω0)

{
(Mλ)ge ha

en

(
Mμ

)
nm (Mν)mg

(
f | Qsolute

a

∣∣ v
)

(v| u) (u| i)

ε0
n − ε0

e

+ (Mλ)gn ha
ne

(
Mμ

)
em (Mν)mg

( f | v)
(

v| Qsolute
a

∣∣ u
)

(u| i)

ε0
e − ε0

n

}

B ′
1 =

∑
mu,v

∑
α

∑
e �=n

F (ω0)

{
(Mλ)ge hα

en

(
Mμ

)
nm (Mν)mg

(
f | Qsolvent

α

∣∣ v
)

(v| u) (u| i)

ε0
n − ε0

e

(5)

+ (Mλ)gn hα
ne

(
Mμ

)
em (Mν)mg

( f | v)
(

v| Qsolvent
α

∣∣ u
)

(u| i)

ε0
e − ε0

n

}
,

B2 =
∑
mu,v

∑
a

∑
e �=m

F (ω0)

{
(Mλ)gn

(
Mμ

)
ne ha

em (Mν)mg
( f | v)

(
v| Qsolute

a

∣∣ u
)

(u| i)

ε0
m − ε0

e

+ (Mλ)gn

(
Mμ

)
nm ha

me (Mν)eg
( f | v) (v| u)

(
u| Qsolute

a

∣∣ i
)

ε0
e − ε0

m

}
,

B ′
2 =

∑
mu,v

∑
α

∑
e �=m

F (ω0)

{
(Mλ)gn

(
Mμ

)
ne hα

em (Mν)mg
( f | v)

(
v| Qsolvent

α

∣∣ u
)

(u| i)

ε0
m − ε0

e

+ (Mλ)gn

(
Mμ

)
nm hα

me (Mν)eg
( f | v) (v| u)

(
u| Qsolvent

α

∣∣ i)

ε0
e − ε0

m

}
,

where

F(ω0) = {(εmu − εgi − ¯ω0)(εnv − εgi − 2¯ω0 − i�nv,gi)}−1

and

(Mλ)nm = [n0|Rλ|m0].

A Herzberg–Teller expansion of the ground state is not
considered in the present derivation. The A-term is the zeroth-
order term, which gives the HR transition under the Condon
approximation. The B-terms (B1, B ′

1, B2, and B ′
2) contain the

first-order Herzberg–Teller coupling in the intermediate states
and they correspond to Albrecht’s B-term in linear resonance
Raman scattering.18 Subscripts 1 and 2 denote the vibronic
coupling in the electronic state n and m, respectively, and the
prime symbol (′) denotes the vibronic transition induced by
the solvent normal coordinates.

The A-term is the leading term when a resonant elec-
tronic state n is simultaneously one- and two-photon allowed.
On the other hand, the A-term vanishes for molecules possess-
ing an inversion symmetry such as all-trans-β-carotene. The
B-terms become major sources of the hyper-Raman intensi-
ties for such molecules. Each term in the B-terms can be de-
composed into a product of one-photon and two-photon elec-
tronic transition moments and a vibronic coupling term that
connects them. Therefore, both one- and two-photon allowed
electronic states may equally contribute to the resonance en-

hancement. The B′-terms may give rise to solvent HR bands
through the intermolecular vibronic coupling, hα Qsolvent

α , in
the same manner as the ordinary intramolecular vibronic cou-
pling; ha Qsolute

a , give rise to the solute resonance HR bands.
Absolute magnitude of the intermolecular coupling constant,
hα , may be determined by the relative configuration of the
solute and solvent molecules, the solvent vibrational modes
and symmetries, etc. Though quantitative discussion of those
factors is out of scope of this article, we can expect a reso-
nance enhancement of the solvent modes by virtue of the so-
lute excited electronic states. Measurements of the excitation
profiles of the enhanced solvent bands will be a crucial test
for the validity of our theory.

