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In this study, we investigate interference between several excited electronic states in resonance
enhanced vibrational Raman optical activity �RROA� spectra. A gradient Franck–Condon model for
the excited-state potential energy surface is applied in order to include vibronic effects in the
description of the RROA intensities. Both sum-over-states and time-dependent expressions for the
RROA intensities in case of close-lying excited states are given. As an example, we compare the
calculated RROA and resonance Raman spectra of �S�-�+�-naproxen-OCD3 to the experimental
ones. Subsequently, we examine the excitation profiles of �S�-�+�-naproxen and study the vibration
at 1611 cm−1 in more detail in order to demonstrate how the consideration of a second excited
electronic state can lead to significant changes in the RROA intensities. © 2010 American Institute
of Physics. �doi:10.1063/1.3300069�

I. INTRODUCTION

The theory of vibrational resonance Raman optical ac-
tivity �RROA� was developed in 1996 by Nafie.1 Basically, a
RROA spectrum gives rise to the same relative intensities
that are observed in the parent resonance Raman �RR� spec-
trum if only one excited electronic state is in resonance. The
sign of the signal as well as the ratio of RROA and RR
intensities under these circumstances are determined by the
electronic circular dichroism �CD� anisotropy ratio. In 1998,
the first experimental observation of RROA was reported,2

confirming this theory. Jensen et al.3 presented a theoretical
RROA approach based on time-dependent density functional
theory �TD-DFT� that is suitable also in cases of several
close-lying excited states in resonance. It is well known that
under such circumstances peculiar features can appear in RR
spectra which are known as antiresonance Raman scattering
or RR de-enhancement. Such an effect was first observed by
Stein et al.4 in 1976 for a series of transition metal com-
plexes, followed by a series of experimental and theoretical
investigations.5–9 Although the approach presented in Ref. 3
can in principle deal with such effects, it neglects the vi-
bronic details of the electronic state in resonance. While this
is often an excellent approximation, especially in molecules
with unstructured absorption bands, the vibronic structure
can have an important impact in molecules where pro-
nounced vibronic details can be recognized in the ultraviolet-
visible �UV-VIS� spectrum. It should be noted that many
molecules exhibit more than just one absorption band in the
UV-VIS; due to inaccuracies in calculated excitation ener-
gies, it may be difficult to decide from a theoretical point of
view alone which of the electronic states is �or are� in reso-
nance in an experimental setup.10–18

In this work, we present a related theory of RROA in-

cluding vibrational details on the excited-state potential en-
ergy surfaces �PESs� that is closely following the corre-
sponding RR theory. Both sum-over-states and time-
dependent formulations will be given. As an example
molecule, we have chosen �S�-�+�-naproxen and its ester
�S�-�+�-naproxen-OCD3 since the experimental RROA and
RR spectra are available.2 The structures of the molecules
employed in our calculations are shown in Fig. 1. There exist
several conformers of �S�-�+�-naproxen. We have taken the
conformer for our calculations which resembles the lowest
energy conformer found in Ref. 19 and compare the calcu-
lated RROA and RR spectra as well as the off-resonance
spectra of the ester conformer with the ones obtained in Ref.
2. Furthermore, changes in the RROA and RR intensities
which may occur due to the consideration of the second elec-
tronic state in addition to the first electronic state are inves-
tigated.

This work is organized as follows. In Sec. II, the RROA
theory is presented in the sum-over-states formulation and
the Condon approximation. In addition, the case of reso-
nance with a single and with two electronic states is given in
the Condon- and time-dependent approach. After the compu-
tational methodology in Sec. III, a comparison of experimen-
tal and calculated data can be found in Sec. IV. Possible
�de�enhancement effects due to the consideration of a second
electronic state in the calculation of RROA �and RR� spectra
are discussed in Sec. V and a summary is given in Sec. VI.

II. THEORY

In the following, we review the RROA theory in the
sum-over-states formulation employing the Condon approxi-
mation as was done by Nafie1 in order to introduce the no-
tation and the basics for the numerical study in Sec. V. Fur-
thermore, we give a time-dependent formulation and treat the
case of resonance with one and two electronic states in more
detail.

a�Authors to whom correspondence should be addressed. Electronic mail:
j.neugebauer@chem.leidenuniv.nl and markus.reiher@phys.chem.ethz.ch.
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A. Sum-over-states formulation
and the Condon approximation

ROA and Raman intensities require the calculation of
frequency-dependent polarizability tensors T��� with com-
ponents of the general form1,20

T12��� =
1

�
�

r
� �f �ô1�r	�r�ô2�i	

�ri − � − i�r
+

�f �ô2�r	�r�ô1�i	
�rf + � + i�r


 . �1�

In this equation, � is Planck’s constant divided by 2�. The
sum is over all excited rovibronic states r. The labels f and i
denote the final and initial states �which differ by one vibra-
tional quantum number in one mode for fundamentals ROA
spectra�, ��ab is the energy difference between vibronic
states a and b, and � is the angular frequency of the incident
radiation. Following Nafie,20 we used the opposite-sign con-
vention for the imaginary terms including the damping con-
stants �r, which are given by the dephasing rate of the ex-
cited vibronic level, which has a lifetime contribution. The
operators ô1, ô2 that appear in the expression for the ROA
tensors are components of the electric dipole moment opera-
tor, which reads

�̂ = �
K

ZKRK − �
k

erk, �2�

of the magnetic dipole operator,

m̂ =
1

2�
K

ZK

MK
�RK � PK� −

1

2�
k

e

me
�rk � pk� , �3�

or of the electric quadrupole operator �in its traceless defini-
tion�,

�̂ =
1

2�
K

ZK�3RK � RK − �RK · RK�1�

−
1

2�
k

e�3rk � rk − �rk · rk�1� , �4�

where � denotes the direct �or outer� product. The sums over
K are over all nuclei, while the sums over k are over all
electrons. The quantities rK and pk are the position and mo-

mentum operators of electron k, me is the electron mass, and
e is the positive elementary charge. RK, PK, MK, and ZK are
position operator, momentum operator, mass, and nuclear
charge of nucleus K.

In the general ROA theory,1,20,21 five tensors occur:

��� =
1

�
�

r
� �f ����r	�r����i	

�ri − � − i�r
+

�f ����r	�r����i	
�rf + � + i�r

� , �5�

G�� =
1

�
�

r
� �f ����r	�r�m��i	

�ri − � − i�r
+

�f �m��r	�r����i	
�rf + � + i�r

� , �6�

G�� =
1

�
�

r
� �f �m��r	�r����i	

�ri − � − i�r
+

�f ����r	�r�m��i	
�rf + � + i�r

� , �7�

A�,�	 =
1

�
�

r
� �f ����r	�r�
�	�i	

�ri − � − i�r
+

�f �
�	�r	�r����i	
�rf + � + i�r

� , �8�

A�,�	 =
1

�
�

r
� �f �
�	�r	�r����i	

�ri − � − i�r
+

�f ����r	�r�
�	�i	
�rf + � + i�r

� . �9�

Here, � is the electric dipole–electric-dipole polarizability, G
the electric dipole-magnetic dipole, G the magnetic dipole-
electric dipole, A the electric dipole-electric quadrupole, and
A the electric quadrupole-electric dipole tensor.

