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Chapter

What Is Vibrational Raman
Spectroscopy: A Vibrational or an
Electronic Spectroscopic
Technique or Both?
Søren Hassing

Abstract

Modern Raman spectroscopy covers several noninvasive reflection techniques
for identification of molecules and investigation of molecular properties. All are
based on the Raman effect, occurring when polarized laser light is inelastically
scattered by a molecular sample. Vibrational Raman spectroscopy is the Raman
technique most widely used in chemical analysis, and it is relevant for the charac-
terization of molecules in solution, biomolecules, and solids (crystals and powders).
In this chapter vibrational Raman spectroscopy is discussed under the headline:
“What is vibrational Raman spectroscopy: a vibrational or an electronic spectro-
scopic technique, or both?” The answer to this question is gained through a discus-
sion of different scattering situations, and it is demonstrated that the Raman
technique is more than an alternative technique to infrared and near-infrared
absorption spectroscopy. Starting with the Kramers-Heisenberg equation, the
answer is obtained through a discussion of: State tensors and Raman tensors, non-
resonance and resonance Raman scattering (RRS) excited with a single laser wave-
length, and unpolarized and polarization-resolved RRS excited with variable laser
wavelengths (RADIS), dispersive Raman vibrations as a tool for noninvasive detec-
tion of molecular color changes and that RADIS data are automatically born as
three-dimensional multivariate data with high information contents.

Keywords: Raman, resonance Raman, RADIS, polarization dispersion, state tensor,
Raman tensor, noninvasive

1. Introduction

Modern Raman spectroscopy is a class of well-documented, noninvasive, optical
reflection techniques with a high spectral resolution applicable for the identification
of molecules and investigation of molecular properties. All are based on the Raman
effect, discovered by Raman in 1928 [1, 2]. Today more than 25 different Raman
spectroscopic techniques are known [3]. The Raman effect occurs when light is
inelastically scattered by a molecular sample.

Originally Raman and Krishnan observed the scattering of spectrally filtered
sunlight from a liquid and found that the scattered light contained very week
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components of light, which had slightly different frequencies compared to the
frequency of the incoming light. In a description of the scattering process based on
quantum mechanics, the appearance of the shifted frequencies in the Raman
scattered light is interpreted in the way that the molecules have shifted quantum
state during the process. The shifted frequencies appear symmetrically around the
frequency of the exciting light, from which one can conclude that the molecule may
either be excited or de-excited during the scattering process. The last requires that
the molecules have been excited (e.g., thermally) before the scattering event. This is
termed anti-Stokes scattering, while the scattering where the molecules are excited
during the process is termed Stokes scattering. The molecules may either shift
rotational, vibrational, or electronic state during the scattering, depending on the
molecule and the specific experimental conditions.

The spectroscopic technique based on Raman scattering, where the molecules
shift vibrational state, is termed vibrational Raman spectroscopy. A vibrational
Raman spectrum contains the unique and highly resolved vibrational signature of
the scattering molecule. Normally only the Stokes part of the entire spectrum is
measured, since this is more intense than the anti-Stokes part [3]. Vibrational
Raman spectroscopy is the Raman technique most widely used in chemical analysis,
and it is relevant for the investigation of molecules in solution, biomolecules, and
solids (crystals and powders). Since the Raman technique can be performed as a
reflection measurement, which requires no or very little sample preparation, it is
well suited for the investigation of molecules in their natural environment such as in
the food industry and in medical and environmental applications.

Nowadays vibrational Raman spectra are measured by illuminating the sample
with polarized laser light with wave numbers either in the near-infrared (NIR), the
visible (VIS), or the ultraviolet (UV) and simultaneously monitoring the reflected
light. A vibrational Raman spectrum is then obtained by considering the intensity
distribution in the Raman scattered light as a function of the so-called Raman shift
∆eνR defined as ∆eνR ¼ eνlaser � eνs, where eνs and eνlaser are the wave numbers of the
Raman scattered light and the laser, respectively. In the case of Stokes scattering,
∆eνR is positive.