Note that the B1- and B′
1-terms differ only by the origin

of the normal coordinates, whether it is from the solute or the
solvent. The electronic states are solely from the solutes, and
the electronic transition moments and the resonant denomina-
tor have exactly the same expressions in both terms. Thus, no-
tations on the normal coordinates indicating their origin will
be omitted hereafter and general expression Qa for the com-
bined space of solute and solvent normal coordinates will be
used in the following sections in order to avoid redundancy.

III. EXPERIMENTAL

Sample: All-trans-β-carotene and high-performance liq-
uid chromatography grade cyclohexane were purchased from
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Wako Chemical Corp. and used as received. The sample solu-
tion was prepared under deep red light in order to prevent the
sample from undergoing photoisomerization. The concentra-
tion of the solution was 1 mM.

Apparatus: A wavelength tunable picosecond mode-
locked Ti:sapphire oscillator (Spectra Physics, Tsunami) was
used as the light source. The center wavelength of the out-
put can be selected from 720 to 920 nm. The repetition rate
and the typical pulse duration were 82 MHz and 3–4 ps, re-
spectively. The output of the oscillator was attenuated by a
neutral density filter and focused into a sample solution con-
tained in a quartz fluorescence cuvette by a microscopic ob-
jective (x20; NA, 0.4). The scattered HR signal was collected
in the back scattering geometry with the same objective and
separated from the incident light by glass filters to be intro-
duced into a polychromator (Horiba Jobin Yvon, iHR-320).
Finally, the HR spectra were recorded on a liquid nitrogen
cooled charge coupled device camera (Roper Scientific, Spec-
10 2KB-EV/LN). Due to the nonlinearity of the HR process,
the intensity of the HR scattering depends not only on the av-
erage power, but also on the pulse duration of the incident
pulses. For the correction of any fluctuations of pulse char-
acteristics during exposure, a fraction of the incident beam
was separated and introduced into a β-barium borate crys-
tal for second harmonic generation (SHG) and the intensity
of SHG was simultaneously monitored during HR measure-
ments. Wavelength dependence of the instrumental sensitivity
was corrected.

Excitation profile measurement: The excitation wave-
length was tuned from 800 to 920 nm (12 500 to 10 800 cm−1)
with 10 nm steps, and HR spectra of solution and neat solvent
were measured at each wavelength. The pulse energy at the
sample point was 0.6 nJ for the solution sample and 2.4 nJ
for the neat solvent. The spectral distortion due to the self-
absorption in the sample solution was corrected by assum-
ing the Lambert–Beer’s law and the Lorentzian shape depth
profile19 of the incident laser intensity. The correction proce-
dure is as follows. A series of HR spectra were measured at
different penetration depth of the focal spot in the sample so-
lution. The observed HR intensity I (λ, x) at each wavelength
λ was plotted against the sample position x whose axis is
along the optical axis. The obtained profiles were curve fitted
by the equation below, which is a convolution of the squared
laser intensity depth profile L(x)2 with an exponential func-
tion E(λ, x):

I (λ, x) =
∫

E (λ, x − t) L (t)2dt, (6)

where

E (λ, x) =
{

I0 (λ) exp [−ε (λ) ca (x − x0)]

0

(x ≥ x0)

(x < x0)
and L (t) = N 1/2

t2 + w2
.

Here c and ε (λ) denote the sample concentration in
mol L−1 and the molar extinction coefficient of β-carotene
in cyclohexane, respectively, and measured values are used

during the curve fitting. a is a correction factor for con-
verting the sample position x to effective path length inside
the sample solution in order to compensate for the refrac-
tion at air–cuvette interface. x0 represents the position at the
cuvette–sample interface. N and w are the normalization fac-
tor and the half width of the Lorentzian function, respectively,
and I0 (λ) is the original HR intensity at wavelength λ ex-
pected to be observed if there was no self-absorption effect.
Observed I (λ, x) is fitted by Eq. (6) with a, I0 (λ), x0, and w
being parameters. The self-absorption corrected spectra I0 (λ)
were retrieved from the fitting parameter. This procedure is
valid when HR scattering is emitted from small volume in-
side the sample solution with constant intensity. This is the
case for our experiments because the HR signal only gener-
ates from the focal spot where the incident electromagnetic
field is tightly focused by the microscopic objective and the
sample solution has negligible absorption at laser fundamen-
tal wavelength.