The ROA intensity expressions consist of different com-
binations of so-called invariants, which are independent of
the molecular Cartesian coordinate frame. For most ROA
measurements which use circularly polarized light the fol-
lowing Raman and ROA invariants are important1 �summa-
tion over repeated Greek indices is implied�:

�2 = 1
9Im������������� , �10�

�s���2 = 1
2 �3�����s�����s� − ������������ , �11�

�a���2 = 3
2 ������a�����a�� , �12�

�G = 1
9Im�������G����� , �13�

FIG. 1. Optimized structures �B3LYP/TZVP� �top� and graphical representation �bottom� of �S�-�+�-naproxen �left-hand side� and �S�-�+�-naproxen-OCD3

�right-hand side�.

044113-2 Luber, Neugebauer, and Reiher J. Chem. Phys. 132, 044113 �2010�

 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:

129.132.118.73 On: Mon, 30 Nov 2015 15:36:12



�s�G�2 = 1
2Im�3�����s�G���s� − ������G����� , �14�

�a�G�2 = 3
2Im������a�G���a�� , �15�

�s�A�2 = 1
2�Imi�����s���	��A	,����s�� , �16�

�a�A�2 = 1
2�Imi�����a����	��A	,����a�

+ ����	�A�,	���a��� . �17�

The superscript “�” indicates complex conjugation. ��	� is
the ��	��-component of the third-rank antisymmetric unit
tensor �Levi–Civita tensor� and the superscripts “a” and “s”
refer to the antisymmetric and symmetric part, respectively,
of the corresponding tensor component T�� according to

T��
s = 1

2 �T�� + T��� , �18�

T��
a = 1

2 �T�� − T��� , �19�

���	�T	,���s = 1
2 ���	�T	,�� + ��	�T	,��� , �20�

���	�T	,���a = 1
2 ���	�T	,�� − ��	�T	,��� . �21�

The invariants employing G and A are obtained in a similar
way �see Ref. 1 for details�.

Within the Born–Oppenheimer �BO� approximation we
can write the matrix elements of these operators in the fol-
lowing way:

�a�ô1�b	 = �va��a�ô1�b	r�vb	R, �22�

where the index r implies integration over all electronic co-
ordinates, whereas index R denotes integration over all
nuclear coordinates. Total wavefunctions �a	 are given as
products of electronic wavefunctions �a	 and nuclear wave-
functions �va	 characterized by their vibrational quantum
state va on the PES corresponding to electronic state �a	.
The matrix element for the electric dipole moment operator
can then be written as

�a��̂�b	 = �va��a��̂�b	r�vb	R

= �va��a��
K

ZKRK − �
k

erk�b	r�vb	R. �23�

Since the electronic wavefunctions form an orthonormal set
of functions, we find for the nuclear part of this matrix ele-
ment averaged over the electronic coordinates

�a��
K

ZKRK�b	r = �
K

ZKRK�a�b	r = 0. �24�

As we are dealing with different electronic states a and b, the
electric dipole matrix element can then be written as

�a��̂�b	 = �va��a��− �
k

erk��b	r�vb	R

= �va��ab
el �R��vb	R,

with the definition of the electronic part of the electric tran-
sition dipole moment as a function of the nuclear coordi-
nates, �ab

el �R�, because �a	 and �b	 parametrically depend
on the nuclear coordinates.

Since �ab
el �R� is not known for all possible sets of

nuclear coordinates �except for small molecules with few
degrees of freedom, where it can be calculated for a large
number of molecular structures�, it is usually expanded in a
Taylor series. For vertical transitions as assumed here, the
ground-state equilibrium structure is the reference point for
this expansion. In the Condon approximation, we truncate
this series already after the constant term obtained for the
equilibrium structure, �ab

el �Req�, so that only Franck–Condon
terms are considered,

�a��̂�b	 � �ab
el �Req��va�vb	R. �25�

The next higher-order terms are the Herzberg–Teller terms,
which depend on the change of the electronic transition di-
pole moment with respect to the nuclear coordinates. These
terms, however, will not be considered here. The same ap-
proximations can be invoked for the electric quadrupole op-
erator to arrive at

�a��̂�b	 � �ab
el �Req��va�vb	R, �26�

where �ab
el �Req� is the electronic matrix element of the elec-

tric quadrupole operator evaluated at the equilibrium struc-
ture. For the magnetic dipole operator, we have to consider
an additional approximation, since in this case the electronic
matrix element arising from the nuclear part of the operator
involves a derivative with respect to the nuclear coordinates
in terms of the nuclear momentum operators. However, this
additional approximation,

�a�
1

2�
K

ZK

MK
�RK � PK��b	r

�
1

2�
K

ZK

MK
�RK � PK��a�b	r = 0, �27�

is consistent with the BO approximation, in which we also
assume that the effect of Pk acting on �b	 is negligible.
Therefore, we obtain in the Condon approximation for the
magnetic dipole operator,

�a�m̂�b	 � mab
el �Req��va�vb	R, �28�

where mab
el �Req� is the electronic matrix element of the mag-

netic dipole operator at the equilibrium structure. In the fol-
lowing �but not in the context of the time-dependent formu-
lation�, we will use the notation mab

el =mab
el �Req�, and

analogous abbreviations for �ab
el and �ab

el . We will also drop
the index R for integration over nuclear coordinates. It
should be noted that we apply the BO approximation in the
following also to the case of two excited electronic states in
resonance, i.e., we assume that these two states are close in
resonance, but still so far away that the BO approximation
holds.

From Eq. �1� it follows that all tensors occurring in the
ROA intensity theory can, in this approximation, be written
as

044113-3 Resonance Raman optical activity J. Chem. Phys. 132, 044113 �2010�

 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:

129.132.118.73 On: Mon, 30 Nov 2015 15:36:12



T12��� �
1

�
�

r
�
vr

� o1,0r
el o2,r0

el �v f�vr	�vr�vi	
�rv,iv

− � − i�rv

+
o2,0r

el o1,r0
el �v f�vr	�vr�vi	

�rv,fv
+ � + i�rv


 , �29�

where �rv,iv
and �rv,fv

are the angular frequency differences
between the vr and vi states and vr and v f states, respectively,
and �rv

is the damping constant corresponding to state vr.
The sum over r runs over all excited electronic states and 0
indicates the electronic ground state. This expression is often
further approximated under resonance conditions by neglect-
ing the second term on the right hand side. The first term
involves an energy difference in the denominator that goes to
zero for exact resonance conditions so that only the damping
constant remains and it becomes much larger than the second
term involving the energy sum in the denominator:

T12��� �
1

�
�
r,vr

o1,0r
el o2,r0

el �v f�vr	�vr�vi	
�rv,iv

− � − i�rv

�
1

�
�
r,vr

o1,0r
el o2,r0

el Wvr
��� . �30�

The terms in Dirac brackets in Eq. �30�, i.e., the nuclear
contributions, are identical for all property operators consid-
ered here within the approximations made. They necessarily
involve an approximation for the shape of the PESs in the
ground and excited electronic states. For large molecules,
one usually chooses the harmonic approximation for all
states under consideration.