Ever since the discovery of the Raman effect in 1928, the Achilles heel of Raman
spectroscopy has been the low Raman cross section where typically 108 incoming
photons only generate a single Raman photon. The consequence is that the intensity
of the Raman signal becomes very low in general. In the history of Raman spectros-
copy, many attempts have been made to overcome this disadvantage. The three
most important milestones for the practical application of Raman spectroscopy are
the following:

• The invention and development of commercial lasers [4, 5]

• The development of sensitive charge-coupled devices (CCD-detectors) [6, 7]

• The development of interference filters, i.e., notch and edge filters

Not before the implementation of these three improvements could Raman spec-
troscopy really compete with the competing spectroscopic techniques IR, NIR, and
UV/VIS.

A challenge particular in in situ resonance Raman investigations of biomolecules
is that the excitation of the resonance Raman process is followed by a simultaneous
excitation of fluorescence in either the molecule under investigation or in other
molecules present in the sample. Since in general the fluorescence cross section is
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much larger than the Raman cross section, the Raman peaks typically ride on top of
the spectrally broad fluorescence background so that it can be time-consuming to
determine the true Raman intensity. Sometimes a part of the Raman spectrum may
even be hidden behind the fluorescence. However, in most situations the influence
from fluorescence may be taken care of by changing the laser wave number to NIR
or to UV, by applying a fluorescence quenching technique [8], by applying a pulsed
detection technique, or by implementing advanced signal processing including
multivariate analysis.

In the present chapter vibrational Raman spectroscopy is discussed under the
headline: “What is vibrational Raman spectroscopy: a vibrational or an electronic
spectroscopic technique, or both?” Besides giving an answer to this question, the
goal of the chapter is twofold: (1) to improve the readers’ understanding of Raman
scattering in general and (2) to demonstrate which kind of molecular information
one may achieve by choosing different experimental conditions.

Before we begin the discussion, it should be noticed that Raman spectroscopy,
like any kind of molecular spectroscopy, can be applied in two different ways: (1) as
an analytical technique for the identification and quantification of molecules in a
sample and (2) as a technique for studying the physical and chemical properties of
molecules. In the first kind of application, the Raman signal is just considered as a
source of data, which has to be compared with spectroscopic databases or which has
to be combined with the chemometric method being most appropriate for the
problem to be solved. For this kind of application, no knowledge of Raman theory
and how the theory is applied to molecules is really needed. But it should be noticed
that to decide how the chemometrics should be applied together with the Raman
data, one must take into account that vibrational Raman spectra are in general
characterized by exhibiting high spectral resolution (narrow and well-separated
lines) compared to the broader bands typically found in IR and in particular in UV/
VIS spectra. For the second kind of applications, a deeper understanding of molec-
ular physics and molecular Raman theory is needed.

2. Some fundamentals of Raman theory

2.1 General theory

A unified treatment of Raman theory can be found in [9, 10] and in [3], where in
the last reference a long list of references to the Raman literature is provided. The
symmetry aspects, interference phenomena, and polarization properties of reso-
nance Raman scattering have been discussed by Mortensen and Hassing [11] and by
Schweitzer-Stenner [12], while the vibronic aspects has been discussed by Siebrand
and Zgierski [13].

Raman scattering can be described as a coherent absorption-emission sequence
in which a primary photon with wave number eνp and polarization vector up is
replaced by a scattered photon with wave number eνs and polarization vector us. In
comparison, fluorescence is an incoherent absorption-emission sequence, i.e., a
combination of two independent processes, namely, a real absorption of a primary
photon followed by a spontaneous emission of a secondary photon. In fluorescence
the initially excited molecule is allowed to decay into other quantum states before
the spontaneous emission of light. As well known, the number of vibrations in a
molecule is given by the expression 3N � 6, where N is the number of atoms in the
molecule. Since each vibration can be highly excited, it follows that the total num-
ber of vibrational states associated with every electronic state including the
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electronic ground state increases strongly with the size of the molecule. This gives
many possibilities for the decay and accordingly also for the emission of the light.
When the intensity contributions from all the possible radiative transitions are
superposed to give the total intensity, the individual spectra overlap with the result
that the spectral distribution of the fluorescence becomes broad and without much
structure. In contrast, the number of accessible final states in the Raman process is
very limited due to the coherent nature of the process. The typical vibrational
Raman spectrum consists of narrow Raman lines with the typical FWHM band-
widths of 10–20 cm�1.