The nonresonant HR bands of neat cyclohexane at
2933 cm−1 were measured under the same experimental con-
dition, except for the magnified pulse energy by four times, at
each excitation wavelength. They were used for external in-
tensity standard when comparing HR intensities of different
excitation wavelength. Broad background signal due to two-
photon fluorescence was subtracted by fitting with a low order
polynomial.

IV. RESULTS AND DISCUSSION

A. Excitation wavenumber dependent hyper-Raman
spectra

Figure 1 shows the visible absorption spectrum of all-
trans-β-carotene in cyclohexane. The vertical arrows in
the figure indicate the two-photon wavenumbers of the
13 exciting lines used in the present experiment. Figure 2
shows the excitation wavenumber dependence of the reso-
nance HR spectra of β-carotene in cyclohexane. While the
excitation wavenumber is tuned from 12 500 cm−1 (800 nm)
to 10 800 cm−1 (920 nm), where two-photon energy of the

14x10
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FIG. 1. Stationary absorption spectrum of β-carotene in cyclohexane. Ar-
rows indicate the excitation wavenumber employed in the resonance hyper-
Raman excitation profile measurement.
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FIG. 2. Resonance hyper-Raman spectra of all-trans-β-carotene in cyclo-
hexane excited from 12 500 to 10 800 cm−1 (800–920 nm). Excitation
wavenumber of each spectrum is indicated in the figure. The vertical dot-
ted lines indicate the enhanced bands of solvent, cyclohexane. The intensity
normalization and the self-absorption correction of each spectrum have been
done.

incident radiation overlaps with the blue side of the strongly
allowed S0 (1Ag) → S2 (1Bu) absorption of β-carotene, sev-
eral prominent bands are observed with varying intensities.
Four HR bands at 1569, 1359, 1319, and 184 cm−1 are due
to the vibrations of the solute all-trans-β-carotene. Three at
2933, 2857, and 1445 cm−1, which are indicated by vertical
dotted lines in Fig. 2, are assigned to the enhanced bands of
the solvent, cyclohexane.5, 6 The peak positions of all the en-
hanced solvent band agreed with the bulk values within ex-
perimental uncertainties. The HR intensities of both the so-
lute and the solvent gradually increase as the excitation wave-
length is tuned toward the S2 absorption maximum. We note
that the lower signal to noise ratio in the lower excitation
wavenumber is due to the interference from two-photon fluo-
rescence whose peak lies around 18 900 cm−1.

B. Excitation profiles

The intensity of each band in Fig. 2 is plotted against
twice the wavenumber of the incident photon to present

resonance hyper-Raman excitation profile (RHREP).
Figure 3(a)–3(e) shows the RHREPs of the 1569 (a), 1319
(b), and 184 cm−1 (c) bands of the solute and the 2933 (d) and
1445 cm−1 (e) bands of the solvent. The one-photon absorp-
tion spectrum is also shown in each figure for comparison. All
the RHREPs, including those of the solvent vibrations, show
intensity enhancements as the two-photon wavenumber of the
excitation photon falls into resonance with the S2 absorption
band of β-carotene. In fact, the RHREPs of the 1569 and
1319 cm−1 bands of β-carotene and the 1445 cm−1 bands of

the solvent show almost identical profile with one another.
This observation suggests that the enhanced solvent bands
indeed gain its intensity through the electronic resonance
with the excited state of the solute, as is predicted by our
intermolecular vibronic coupling scheme. The next step is
to identify the excited electronic states responsible for the
enhancement. It is not obvious because β-carotene possesses
several dark electronic states, namely 2Ag (S1), 3Ag, etc.,
near the strongly one-photon allowed 1Bu (S2) state.20–24 The
2Ag and the 3Ag states are not observable in the one-photon
absorption spectrum. However, they are two-photon allowed
and may contribute to the resonance hyper-Raman process
through the two-photon resonance term.