We can then further distinguish between the “vertical
Franck–Condon” �VFC� and the “adiabatic Franck–Condon”
�AFC� models.22,23 In the first model, the harmonic approxi-
mation for the excited-state PES is implemented by a
second-order Taylor-series expansion at the ground-state
equilibrium position, whereas in the second case this expan-
sion is carried out at the excited-state minimum. For excita-
tions that are dominated by short-time processes, the first
model will in general be a good choice. Furthermore, it is
computationally easier since it only requires a ground-state
structure optimization as well as the calculation of the Hes-
sian for each state under consideration at a single molecular
structure, whereas the AFC model requires a separate struc-
ture optimization for each electronic state. Additional ap-
proximations can be introduced into the VFC model by con-
sidering only the linear term in the Taylor-series expansion
for the structural dependence of the excited state energy and
by assuming that the second-order terms can be taken from
the ground state. This is equivalent to assuming equal curva-
tures of the states and hence equivalent to equal vibrational
frequencies and normal modes in the ground and excited
states, but allowing for a displacement in the equilibrium
position �gradient Franck–Condon model, GFC�. The GFC
model is also known by the name “independent mode, dis-
placed harmonic oscillator” �IMDHO� model.24,25 The ap-
proximations can be improved on by also allowing for fre-
quency changes in the excited states, but neglecting second-
order terms for the excited-state PES that are off-diagonal in

the basis of the ground-state normal modes �no Duschinsky
rotations�. The latter model is sometimes called “Hessian
Franck–Condon” �HFC� model. For the GFC and HFC mod-
els, the expressions for the Franck–Condon integrals in Eq.
�30�, Wvr

���, are known analytically.26 The relevant terms
can either be calculated by a direct sum-over-states approach
or by employing the time-dependent formalism of RR and
optical spectroscopy.26

The components of the five tensors of Eqs. �5�–�9� are
given in analogy to Eq. �30� as

������ =
1

�
�
r,vr

��,0r
el ��,r0

el Wvr
��� , �31�

G����� =
1

�
�
r,vr

��,0r
el m�,r0

el Wvr
��� , �32�

G����� =
1

�
�
r,vr

m�,0r
el ��,r0

el Wvr
��� , �33�

A�,�	��� =
1

�
�
r,vr

��,0r
el 
�	,r0

el Wvr
��� , �34�

A�,�	��� =
1

�
�
r,vr


�	,0r
el ��,r0

el Wvr
��� . �35�

Making use of the properties of the electric transition mo-
ments,

��,0r
el ��,r0

el = ��,0r
el ��,r0

el , �36�

m�,0r
el ��,r0

el = − ��,0r
el m�,r0

el , �37�


�	,0r
el ��,r0

el = ��,0r
el 
�	,r0

el , �38�

it is found that the antisymmetric components �����a vanish
and that �G���s=−�G���s=G�� and ���	��A	,����s

= ���	��A	,����s=��	�A	,�� hold. Therefore, all antisymmet-
ric invariants are zero and the total number of ROA invari-
ants reduces to three: �G, �s�G�2=��G�2, and �s�A�2

=��A�2. These are the same invariants as obtained in the far
from resonance approximation.27,28 So, the difference be-
tween the various types of circular polarization ROA �except
of the so-called dual circular polarization DCPII form �see
Ref. 21�� vanishes and the ROA intensity for the backward
scattering direction is obtained as

IR − IL �
8

c
�12��G�2 + 4��A�2� . �39�

We omit the constant depending among others on the angular
frequency of the scattered radiation �see Refs. 1 and 20�.

The backscattering Raman intensity for the incident and
scattered circular polarization variants is proportional to21

IR + IL � 45�2 + 7�s���2, �40�

and the one for the dual circular polarization DCPI experi-
mental setup21 to
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IR + IL � 6�s���2, �41�

since �a���2=0.

B. Time-dependent formulation and resonance
with a single electronic state

In RR theory, the so-called time-dependent theory is a
way to reformulate steady-state spectra in terms of time-
dependent quantities28–31 and which was originally formu-
lated for Raman theory by Lee and Heller.32,33 We formulate
it here for a general tensor T�� so that it can also be applied
to ROA polarizability tensors.

Starting from Eq. �1�, keeping only the resonant term
and assuming resonance with a single excited electronic state
�SES� r, we obtain for the tensor

T12��� =
1

�
�
vr

��v f�o1,0r
el �Q��vr	�vr�o2,r0

el �Q��vi	
�rv,iv

− � − i�rv


 ,

where the electronic transition moments are rewritten as
functions of the nuclear coordinate-dependent normal coor-
dinates Q. Applying Erv,iv

=��rv,iv
, E=��, and the math-

ematical identity28,30

1

�

1

�rv,iv
− � − i�rv

=
i

�
�

0

�

exp− i��rv,iv
− � − i�rv

�t�dt

=
i

�
�

0

�

exp�−
i�Erv,iv

− E − i��rv
�t

�

dt , �42�

and assuming a common line width � for all vibronic tran-
sitions, we arrive at

T12��� =
i

�
�

0

�

�
vr

exp�−
i�Erv,iv

− E − i���t

�



�dt�v f�o1,0r
el �Q��vr	�vr�o2,r0

el �Q��vi	

=
i

�
�

0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�o1,0r

el

��Q�exp− iHext/��o2,r0
el �Q��vi	 . �43�

Here, we introduced Hex, the Hamiltonian for vibrational
motion in the excited state,31 and performed closure over the
vibrational states vr.

As a next step, we expand the operators in a Taylor
series around the nuclear ground-state equilibrium geometry
Q0 employing all normal coordinates Q0= Qj� of the mol-
ecule,

o1,0r
el �Q� = o1,0r

el �Q0��1 + �
j

1

o1,0r
el �Q0�

� �o1,0r
el

�Qj
�Qj + ¯
 ,

�44�

and in an analogous way for o2,r0
el �Q�. The sum runs over all

ground-state normal coordinates Qj whose total number is
3N−6 �and 3N−5 for linear molecules�, where N is the num-
ber of atoms. Employing the notation

�� f
o1,0r� = �v f��1 + �

j

1

o1,0r
el �Q0�

� �o1,0r
el

�Qj
�Qj + ¯
 , �45�

��i
o2,r0	 = �1 + �

j

1

o2,r0
el �Q0�

� �o2,r0
el

�Qj
�Qj + ¯
�vi	 , �46�

and for the time dependence,

��i
o2,r0�t�	 = exp− iHext/����i

o2,r0	 , �47�

then, T12��� is obtained as

T12��� =
i

�
o1,0r

el �Q0�o2,r0
el �Q0�

��
0

�

exp� i�Eiv
+ E + i���t

�

dt�� f

o1,0r��i
o2,r0�t�	 .

�48�

o1,0r
el �Q0� is nothing else than o1,0r

el �Req� in the previous sec-
tion but now expressed in terms of normal coordinates.