The basic equation for the theoretical description of Raman scattering is the
famous Kramers-Heisenberg (KH) dispersion relation. Kramers and Heisenberg
derived the equation by the application of the correspondence principle to the
classical dispersion relation. The KH equation expresses the transition probability
per second for Raman scattering [14]. The original version did not contain the
damping of the scattering system, and thus it did not immediately apply to reso-
nance Raman scattering. Later Weisskopf modified the equation by introducing the
damping of the atomic and molecular states with the assumption of an exponential
decay of the excited states [15]. Within a modern theoretical framework, the KH
relation and the expression for the intensity of the Raman scattered light can be
derived by using formal scattering theory [16] or time-dependent second-order
perturbation theory. In perturbation theory the interaction energy between the
molecule and radiation field, normally considered in the electric dipole approxima-
tion, is used as the perturbation, when the time-dependent Schrödinger equation
for the total system and molecule plus electromagnetic field is solved (e.g.,
see [17]).

The basic scattering equations are collected in Eq. (1). The transition probability
is expressed through the total differential scattering cross section dσ

dΩ

� �
¼ IRaman

Ilaser
. Since

the intensity of the laser Ilaser refers to a plane wave and the intensity of the Raman
scattered light IRaman is the intensity scattered into the solid angle dΩ, the scattering
cross section dσ

dΩ

� �
becomes an area. It follows from Eq. (1) that the intensity of the

Raman scattered light corresponding to the Raman transition aj i ! bj i is propor-
tional to the intensity of the laser Ilaser and to the absolute square of the Raman

tensor, αa!b
�� ��2, where αa!b is a tensor of rank 2 represented by a 3 � 3 matrix,

which is related to the electric polarizability of the molecule. The expression for the
Cartesian components of the Raman tensor αa!b

ρσ ρσ ¼ x; y; zð Þ is also given in
Eq. (1):

IRaman ¼
dσ

dΩ

� �
IlaserdΩ

dσ

dΩ

� �
¼ 4πα2fsceν

4
s ∑

ρσ

usρα
a!b
ρσ upσ

�����

�����

2

αa!b
ρσ ¼ ∑

r

bjρjrh i rjσjah i

eνr,a � eνp � iγr
þ

bjσjrh i rjρjah i

eνr,b þ eνp þ iγr

(1)

αfsc is the fine structure constant known from atomic physics [17]. Notice that
the Raman intensity is proportional to the fourth power of the wave number of the
scattered light (i.e., inversely proportional to the fourth power of the wavelength).
This means that the intensity of a Raman spectrum measured with a NIR laser with
wavelength 1064 nm is decreased with a factor of 16 relative to the intensity of the
same spectrum measured with a visible laser with wavelength 532 nm.
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In the expression for the Raman tensor in Eq. (1), aj i, bj i and rj i is the initial, the
final, and the intermediate states of the molecule. In principle, all states are exact
eigenstates of the molecular Hamiltonian. ρ, σ is a shorthand notation for the Car-
tesian components of the electric dipole moment of the molecule divided by the
velocity of light and measured relative to a coordinate system in the center of mass
of the molecule. eνr,a is the wave number difference between the states rj i and aj i.
γr is the damping of the state rj i given as the FWHM width and represents the
exponential decay of the state. The matrix elements in the numerators of the two
terms in the Raman tensor are given in the Dirac notation [18] and involve mathe-
matically an integration over the coordinates used in the functions describing the
molecular states. The terms in the expression for the Raman tensor, where the
denominators contain the wave number difference between the state rj i and the
laser eνp, are called the resonance terms, since their contributions to the Raman
intensity increase strongly when the excitation wave number eνp becomes equal to
their energies eνr,a. When this happens the scattering process is called resonance
Raman scattering (RRS), while in cases where eνp ≪eνr,a, the process is just called
Raman scattering (RS). The difference between RRS and RS and the implications
with respect to the kind of molecular information one may obtain in the two
scattering situations will be discussed in more detail in the following.