C. 1–0 and 0–0 resonance

For the analysis of the excitation profiles, the sum over
state expression, Eq. (5), is evaluated. Given the present
experimental condition that the two-photon energy of the
excitation radiation is overlapped with the absorption of the
β-carotene molecule, the two-photon resonance condition is
satisfied. Therefore, only the B1- (and B ′

1-) term in Eq. (5)
is considered. Direct evaluation of the B1-term is very com-
plicated because many states are involved in the summation.
Therefore, the following assumptions are introduced to fur-
ther simplify the equation. First, the initial state is assumed
to be the vibrational ground state (va = 0 where va is the vi-
brational quantum number of the mode a) of the ground elec-
tronic state. Second, the one-photon energy of the excitation
radiation is much smaller than any molecular transition en-
ergies so that one-photon resonance denominator can be ap-
proximated as

εmu − εgi − ¯ω0 ∼ εm0 − εgi − ¯ω0.

Then, the sum over the vibrational states u can be closed
to give following expression:

B1 =
∑
mv′

∑
a

∑
e �=n

(
εm0 − εg0 − ¯ω0

)−1

{
(Mλ)ge ha

en

(
Mμ

)
nm (Mν)mg(

εn(0a v ′) − εg0 − 2¯ω0 − i�n(0av ′),g0
)
(

1a| Qa

∣∣ 0a
)

(0a| 0a)

ε0
n − ε0

e

+ (Mλ)gn ha
ne

(
Mμ

)
em (Mν)mg(

εn(1a v ′) − εg0 − 2¯ω0 − i�n(1a v ′),g0
) (1a| 1a)

(
1a| Qa

∣∣ 0a
)

ε0
e − ε0

n

} (
f ′∣∣ v ′) (

v ′∣∣ 0′) , (7)
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FIG. 3. Excitation profiles (•) of HR bands of solute at 1569 (a), 1319 (b), and 184 cm−1 (c) and those of solvent at 2933 (d) and 1445cm−1 (e). The solid line
in each graph is the stationary one-photon absorption spectrum of β-caortene in cyclohexane.

where

|v) = |va)
∣∣v ′) = |va)

∏
i �=a

|vi )

and
εn(va v ′) = εn0 + va · ¯ωa + ∑

i �=a
vi · ¯ωi .

Here, |v ′) represents a direct product of all the eigenkets in
the nuclear coordinate space in the intermediate state n except
for the mode Qa that promotes the vibronic coupling. Equa-
tion (7) indicates that the B1-term consists of two terms with
different resonance behaviors. If the resonant excited state
n is two-photon allowed but one-photon forbidden from the
ground state, such as 2Ag or 3Ag:

(Mμ)nm(Mν)mg �= 0 and (Mλ)gn = 0.

The second term vanishes and the first term solely con-
tributes to the resonant enhancement. On the other hand,
if the resonant state is one-photon allowed but two-photon
forbidden,

(Mλ)gn �= 0 and (Mμ)nm(Mν)mg = 0.

The first term vanishes and the second term will be the source
of the hyper-Raman transition. Furthermore, the vibrational
quantum number va of mode Qa in the resonant electronic
state n is 0 for the first term, whereas it is 1 for the second
term. Therefore, the peak of the excitation profile coincides
with the 0–0 band of the resonant electronic state (0–0 res-
onance) for the first term, while it coincides with the 1–0
band (1–0 resonance) for the second term. In both cases, the
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FIG. 4. Excitation profiles (•) of HR bands of solute at 1569 (a), 1319 (b), and 184 cm−1 (c) and those of solvent at 2933 (d) and 1445 cm−1 (e). The dotted
lines are the simulated curves derived from the extended vibronic theory.