The SES limit of Eq. �30�,

T12��� =
1

�
o1,0r

el o2,r0
el �

vr

�v f�vr	�vr�vi	
�rv,iv

− � − i�rv

=
1

�
o1,0r

el o2,r0
el �

vr

Wvr
��� , �49�

�the sum only runs over all vibronic sublevels vr of the ex-
cited state r� yields in a similar way the time-dependent term,
which is simply given by

T12��� =
i

�
o1,0r

el �Req�o2,r0
el �Req�

��
0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�vi�t�	 , �50�

with �vi�t�	=exp−iHext /���vi	. This leads to the same ROA
intensity expression as in Eq. �39�.

In the case of a nondegenerate excited state, the elec-
tronic transition moment shows a particular direction so that
several components of the polarizability may vanish. If we
arbitrarily choose the x-direction in the molecule-fixed frame
�analogously to Ref. 1� for the direction of the electric dipole
moment �i.e. the y- and z-components of the electric dipole
moment are zero�, then all components except of �xx are
zero, which can be written as in Eq. �30� or with the time-
dependent expression for �xx as �compare Refs. 34 and 35�

�xx = �SES, �51�

with
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�SES =
1

�
��0r

el �2�
vr

Wvr
���

=
i

�
��0r

el �2�
0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�vi�t�	 .

�52�

This has various consequences; because the only remaining
component of � is the �xx component, all antisymmetric in-
variants vanish. Furthermore, solely Gxx, Gxy, and Gxz �and
Gxx, Gxy, and Gxz, of course� can contribute. Hence, the
magnetic-dipole-containing invariants reduce to

�G = 1
9Im���xx + �yy + �zz��Gxx

� + Gyy
� + Gzz

� ��

= 1
9Im��xxGxx

� � = − 1
9Im��xxGxx

� � �53�

and

�s�G�2 = Im��xxGxx
� � = − Im��xxGxx

� � , �54�

whereas the electric-quadrupole-including invariants vanish
since they contain neither �xx�xx�Ax,�x

� nor �xx�xx�Ax,�x
� which

could lead to a nonvanishing contribution to the ROA inten-
sity. The remaining Raman invariants then read

�2 = 1
9 ��xx�2 �55�

and

�s���2 = ��xx�2. �56�

Writing the Gxx-tensor contribution also in the general way,

Gxx = GSES, �57�

with

GSES =
1

�
�0r

el mr0
el �

vr

Wvr
���

=
i

�
�0r

el mr0
el�

0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�vi�t�	 ,

�58�

the remaining invariants are given by

�G = 1
9Im�������G����� = 1

9Im��SES�GSES��� �59�

and

��G�2 = 1
2Im�3�����s�G���s� − ������G�����

= Im��SES�GSES��� . �60�

Employing the sum-over-states formalism, the ROA intensity
for the backscattering setup in the case of incident circularly
polarized light, for example, is now determined by the dipole
and rotatory strengths, Fr0 and Rr0, respectively, of the tran-
sition from the electronic ground state to the excited state r:

IR − IL �
96

c
Im��xxGxx

� �

=
96

c

1

�
�0r

el �0r
el Im�0r

el mr0
el ����

vr

Wvr
����2

=
96

c

1

�
��0r

el �2Im�0r
el �mr0

el �����
vr

Wvr
����2

= −
96

c

1

�
Fr0Rr0��

vr

Wvr
����2

. �61�

The Raman intensity is obtained as1

IR + IL � 48�Fr0�2��
vr

Wvr
����2

, �62�

and the ROA intensity as3

IR − IL = −
2Rr0

cFr0
�IR + IL� , �63�

i.e. the ROA spectrum is monosignate and its sign is deter-
mined by the rotatory strength Rr0.

C. Resonance with two excited electronic states

If more than one resonant electronic state contributes to
the ROA intensity, the interference between these states has
to be taken into account. For the case of two electronic states
e1 and e2, we can choose the molecule-fixed coordinate sys-
tem as a spherical coordinate system34 �described by the ze-
nith angle � �running from 0 to �� and the azimuth angle �
�which can have values from 0 to 2��� so that the electric
dipole moment vector for the first resonant state e1 is ori-
ented along the positive x axis and the second one for the
resonant state e2 lies in the xy plane. The angle between
these two vectors is ��. The expressions for the polarizability
components are then obtained according to Ref. 34 as �we
assume ���=����

�xx = �e1
+ �e2

cos2 ��, �64�

�xy = �e2
cos �� sin ��, �65�

�yy = �e2
sin2 ��, �66�

�xz = �yz = �zz = 0. �67�

The electric dipole-electric dipole polarizability is given as

�k =
1

�
��0k

el �2�
vk

Wvk
���

=
i

�
��0k

el �2�
0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�vi�t�	 ,

�68�

where k is e1 or e2.
We can also write the magnetic dipole moment vector

with the help of the angles � and �. The first one is the angle
between the positive x-axis, defined by �0e1

, and the line
from the origin of the coordinate system to the point deter-
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mined by the considered vector projected on the xy plane.
The latter, �, corresponds to the angle between the positive z
axis and the line from the origin to the point given by the
considered vector in space. The positive z axis is clearly
defined since the positive x and y axes are determined by
�0e1

and �0e2
. Employing the notations �� and �� for the

two angles corresponding to the magnetic dipole moment
vector of the resonant state e1 and analogously � and � for
the magnetic dipole moment vector of the resonant electronic
state e2, the components of the G tensor are calculated as

Gxx = Ge1
sin �� cos �� + Ge2

sin � cos � cos ��, �69�

Gxy = Ge1
sin �� sin �� + Ge2

sin � sin � cos ��, �70�

Gxz = Ge1
cos �� + Ge2

cos � cos ��, �71�

Gyx = Ge2
sin � cos � sin ��, �72�

Gyy = Ge2
sin � sin � sin ��, �73�

Gyz = Ge2
cos � sin ��, �74�

Gzx = Gzy = Gzz = 0. �75�

The G tensor is obtained via �k is e1 or e2�

Gk =
1

�
�0k

el mk0
el �

vk

Wvk
���

=
i

�
�0k

el mk0
el�

0

�

exp� i�Eiv
+ E + i���t

�

dt�v f�vi�t�	 .