It follows from Eq. (1) that all the molecular states contribute to the intensity of
the specific Raman transition aj i ! bj i. It also follows that the first step in the
calculation of the intensity is to calculate the Raman tensor by performing the
summation over all molecular states and then as the second step calculate the
absolute square of the result. The consequence is that the contribution from each
state will interfere either constructively or destructively with the contributions
from all other states in the Raman intensity. The interference between the individ-
ual contributions depends on their magnitude and relative sign. An important issue
in the evaluation of the expression for the Raman intensity is to establish the
relations between the molecular properties and the Raman process. To achieve this
goal, it is appropriate to divide the discussion into two parts: (1) discussion of the
contribution to the scattering tensor from a single state and (2) discussion of the
interference between the contributions from different states. For that purpose
Mortensen and Hassing [11] defined the state tensor S rj i

ρσ corresponding to the
intermediate state rj i:

S rj i
ρσ � bjρjrh i rjσjah i (2)

The state tensor determines the contribution to the scattering from that partic-
ular state. S rj i

ρσ depends also on the initial and final states of the Raman process
aj i and bj i, but we omit these indices for simplicity in writing.

The Raman tensor now becomes

αa!b
ρσ ¼ ∑

r

S rj i
ρσ

eνr,a � eνp � iγr
þ

S rj i
σρ

eνr,b þ eνp þ iγr
(3)

The introduction of the state tensor is more important in RRS, where only
relative few states contribute significantly to the Raman intensity than in RS,
where all molecular states contribute with the result that the information of their
individual contributions is blurred.

One advantage of introducing the state tensor is that it is possible to evaluate the
general form of the state tensor in cases, where the symmetry of the molecule is
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known. First, we notice that when the molecule has no symmetry, the state tensors
are determined exclusively by the physical properties of the specific molecule
considered, and all state tensor components may a priori be nonvanishing. The
same holds for the Raman tensor, since it is a superposition of state tensors scaled
with the associated energy factors. However, when the molecule exhibits some
symmetry, the state tensors will be determined both by the physics and by the
constraints imposed by the symmetry. The consequence of the symmetry is that
some tensor components vanish. When the symmetry gets higher, the number of
vanishing state tensor components increases. It is also important to notice that the
structure of each state tensor contributing to a specific Raman transition can be
different and different from the structure of the Raman tensor. This is because the
state tensors are determined by the symmetry and the physical properties of the
individual states, which contribute to the scattering, while the Raman tenor is a
superposition of the state tensors. As we shall see later, this is particularly important
in resonance Raman scattering of molecules containing a chromophore with high
symmetry such as the molecules containing the heme group.

Traditionally the symmetry of a molecule with well-defined configuration has
been described by using point groups and group representation theory, and from
the early days of quantum physics, this has been used to derive selection rules, i.e.,
to give the conditions under which a particular matrix element must vanish. In
spectroscopy the symmetry-based selection rules determine when a transition does
not appear in the spectrum, i.e., it is a symmetry-forbidden transition.

In cases where the molecular point group has a threefold rotation axis or axes of
higher order, one must, however, as demonstrated in [11] and by Mortensen in
[19], apply the so-called non-commuting generator (NCG) approach to molecular
symmetry in order to be able to evaluate the general form of the state tensors. In
[19] the NCG approach is explained in detail, while in [11] it is shown how the
method can be applied to calculate the structure of the state tensors both for
molecules with integer and half integer spin. Besides all the possible state tensors for
molecules with integer spin in the most important point groups have been evaluated
and collected as an appendix. The appendix containing the state tensors is also
reproduced in [3].

Recently [20] the NCG method has been extended and applied to develop the
state and Raman tensors for molecular aggregates. Specifically the tensors for the H-
type dimer of two coupled monomers with D4h symmetry are evaluated, and the
result has been applied to interpret the experimental results of polarized resolved
RRS spectra of a diluted solution of red blood cells (RBCs) of human blood. The
main conclusion from this study is that aggregation between heme-protein mole-
cules inside the RBC can be studied in vivo by polarized RRS, which opens the
possibility of monitoring the effects on the aggregation of drugs added to the blood.

2.2 Polarization properties of Raman scattering

The polarization is a unique property of Raman scattering, which distinguishes
the Raman technique from the UV/VIS and IR spectroscopy. In general, the polar-
ization of the Raman scattered light is different from the polarization of the incom-
ing laser light. This property is valid for oriented molecules (crystals), but perhaps
more surprisingly, it is also valid for randomly oriented molecules like molecules in
solutions and in powders. The reason for this is that the Raman process is controlled
by a tensor (the Raman tensor) and not by a vector (the electric dipole vector) like
in UV/VIS and IR absorption. While a vector only has one quantity, namely, its
length, which is not changed (invariant) under rotation of the molecules, a tensor of
rank 2 has three combinations of the nine tensor components, which are invariant
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to rotation. In the Raman case, these are called the rotational invariants of the
Raman tensor, and they are denoted as Σ0, Σ1, and Σ2. Recently the polarization
properties of resonance Raman have been discussed in [20]. It is demonstrated that
the amount of molecular information, which may be extracted from a resonance
Raman experiment, can be increased considerably by measuring the polarization-
resolved Raman signals in addition to the unpolarized signals. Specifically the
results of two case studies are discussed. As already mentioned the first focuses on
the aggregation of hemoglobin inside RBCs of human blood, and the second is an
in vitro study of the stability of dye-sensitized solar cells. Here we shall only define
the polarization properties relevant for the discussion that follows below, and we
refer to [11, 20] for further details.