RHREPs may show progression of totally symmetric modes
arising from the Franck–Condon (FC) factor. The FC fac-
tor may as well give rise to the combination bands between
mode Qa and the totally symmetric modes in hyper-Raman
spectra, as Chung and Ziegler has pointed out.11 This is analo-
gous to the well-known B-term scattering mechanism in reso-
nance Raman scattering.17, 18 In linear Raman scattering, one-
photon allowed electronic states always facilitate both the
0–0 and the 1–0 resonances. In HR scattering, however, the
0–0 resonance can be observed only when excitation is
resonant with the two-photon allowed state, while the 1–0
resonance with the one-photon state. It is possible to know
the symmetry of the resonant electronic state by the peak po-
sitions of the RHREPs.

D. Simulation of the excitation profiles

RHREPs in Fig. 3 show clear dependence of the peak
positions on vibrational modes, indicating that the enhance-
ment arises from the 1–0 resonance with the 1Bu state. The
two low lying Ag states, 2Ag and 3Ag, can be the vibronic
coupling counterpart of 1Bu. We argue that the 3Ag (0–0
transition wavenumber 18 000—25 000 cm−1) (Refs. 21, 24,
and 25) is more likely than 2Ag (0–0 transition wavenum-
ber ∼14 500 cm−1) (Ref. 24) because of the smaller en-
ergy gap from the 1Bu state (20 800 cm−1). Then, the 0–0
resonance with 3Ag is expected as well as the 1–0 res-
onance with 1Bu. However, the 3Ag resonance is not
obvious in the observed RHREPs in Fig. 4. We note the
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TABLE I. Parameters obtained from the curve fitting of RHREPs.


1
a 
2

a 
3
a ν1

a / cm−1 ν2
a / cm−1 ν3

a / cm−1 vn0
b / cm−1 σ c / cm−1 Solvent Temperature /K Reference

0.99 0.73 0.56 1525 1125 1005 20 400 560d Cyclohexane 298 This work
1.06 0.93 0.59 1525 1155 1005 20 800 450d, 80e n.Hexane 298 Ref. 28
1.2 0.9 0.7 1525 1155 1005 20 950 450d, 80e Isopentane 298 Ref. 32
1.17 0.70 0.46 1523 1155 1006 20 150 280d, 80e Isopentane 10 Ref. 31

a
i , and νi represent the displacement parameters and the frequencies ( in cm−1) of ν1, ν2, and ν3, the three prominent totally symmetric modes of all-trans-β-carotene, respectively.
bThe 0–0 energy (in cm−1) of the 1Bu (S2) electronic state.
cThe damping constant for the 1Bu (S2) electronic state.
dHomogeneous width.
eInhomogeneous width.

following two possibilities to account for this absence of the
3Ag resonance peak. One is that the 3Ag state is not located in
the two-photon excitation wavenumber range (21 700–25 000
cm−1) presently studied. The other is that the damping con-
stant for the 1Ag→3Ag transition is very large so that the
resonance with the 3Ag state is too broad to be observed
as a clear peak in the excitation profiles. Measurements of
RHREPs for a wider excitation wavenumber range will be
necessary to elucidate the effect of the 3Ag resonance.

Simulations of the excitation profiles based on the sum
over state expression Eq. (7) is made. In order to reduce the
computational complexities, further assumptions in the fol-
lowing are made: (i) Resonant state is 1Bu and only the 1–0
resonance term is considered; (ii) Vibrational frequencies in
the 1Bu states are the same as those in the ground states; (iii)
Harmonic vibrational wavefunctions are used; (iv) For the cal-
culation of the FC factors, only the three totally symmetric ν1,
ν2, and ν3 modes of all-trans-β-carotene, which give rise to
the prominent three bands in resonance Raman scattering,26, 27

are taken into consideration up to the combined quantum
number of 4; (v) Only the homogeneous broadening contri-
bution to the damping is considered. Although the assumption
(ii) does not always hold in general, many reports on the Ra-
man excitation profiles of β-carotene show the similarity of
frequencies in the 1Bu states to those in the ground state.28–30