�76�

Inserting the expressions for � and G given above, we arrive
at the following expressions for the magnetic-dipole-
containing invariants:

�G = 1
9Im���xx + �yy��Gxx

� + Gyy
� ��

= 1
9Im���e1

+ �e2
cos2 �� + �e2

sin2 ����Ge1

� sin �� cos �� + Ge2

� sin � cos � cos �� + Ge2

� sin � sin � sin ����

= 1
9Im���e1

+ �e2
��Ge1

� sin �� cos �� + Ge2

� sin � cos � cos �� + Ge2

� sin � sin �sin ���� �77�

and

��G�2 = 1
2Im�2�xxGxx

� − �xxGyy
� − �yyGxx

� + 2�yyGyy
� + 3��xyGxy

� + �xyGyx
� ��

= 1
2Im�2��e1

+ �e2
cos2 ����Ge1

� sin �� cos �� + Ge2

� sin � cos � cos ��� − ��e1
+ �e2

cos2 ���

��Ge2

� sin � sin � sin ��� − �e2
sin2 ���Ge1

� sin �� cos �� + Ge2

� sin � cos � cos ���

+ 2�e2
sin2 ��Ge2

� sin � sin � sin �� + 3�e2
cos �� sin ���Ge1

� sin �� sin �� + Ge2

� sin � sin � cos ���

+ 3�e2
cos �� sin ��Ge2

� sin � cos � sin ��� �78�

�which may be further simplified�.
The only A tensor components which are needed in this

coordinate system for the ��A�2 invariant are Ax,xz, Ay,xz,
Ay,xz, and Ay,yz so that this invariant is obtained as

��A�2 = 1
2���xxAy,zx − �yyAx,yz + �xy�Ay,yz − Ax,xz�� . �79�

III. COMPUTATIONAL METHODOLOGY

Structure optimizations were performed with the pro-
gram package TURBOMOLE employing DFT with Ahlrichs’
TZVP basis set36 and the B3LYP density functional.37,38

The results presented in this work were evaluated in the
IMDHO approximation via the sum-over-states ansatz,
where the tensor elements, considering one excited elec-
tronic state r, the Raman active transition from i1 to f1 and a
common line width �, are calculated for a nonlinear mol-
ecule according to39

T12��� =
1

�
o1,0r

el o2,0r
el �

vr

�v f�vr	�vr�vi	
�rv,iv

− � − i�

=
1

�
o1,0r

el o2,0r
el �

r1

�

¯ �
r3N−6

� �f1�r1	�r1�i1	� j=2
3N−6��rj�ij	�2

�r0 + � j=1
3N−6rj� j − � − i�

.

�80�

We employed

�rv,iv
= �r0 + �

j=1

3N−6

rj� j , �81�

where �r0 is the energy difference between the zeroth vibra-
tional levels of the excited and ground electronic state, re-
spectively, and the total wave functions �i	, �f	, and �r	 for the
initial, final, and excited states are given in BO approxima-
tion as a product ansatz for the nuclear wave function,

�i	 = �0	�i1	� j=2
3N−6�ij	 , �82�
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�f	 = �0	�f1	� j=2
3N−6�f j	 , �83�

�r	 = �r	�r1	� j=2
3N−6�rj	 , �84�

i.e., the summation of all vibrational quantum numbers of the
electronic state r has been written explicitly in terms of the
electronic wave functions �0	 and �r	 and of the vibra-
tional wave functions �f j	, �ij	, and �rj	 of the final, initial, and
excited electronic states, respectively. � j and rj are the vi-
brational angular frequency and vibrational quantum number,
respectively, corresponding to normal mode j. We assumed
that no hot bands occur so that we have only one initial state
with vibrational wave functions �i1i2¯ i3N−6	 and that we can
take the vibrational energies of the ground state for all
Raman-inactive normal modes at the beginning and at the
end.

Employing the intensity shift function40,41

S�� − r1�1�

ª �
r2

¯ �
r3N−6

� j=2
3N−6��rj�ij	�2 · �

��r0 − �� − r1�1� + � j=2
3N−6rj� j�2 + �2

�85�

and its Kramers–Kronig transform40,41

T�� − r1�1�

= �
r2

¯ �
r3N−6

�
� j=2

3N−6��rj�ij	�2��r0 − �� − r1�1� + � j=2
3N−6rj� j�

��r0 − �� − r1�1� + � j=2
3N−6rj� j�2 + �2 ,

�86�

we can write the polarizability elements in real and imagi-
nary parts as

T12��� =
1

�
o1,0r

el o2,0r
el �

v1

�

�f1�r1	�r1�i1	�T�� − r1�1�

− iS�� − r1�1�� . �87�

The Franck–Condon integrals needed in the IMDHO model
can be obtained from the normal-mode displacements � j of
the excited-state equilibrium structure40,42 formulated in di-
mensionless normal coordinates

��rj�ij	�2 =
� j

2rj

2rjrj!
exp�−

� j

2
� , �88�

�f j�rj	�rj�ij	 =
� j

�2
� � j

2rj

2rjrj!
−

2rj� j
rj − 2

2rjrj!
�exp�− � j

2/2� . �89�

� j is determined from the gradient of the excited-state en-
ergy Er of the excited electronic state r with respect to nor-
mal coordinates Qj and corresponding angular frequencies
� j; in mass-weighted normal coordinates Qj �and corre-
sponding displacements � j

Q� this reads:

� �Er

�Qj
�

Qj=0
= � j

2�Qj − � j�Qj=0 = − � j
2� j

Q. �90�

The Cartesian excited-state energy gradients for the excited
states under consideration, from which the gradient in Eq.
�90� can be determined, have been evaluated with TURBO-

MOLE using TD-DFT with B3LYP and TZVP. Vibrational
frequencies � j =� j /2� together with the off-resonance Ra-
man and RROA spectra have been calculated with the pro-
gram package SNF

43,44 using raw data from TURBOMOLE with
the same density functional and basis set as for the structure
optimization. The absorption, RR, and RROA spectra were
calculated with a modified version of the program package
DNR �Ref. 45� neglecting the contribution of the off-
resonance term. The ��G�2 invariant in the RROA calcula-
tions was employed in the velocity form ensuring gauge-
origin independence.46 A damping parameter of 10 cm−1 was
employed for the calculated RR and RROA spectra in Sec.
IV and in Fig. 11. For the remaining spectra regarding the
discussion of possible interference effects in Sec. V, a com-
mon damping parameter of 50 cm−1 was used. The spectra
were plotted with a Gaussian band shape and a full width at
half-maximum height �FWHM� of 10 cm−1 except of the
excitation profiles, for which a FWHM of 2.5 cm−1 was em-
ployed �the one at the top of Fig.9 was not broadened at all
because of the already very small values�.

IV. RESULTS

In this section, the calculated absorption, Raman, RR,
ROA, and RROA spectra are compared with the ones pre-
sented in Ref. 2.

A. Absorption spectra

As a first step, we discuss the absorption spectrum of
�S�-�+�-naproxen-OCD3. Its experimental and calculated ab-
sorption spectra are given in Fig. 2.