In polarization-resolved Raman experiments, two spectra are measured from
which the parallel dσ

dΩ

� �
∥
and perpendicular dσ

dΩ

� �
⟘
scattering cross sections can be

determined by using the relation in Eq. (1).
The polarization properties in Raman scattering are expressed through the

depolarization ratio (DPR) defined as

DPR �

dσ
dΩ

� �
⟘

dσ
dΩ

� �
∥

(4)

The polarization-resolved Raman measurements are illustrated in Figure 1,
which shows the 180° scattering geometry (reflection measurement) being the
geometry mostly used. The molecule (M) is placed in the center of a space-fixed
coordinate system, and the laser light, which is linearly polarized along the Z � axis,
is propagating along the X � axis in the negative direction. The Raman signals back
reflected from the molecule are measured with a detector placed on the X � axis
and with the polarization analyzers directed along the Z � axis for measurement of

the parallel component αa!b
ZZ

�� ��2 (marked red in Figure 1) and along the Y � axis for

Figure 1.
Backscattering geometry illustrating polarized resolved Raman measurements of the parallel (along Z) and

perpendicular (along Y) polarized data. E0
!

and k
!
are the polarization and k-vector of the laser. M is the

randomly oriented molecule.
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measurement of the perpendicular polarized component αa!b
YZ

�� ��2 (marked green in
Figure 1). For randomly oriented molecules, i.e., solutions and powders, we have to
perform an average calculation of these scattering quantities with respect to orien-

tation of the molecule. The average quantities αa!b
ZZ

�� ��2
D E

and αa!b
YZ

�� ��2
D E

have been

calculated in [11] by the application of angular momentum theory, and we refer to
[11] for details. The result for the DPR is as follows:

DPR ¼
αa!b
YZ

�� ��2
D E

αa!b
ZZ

�� ��2
D E ¼

5Σ1 þ 3Σ2

10Σ0 þ 4Σ2 (5)

where Σ0, Σ1, and Σ2 are the rotational invariants mentioned above and each of
them is a combination of the absolute squares of the Raman tensor components
given in molecule-fixed coordinates [11]. Σ0 is the absolute square of the trace of
the tensor, Σ2 is the symmetric anisotropy, and Σ1 refers to the antisymmetric part

of the Raman tensor, i.e., it contains terms of the form αa!b
ρσ � αa!b

σρ

���
���
2
.

2.3 Vibronic expansion of the state and Raman tensors

From the beginning of the history of Raman spectroscopy, it has been an impor-
tant task to transform the basic and general scattering expressions into a form
suitable for the interpretation of experimental Raman data. It follows from Eq. (1)
that an important problem is that the calculation of the Raman intensity involves a
summation over all molecular states, which are not known. Another problem is that
in a molecule, the motions of the electrons and nuclei are not independent, which
means that the functions describing the molecular states depend upon coordinates
defining the positions of both the electrons and nuclei. It follows that any evaluation
of the expression for the Raman intensity requires the introduction of approxima-
tions. It seems that there exist two different kinds of approach: the first approach
introduces a number of radical approximations in one step, which leads to simple
results, but with limited applicability. This approach was first followed by Placzek
in 1934 with the development of his polarizability theory, which is valid for non-
resonance Raman scattering [9]. The polarizability theory has been reconsidered by
Long in 2002 [3] and is also briefly discussed below. The second approach intro-
duces a number of approximations in a stepwise way directed toward Raman
scattering in specific molecular systems. This kind of approach became relevant
after the invention of the laser and development of commercial lasers, in particular
tunable lasers in the 1960s and 1970s by which it became possible to perform
resonance Raman experiments where the wave number of the laser was scanned
through the visible absorption band of a large molecule. In particular, resonance
Raman studies of biological molecules containing a chromophore came into focus
[21–24]. Accordingly, it became necessary to transform the basic equations into a
form suitable for the interpretation and extraction of the molecular information
obtained under resonance conditions.