Figures 4(a)–4(e) show the simulated curves derived
from Eq. (7) that reproduce the experimental results the best.
Table I summarizes the parameters obtained from the fitting
together with the values reported in the literature28, 31, 32 from
the resonance Raman experiments. Although the model em-
ployed in the present analysis takes into account the resonance
with 1Bu state only, the observed RHREPs as well as the pro-
gressions due to totally symmetric modes are well reproduced
by the simulation. The obtained parameters are also in good
agreement with the literature. It should be emphasized that the
RHREPs of the solvent are well simulated by Eq. (7), indicat-
ing the molecular near-field effect originates from the inter-
molecular vibronic coupling mechanism.

Appearance of new peaks above 2000 cm−1 by the ex-
citation at 11 200 cm−1 and lower wavenumber light is also
well accounted for by Eq. (7). Figure 5 shows the HR spec-
tra of β-carotene with the excitation at 11 100 cm−1. As dis-
cussed in Sec. IV C, the FC terms may give rise to the addi-
tional combination bands of totally symmetric modes and the
HR active fundamentals. In fact, most bands in the Fig. 5 are

successfully assigned to the combinations as indicated in the
figure.

Finally, we discuss the nature of the solute–solvent in-
teraction that facilitates the intermolecular vibronic cou-
pling. The term “intermolecular vibronic coupling” is not
entirely new if intermolecular interactions within stable
molecular complexes,33–35 aggregates,36–38 or crystals39, 40 are
discussed. For such systems, intermolecular interactions are
strong in the ground electronic states so that symmetry low-
ering and changes in the electronic structures accompany. In-
termolecular vibronic coupling in these molecular complexes
is a consequence of such strong interactions. However, the
new solute–solvent interaction found in the present study does
not require such strong interaction in the electronic ground
state. The observed HR spectra and the excitation profiles
for the molecular near-field effect are well explained under
the framework of vibronic (B-term) resonance scheme, which
becomes the leading term only when the system retains the
inversion symmetry and is not structurally distorted. It indi-
cates that the symmetry and the property in the electronic
states of the solute molecule are preserved at the zeroth or-
der and that the intermolecular interaction acts only as a
weak first-order perturbation in the excited electronic mani-
fold, where two closely lying Bu and Ag states are coupled by
the vibrations of the proximate solvent molecule. The coupled
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FIG. 5. Hyper-Raman spectrum of all-trans-β-carotene in cyclohexane ex-
cited at 11 100 cm−1. The combination bands between the HR active funda-
mentals and the Franck–Condon active ν1 (1525 cm−1) or ν2 (1155 cm−1)
modes are observed.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

140.113.38.11 On: Wed, 30 Apr 2014 06:08:40



034516-9 Solute–solvent interactions in resonance HRS J. Chem. Phys. 134, 034516 (2011)

solute–solvent system may have structure and lifetime that
dynamically vary. Such weak and dynamic solute–solvent in-
teraction is often referred to as solvation effects in liquid
media. Further investigation of the intermolecular vibronic
coupling mechanism will lead to deeper understanding of the
microscopic nature of solvation.

V. CONCLUSION

The excitation profiles of the molecular near-field effect
in resonance hyper-Raman scattering are studied. The ob-
served spectra and the excitation profiles are well accounted
for by the extended vibronic theory of resonance hyper-
Raman scattering. The RHREPs observed in the present work
unequivocally showed the existence of coupling between the
solute electronic states with the neighboring solvent vibra-
tions, namely the intermolecular vibronic coupling. Further
analysis of intensity and otherwise unobtainable, peak posi-
tion, band shape, and the selection rules of the enhanced band
will provide valuable information of the solvent molecule in
the vicinity of solute.
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