The first absorption band of �S�-�+�-naproxen was found
experimentally around 325 nm, which was also observed for
�S�-�+�-naproxen-OCD3, with the vibronic structure domi-
nated by the vibration at 1388 cm−1.2 This band mainly
arises from an orbital transition from the highest occupied
molecular orbital �HOMO� to the LUMO+1, which is the
unoccupied molecular orbital following the lowest unoccu-
pied molecular orbital �LUMO�, and from the HOMO-1 to
the LUMO. The second band, which shows a much higher
electronic absorption and which is basically associated with
transitions from the HOMO to the LUMO, is observed for
naproxen at around 270 nm.2 In our TD-DFT calculations,
the first and second excited electronic states for
�S�-�+�-naproxen-OCD3 have been found at 302 �4.10 eV�
and 277 nm �4.47 eV�, respectively. The first one corre-
sponds to transitions from the HOMO to the LUMO giving
rise to a high oscillator strength and the latter to excitations
from the HOMO-1 to the LUMO and from the HOMO to the
LUMO+1 with a smaller oscillator strength. Thus, the order
of the excited electronic states is reversed compared to the
ones found experimentally for naproxen. This result has also
been obtained using TURBOMOLE with the BP8647,48 density
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functional and the TZVP basis set employing the resolution-
of-the-identity �RI� approximation and employing ADF

49–51

with the SAOP potential,52–54 the adiabatic local density ap-
proximation, and the TZ2P basis set.49 Analogous observa-
tions have already been made for other aromatic molecules.55

Additionally, approximate second-order coupled-cluster
�CC2� calculations employing the RI approximation as
implemented in TURBOMOLE

56 have been performed with the
TZVP basis set, which, however, led to a mixture of the two
excited electronic states under consideration, which is also
not in accordance with the experimental data. In spite of
these difficulties to reproduce vertical excitation energies,
TD-DFT often describes the shape of the PES very
well.10,12,15 We thus employ the experimentally determined
excitation energies of 325 �3.81 eV� and 270 nm �4.59 eV� of
naproxen for the calculation of the absorption spectrum to-
gether with the excited-state gradients obtained from the TD-
DFT calculation with B3LYP and TZVP. As can be seen in
Fig. 2, the vibronic structure of the first absorption band in
the calculated spectrum agrees reasonably with the one of the
experimental spectrum. The shape of this band is mainly
determined by the normal mode at around 1400 cm−1, which
is similar to the finding for naproxen in Ref. 2. A more in-
tense absorption band is found for the band corresponding to
the HOMO→LUMO transition which agrees with the ex-
perimental data.

B. Comparison to experimental Raman and ROA
spectra

In this section, we compare our calculated RR, Raman,
ROA, and RROA spectra to the ones obtained experimen-
tally presented in Ref. 2. For this purpose, we have chosen
�S�-�+�-naproxen-OCD3 since the available experimental
spectra are of good quality. The latter were measured in the
DCPI setup with an excitation wavelength of 514.5 nm.
Therefore, we employed the formulae of the DCPI experi-
mental setup �compare Eqs. �39� and �41�� for the calculation
of the RROA and RR spectra and for the ROA and Raman
spectra, which were calculated in the far-from-resonance
approximation27 employing the same laser wavelength as in

the experiment �514.5 nm�. Although the measured maxi-
mum of the absorption band was found near 325 nm, the
excitation wavelength of 514.5 nm was found to lie within
the low-frequency tail of this absorption band in the
experiment.2 The recorded ROA spectrum �see Fig. 3� shows
mostly negative bands. A monosignate spectrum with nega-
tive intensities is predicted by theory if resonance with one
excited electronic state is considered. As can be seen in Fig.
3, the RROA spectrum is monosignate and contains only
negative intensities, which is in accordance with the positive
value of the calculated rotatory strength. This RROA spec-
trum has been evaluated considering the first two excited
electronic states and a laser wavelength of 302 nm which is
the calculated excitation wavelength of the first excited elec-
tronic state. Comparing the RR spectrum in Fig. 3 simulated
with the same laser wavelength considering the first two ex-
cited electronic states, remarkably similar bands are found
except that the intensities are all positive, again confirming
the theory that the bands are the same in the RR and RROA
spectra, having at most different signs. As mentioned before,
the ROA and Raman spectra for the 514.5 nm laser wave-
length are evaluated in the far-from-resonance approxima-
tion, which is usually applied in ROA calculations �see, e.g.,
Refs. 46 and 57–73�. The off-resonance ROA spectrum in
Fig. 3 shows a mixture of positive and negative bands as it is
expected for nonresonance ROA spectra. If one compares the
calculated spectra with the experimental one, it is obvious
that the band at around 1380 cm−1 is, compared to other
bands in the spectrum, intense in the experimental spectrum
as well as in the theoretically predicted ROA and RROA
spectra, where the most intense band is obtained at around
1400 cm−1 belonging to C–C stretching and hydrogen in-
plane deformational vibrations �compare Fig. 4�. The slightly
positive band around 1330 cm−1 in the experimental spec-
trum may correspond to the positive band around 1310 cm−1

in the off-resonance spectrum, similarly the other positive
band in the experimental spectrum around 1390 cm−1, which
may be found in the ROA spectrum around 1415 cm−1. Fur-
thermore, the bands in the region from 1470 to 1540 cm−1

can be recognized in the calculated ROA spectrum. In spite
of that, only the one around 1520 cm−1, which belongs to a
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FIG. 2. The experimental �left-hand side; reproduced after Ref. 2� and calculated �B3LYP/TZVP� �right-hand side� absorption spectra of
�S�-�+�-naproxen-OCD3 obtained with empirically shifted excitation energies.
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normal mode dominated by in-plane deformational vibra-
tions of the hydrogen atoms at the benzene rings and wag-
ging motions of methyl groups �compare Fig. 4�, shows a
very small intensity in the calculated RROA spectrum. The
weak negative band around 1615 cm−1 in the RROA spec-
trum �the corresponding normal mode is also shown in Fig.
4� might be related to the one slightly shifted to higher wave
numbers in the experimental spectrum in an analogous way
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to the one found at around 1610 cm−1 or, otherwise, to the
one around 1670 cm−1 in the calculated ROA spectrum.

The on- and off-resonance Raman spectra are given on
the right-hand side of Fig. 3. The doublet around 1410 cm−1

is obtained in the calculated RROA and ROA spectra,
whereas the one in the ROA spectrum agrees better with the
one obtained in the experiment. The region from 1450 to
1540 cm−1, compared to the experimental spectrum, is again
better described by the calculated Raman than the RR spec-
trum. The intense band experimentally observed around
1630 cm−1 may correspond to the band around 1615 cm−1,
which is obtained with a small relative intensity in the Ra-
man and RR spectrum or, alternatively, to the intense band in
the Raman spectrum around 1670 cm−1.

In order to investigate how the RR and RROA spectra
change if a laser wavelength of 325 nm, which is the experi-
mentally determined wavelength for the excitation of the first
electronic state in Ref. 2, is employed, the RROA and RR
spectra obtained with such a laser wavelength are presented
at the top of Fig. 5. The relative intensities of the bands
around 1520 and 1615 cm−1 are much higher than the ones
in the RR and RROA spectra obtained with the 302 nm ex-
citation wavelength in Fig. 3. Moreover, the bands surround-
ing the most intense one at about 1380 and 1420 cm−1 are
weakened and enhanced, respectively, leading to a larger

similarity between the RR and �experimental and calculated�
Raman spectra. Employing in addition the experimentally
observed excitation wavelengths of 270 and 325 nm for the
two electronic states considered, the intensity of the bands
around 1520 and 1615 cm−1 is diminished �compare the bot-
tom of Fig. 5� but still more intense than in the RR and
RROA spectra of Fig. 3, which have been obtained with the
excitation energies calculated with TD-DFT and the corre-
sponding laser wavelength of 302 nm for the first excited
electronic state. The bands around 1310 and 1420 cm−1

show, compared to the most intense band at about
1400 cm−1, a lower intensity than in the RR and RROA
spectra of Fig. 3. All in all, the RR and RROA spectra ob-
tained with the calculated excitation energies agree quite
well with the spectra, for which the empirically shifted exci-
tation energies have been employed in the calculation. Fur-
thermore, this discussion shows that the measured ROA and
Raman spectra exhibit some similarities to the calculated RR
and RROA spectra, but are, nevertheless, better described by
the calculated off-resonance spectra.