Almost all theoretical treatments of optical spectroscopic processes in molecules,
including UV/VIS and Raman spectroscopy, are formulated within the adiabatic
formalism. This formalism is based upon the assumption that in a molecule the
motions of the light electrons are only weakly correlated to the motions of the heavy
nuclei, so that it is possible to approximately separate these motions, when the
Schrödinger equation for the molecule is solved. In this chapter we focus on
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vibrational Raman spectroscopy of larger molecules, i.e., either crystals or solutions
and powders. In these molecules, the rotational spectra are not resolved, which
means that it is not necessary to consider the rotational motion explicitly. In the
adiabatic Born-Oppenheimer (ABO) approximation (e.g., see [17]), each molecular
eigenstate is therefore, as a first step, approximated by a product of an electronic
state and a vibrational state, where the ladder is normally considered within the
harmonic approximation. Within the ABO approximation, the states in the state
and Raman tensors are replaced by the product states: aj i ¼ gj i vaj i, bj i ¼ gj i vbj i
and rj i ¼ ej i vej i where g and e are the electronic ground state and an excited elec-
tronic state, respectively. vej i ¼ v1,v2,v3,v4,……v3N�6j i is the vibrational sub-state
associated with the electronic state ei, where in the harmonic approximation the
vibrational state is also factorized in the product of 3N � 6, and one-dimensional
harmonic oscillator states, each of which describing a normal vibration. N is the
number of atoms in the molecule. However there are situations where the ABO
approximation breaks down the product functions that serve in general as good
approximations to the molecular wavefunctions. The most important situation for
resonance Raman scattering, where it is necessary to go beyond the ABO approxi-
mation, is the one where an excited electronic state is coupled to the high-lying
vibrational states belonging to the electronic ground state. The nonadiabatic cou-
pling is mainly provided by the T̂N � operator, which is the operator describing the
kinetic energy of the nuclei. This gives rise to radiationless transitions, which leads
to an increase of the damping constant of the excited electronic state and explains
essentially why the magnitude of the bandwidths observed in experimental UV/VIS
absorption spectra is larger than the radiation damping. For the discussion given
here, it is sufficient to associate the bandwidths estimated in UV/VIS spectra with
the constant γr¼ev used in the Raman tensor. See [25, 26] for further discussions of
the origin of the bandwidths found in Raman and UV/VIS experiments.

Since the ABO approximation only allows a partial separation of the electronic
and nuclear motions, the functions describing the electronic states will depend on
both the electronic coordinates and on the nuclear coordinates, while the vibrational
functions only depend on the nuclear coordinates. However, the vibrational motion
depends indirectly on the electronic state, since the electronic eigenvalue is a func-
tion of the nuclear coordinates and is found to play the role of the potential energy
function for the vibrational motion.

The vibronic version of the state tensor in Eq. (2) may now be written as

S ej i vej i
ρσ ¼ g q;Qð Þvb Qð Þjρ qð Þje q;Qð Þve Qð Þh i e q;Qð Þve Qð Þjσ qð Þjg q;Qð Þva Qð Þh i (6)

where q andQ symbolize the set of electronic and nuclear position coordinates,
respectively. Thus each of the two matrix elements in the state tensor is evaluated
by integrating formally over both the electronic and the nuclear coordinates.
Besides, according to the adiabatic idea, the integration over the electronic coordi-
nates should be performed before the integration over the nuclear coordinates.