V. EFFECT OF THE SECOND EXCITED STATE

Often, there are close-lying electronic states in a mol-
ecule so that the obtained resonance spectra originate not
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FIG. 5. The calculated DCPI RROA �left-hand side� and RR �right-hand side� spectra of �S�-�+�-naproxen-OCD3, obtained with an excitation wavelength of
325 nm employing the excitation energies obtained with TD-DFT �B3LYP/TZVP� �top� and the empirically shifted excitation energies �bottom�.
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only from resonance with a single electronic state. We will
discuss this phenomenon for the case of two close-lying ex-
cited states and take �S�-�+�-naproxen as the example mol-
ecule �compare Fig. 1�. Its excitation profile considering the
first two calculated excited electronic states is given in
Fig. 6.

The excitation for the first electronic state, which is
mainly determined by an excitation from the HOMO to the
LUMO �see Fig. 7 for molecular orbital plots�, is found at
302 nm with an oscillator strength of 0.0428 �in the length
representation of the electric dipole operator� and 0.0423 �in
the velocity representation of the electric dipole operator�.
The rotatory strength is obtained with a value of 9
�10−5 a.u. in the length representation and 8�10−5 a.u. in
the velocity representation. The next electronic state is ex-
cited at 279 nm with a smaller oscillator strength of 0.014
�length representation� and 0.015 �velocity representation�.
The rotatory strength is similar to the first excited state with
9�10−5 a.u. both in the length and velocity representations.
This excitation involves electronic transitions from the
HOMO-1 to the LUMO and from the HOMO to the
LUMO+1 molecular orbitals �compare Fig. 7�. The excita-
tion wavelength of the third electronic state, which is not
considered here, was calculated as 243 nm.

The effects in the RROA spectra due to changes in the
excitation wavelength can be seen in Fig. 6, where the
RROA spectra for laser wavelengths from about 310 to
270 nm �thus, including the first two electronic states� are

shown. The RROA spectra in this region are very sensitive to
the excitation wavelength. Around 300 nm, the spectra are
monosignate with negative intensities, which is expected if
only one electronic state is considered. However, mixed sign
RROA intensities are observed around an excitation wave-
length of 290 nm which is an indication that the approxima-
tion of resonance with a single excited state breaks down.
Applying a laser wavelength lower than 280 nm gives again
rise to purely negative intensities since the second excited
state is dominating.

We investigate the vibration at 1611 cm−1 �for the
graphical representation of the normal mode see Fig. 4� in
more detail in order to demonstrate how the intensity may
change due to interference of two electronic states. The ex-
citation profile considering solely the first excited state is
given at the top of Fig. 8. The most intense bands are ob-
tained at wavelengths of about 300 and 315 nm, with the
largest contribution coming from the imaginary part of the
line shape function given in Eq. �87�. Negligible intensities
are found for wavelengths smaller than 280 nm. The second
excited state gives rise to several bands from about 290 to
260 nm �see the middle part of Fig. 8�, where the intense one
at about 288 nm is again dominated by the part containing
the imaginary contribution from the line shape function �see
Eq. �87��, contrary to the second intense one at around
276 nm, where a large value of the real part is observed. The
excitation profile considering the two excited states is given
at the bottom of Fig. 8. The parts of the spectrum from about
330 to 300 nm and 280 to 250 nm are very similar to the
spectra where only one excited state is considered and more
or less simply the sum of the contributions of the first and
second excited states. A large unusual effect, however, is
found at about 288 nm. The spectra of the single excited
states, both the first and second one �at the top and the
middle of Fig. 8, respectively�, show a negative intensity due
to the part originating from the imaginary line shape contri-
butions. In spite of that, calculating the two excited states at
once, i.e., adding the tensor elements of the first and second
excited states and evaluating the invariants and the intensity
afterwards, results in a positive band �see the bottom of
Fig. 8�, which even carries a larger absolute intensity than
the sum of the bands obtained from the SES spectra, again
coming from the large value caused by the imaginary line
shape contribution. This change, which not only alters the
height of the band but also its sign, is due to the terms in the
invariants that contain a tensor element belonging to one
excited state and the other tensor element corresponding to
the other excited state, e.g., ���

state1G��
state2, ���

state2G��
state1,

���
state1A�,�	

state2, and ���
state2A�,�	

state1. Further sign inversions can be
found, e.g., for the weak bands from 288 to about 275 nm
since the contributions raised from the imaginary line shape
part show positive values. An intensity de-enhancement can
be observed for the band around 295 nm, mainly because the
real-line-shape part leads to a positive contribution in con-
trast with the negative ones calculated for the SES spectra.

The DCPI RROA intensity �see Eq. �39�� consists of two
invariants, the ��G�2 invariant containing the magnetic di-
pole part and ��A�2 comprising electric quadrupole contribu-
tions. As discussed in Sec. II, the latter vanishes in the limit

250 500 750 1000 1250 1500 1750 270

280

290

300

310

−0.02

−0.015

−0.01

−0.005

0

0.005

0.01

0.015

0.02
(I

R
−

I L
)

/(
a.

u.
)

wavenumber / cm−1

exc. wavelength / nm

FIG. 6. The simulated �B3LYP/TZVP� DCPI RROA excitation profile of
�S�-�+�-naproxen considering the first two excited electronic states.
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FIG. 7. The molecular orbitals �B3LYP/TZVP� of �S�-�+�-naproxen in-
volved in the two electronic excitations considered in this work.
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of resonance with one electronic state. This is obvious in the
upper plot of Fig. 9, where the values for ��A�2 are found to
be negligibly small, both for resonance with the first and
second excited states, respectively. This picture changes
completely if both states are considered at once �see middle
of Fig. 9�. Their interference leads to remarkably large values
of this invariant, which are mostly positive. The ��A�2 values
of the SES spectra only give rise to a line around zero since
they are too small compared to the result obtained from the
calculation considering both excited states at once. The be-
havior of the ��G�2 invariant, which is responsible for the

RROA intensity in the SES limit �compare Eq. �61��, is also
presented in Fig. 9. The regions from 320 to 295 nm and 280
to 255 nm are more or less the same, no matter whether both
excited states are considered or whether the SES approxima-
tion is employed. However, in the wavelength area in be-
tween, the negative contributions are almost cancelled due to
destructive interference effects and even reversed to a small
positive contribution at around 288 nm. So, the significant
modifications in the RROA intensities in the region between
resonance of the first and second excited state are partly
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FIG. 8. The calculated �B3LYP/TZVP� DCPI RROA excitation profiles of
the normal mode at 1611 cm−1 of �S�-�+�-naproxen considering the first
�top�, the second �middle�, and both electronic states �bottom�. “real” indi-
cates the contribution containing the real, “imag” containing the imaginary
part of the line shape function to the total �“both”� RROA intensity.
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caused by the ��G�2 invariant since their contribution is only
small and negative or even positive due to interference.
However, the large positive values obtained from the ��A�2

invariant are the main reason for the intense positive band
around 288 nm observed in the spectrum given at the bottom
of Fig. 8.

Interference effects can also be observed in the calcu-
lated RR excitation profiles given in Fig. 10. The ones ob-
tained from the SES limit calculations for the first and sec-
ond excited state �note the different scaling of the spectra�
show a very similar pattern compared to the corresponding

RROA profiles, also in view of the contributions originating
from the real and imaginary parts of the line shapes. Solely
the absolute intensity values as well as their signs differ,
which is in accordance with the predictions of the SES
theory �see Sec. II�. Considering resonance with the two ex-
cited states, de-enhancement effects are observed especially
between excitation wavelengths of 280 and 296 nm. This
result agrees with the observation of RROA interference ef-
fects at wavelengths lying between the excitation wave-
lengths of the first and second excited states. Analysis in
terms of the real and imaginary parts of the Raman scattering
cross section, as was performed, e.g., in Ref. 5, is not
straightforward in our case since the employed intensity for-
mula in Eq. �41� contains sums and differences of tensor
elements, making a general statement difficult. Even more
involved is such an analysis in the case of the ROA invari-
ants, which consist of tensor elements from different polar-
izability tensors. Therefore, we do not analyze this point in
detail here.

The extent of interference effects depends inter alia on
the values of the excitation energies of the electronic states
under consideration. If the electronic states are energetically
well separated, then interference effects may be negligible.
This is observed if the experimentally determined excitation
wavelengths of 270 and 325 nm for the first two electronic
states are employed in the calculation. The corresponding
excitation profile is presented in Fig. 11. There are no bands
with significant sign changes and positive ROA intensities
due to the weak interference of the two excited electronic
states.

VI. CONCLUSIONS

We presented a theory for RROA spectroscopy, discuss-
ing both the sum-over-states and the time-dependent ap-
proaches, which is closely related to the corresponding RR
theory. After the general ansatz, for which electric dipole,
electric quadrupole and magnetic dipole contributions have
to be considered, we simplified the polarizability tensors by
applying the Condon approximation. Employing these tensor
expressions, we obtained the same expressions for the
RROA invariants like the ones in the far-from-resonance ap-
proximation, which is the one usually applied in ROA calcu-

260 280 300 320
wavelength / nm

0

10000

20000

(I
R

+
I L

)
/(

a.
u.

)

real
imag
both

260 280 300 320
wavelength / nm

0

1000

2000

3000

(I
R

+
I L

)
/(

a.
u.

)

real
imag
both

260 280 300 320
wavelength / nm

0

10000

20000

(I
R

+
I L

)
/(

a.
u.

)

real
imag
both

FIG. 10. The calculated �B3LYP/TZVP� DCPI RR excitation profiles of the
1611 cm−1 normal mode of �S�-�+�-naproxen considering the first �top�, the
second �middle�, and both electronic states �bottom�. “real” indicates the
contribution arising from the real, “imag” from the imaginary parts of the
line shape function to the total �“both”� RR intensity.
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lations. In the limit of resonance with one electronic state,
the contribution from the electric-quadrupole-containing in-
variant vanishes �as has already been found by Nafie1� so
that the magnetic-dipole-containing invariants give rise to
the RROA intensity. Furthermore, we discussed the case of
resonance with two electronic states in the most straightfor-
ward way by addition of the contributions of the two states.

Our calculations were performed in the gradient Frank–
Condon approximation, assuming equal normal modes for
the ground and excited state, but allowing for a displacement
from the ground-state equilibrium position. As a test mol-
ecule, we chose �S�-�+�-naproxen-OCD3, for which experi-
mental spectra are available. It could be shown with the help
of absorption spectra that the vibronic effects are well repro-
duced in our calculation but the first two excited electronic
states were energetically obtained in reversed order com-
pared to experimental data. The vibronic structure of elec-
tronic spectra can in those cases be employed to determine
reliable empirical shifts for the vertical excitation energies,
as has been demonstrated before in the case of absorption74

and CD spectroscopy.75 The measured Raman and ROA
spectra were recorded2 with an excitation wavelength of
514.5 nm, which has been found experimentally to be in
preresonance with the first excited electronic state. We cal-
culated the RROA and RR spectra at the excitation wave-
length of the first electronic state at 302 nm obtained with
TD-DFT as well as the ones at 514.5 nm in the far-from-
resonance approximation. In addition, the experimentally de-
termined excitation energies for the first two excited elec-
tronic states were employed for the calculations but the
influence of these empirically shifted excitation energies
were found to be quite small. Comparing the calculated spec-
tra to the experimental ones, it could be seen that the mea-
sured spectra contain elements of both the simulated off-
resonance and in-resonance spectra. These results could be
obtained although several approximations had to be made in
the theoretical analysis. In particular, we employed only one
conformer of �S�-�+�-naproxen-OCD3 in our calculations, we
worked within the gradient Franck–Condon approximation
and neglected solvent effects.

As an additional step, we investigated the influence of
the second electronic state onto the excitation profiles of
�S�-�+�-naproxen. The excitation wavelength of this second
electronic state was calculated to be at around 279 nm with a
smaller oscillator strength than the first electronic state, but
the rotatory strengths being similar. It could be seen that the
obtained RROA spectra are very sensitive to the applied ex-
citation wavelengths of about 310 to 270 nm. In order to
study the interference effects of the two electronic states in
more detail, we discussed the excitation profiles of the nor-
mal mode at 1611 cm−1. The regions from 320 to about
295 nm and 280 to 255 nm in the calculated RROA spectra
�considering both electronic states� were found to be domi-
nated by the first and second electronic state contributions,
respectively, comprising solely bands with the same sign as it
is predicted by the single electronic state approximation. Re-
markable interference effects, even leading to bands with
reversed sign, were found in the region between the excita-
tions of the first and second electronic state. It could be

shown that the contributions from the magnetic-dipole-
containing invariant are significantly diminished or even
show a reversed sign due to destructive interference of the
contributions from the two electronic states. A large effect
leading to intense bands with inverted sign, however, turned
out to arise from the ��A�2 invariant, which includes the
electric-quadrupole contributions and vanishes if only one
excited state is considered. In addition, de-enhancement was
also detected for the RR bands in this wavelength region. If
the experimentally determined excitation energies for the
first two excited electronic states were employed in the cal-
culation, negligible interference effects were observed since
the energy separation of these two states is larger than in the
case of the excitation energies obtained from the TD-DFT
calculation.

To conclude, our calculations demonstrate that RROA
spectra can be remarkably affected by interference of elec-
tronically excited states, which is even more involved than in
RR spectra since not only enhancement and de-enhancement
of the bands can occur but in addition their sign can be
reversed. The differences in the spectra with calculated and
empirically shifted excitation energies, however, also re-
vealed the high sensitivity of interference patterns in RROA
�and RR� spectra on the energetic separation of the excited
states involved.
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