In general, the functions describing the excited electronic states in larger mole-
cules are not known. In fact, one important task in optical spectroscopy is to
provide knowledge of these functions. Since also their dependence on the nuclear
coordinates is not known, the formal integrations over the nuclear coordinates in
the state tensor given in Eq. (6) are performed by introducing an appropriate Taylor
expansion in the nuclear coordinates. The expansion of the state tensors may be
performed in two different ways: (1) the electronic functions are expanded
using perturbation theory and then the integration over the nuclear coordinates
are performed (e.g., see [27]), and (2) the electronic transition moments
ρ Qð Þ ¼ g q;Qð Þjρ qð Þje q;Qð Þh i and σeg Qð Þ ¼ e q;Qð Þjσ qð Þj g q;Qð Þh i defined through
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the formal integration over the electronic coordinates are Taylor expanded in the
nuclear coordinates (e.g., see [11]). After the expansion of the state tensors in
Eq. (6), using either scheme 1 or 2, the result is inserted in Eq. (1) in order to obtain
the Raman intensity. Applying (2) to the first order (being in most cases sufficient),
the state tensor in Eq. (6) becomes

S ej i vej i
ρσ ¼ vbjveh i vejvah iρ0geσ

0
eg þ ∑

3N�6

k¼1
vbjQkjveh i vejvah i

∂ρge

∂Q k

� �

0
σ0eg

þ vbjveh i vejQ kjvah iρ0ge
∂σeg

∂Q k

� �

0

(7)

where all vibrational states are functions of the set of normal coordinate Q .
The first and second lines are the state tensor in the Franck-Condon and the
Herzberg-Teller approximations, respectively. Comparing Eq. (7) with the
result in [27], it follows that the second expansion scheme leads to the simplest
parametrization of the expression for the Raman intensity; although taken to
infinite order, which is of course impossible in practice, the two expansion schemes
are equivalent.

The vibronic models developed for RRS, which are found in the Raman
literature, differ essentially from each other in two ways: (1) whether expansion
scheme 1 or 2 has been applied and (2) the degree of approximation that has been
introduced.

3. What is vibrational Raman spectroscopy: a vibrational
or an electronic spectroscopic technique or both?

3.1 Non-resonance Raman spectroscopy

In most molecules, the energy differences between the electronic ground state
and the excited electronic states are much larger that the mutual energy difference
between the excited electronic states. Typically, there will therefore exist a rela-
tively large spectral region between the energy of the final state in the Raman
process and the energy of the first electronically excited state, where the wave
number of the laser eνp can be chosen without exciting an electronic absorption.
Besides, eνp will also typically be much larger than molecular vibrational frequencies,
so that all the terms in the Raman tensor in Eq. (1) where r runs over vibrational
quantum numbers in the electronic ground state can be neglected relative to the
contributions which involves excited electronic states, i.e.,
∆eνR ¼ eνvb,va ≪eνp ≪eνev, gva . The damping constant of the excited electronic states γr¼e

may also be neglected since they are of the order of magnitude as a vibrational
quantum. With these assumptions and assuming that the electronic ground state is
nondegenerate (which is typical), the expression for the Raman tensor in Eq. (1)
can be approximated by

αva!vb
ρσ

� �
non�res

ffi vbjα̂ρσ Q;eνvb,va ;eνp
� �

jva
D E

(8)

where α̂ρσ Q ;eνvb,va ;eνp
� �

is the Cartesian component of the molecular transition

polarizability tensor
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α̂ρσ Q ;eνvb,va ;eνp
� �

¼ ∑
e6¼g

ρge Qð Þσeg Qð Þ

eνe, g � eνp
þ
σge Qð Þρeg Qð Þ

eνe, g þ eνp
(9)

To obtain Eq. (9) “the closure rule,” i.e., 1̂ ¼ ∑i ij i ijh valid for any complete set
of states ij i, has been applied to the vibrational sub-states of every electronic state,
and the electronic transition moments defined above (expansion scheme 2) have
been introduced. Because Eq. (9) involves a summation over all excited electronic
states, a Taylor expansion of the electronic transition moments ρge Qð Þ and σeg Qð Þ

would result in too many parameters, which cannot be determined. A direct Taylor

expansion of the molecular transition polarizability tensor α̂ρσ Q ;eνvb,va ;eνp
� �

is

therefore more convenient in this case:

α̂ρσ Q;eνvb,va ;eνp
� �

ffi α̂0
ρσ þ ∑

3N�6

k¼1

∂α̂ρσ

∂Qk

� �

0
Qk þ… (10)

where Qk is the k
th normal coordinate. To calculate the Raman tensor, the

expansion in Eq. (10) is inserted in Eq. (8), and the result is inserted in Eq. (1) in
order to obtain the intensity of the Raman signal of the Raman transition aj i ! bj i.

Conclusion: It follows that the Raman signal only depends on variables related to
the electronic ground state, i.e., the set of normal coordinates Q and the wave
numbers of the Raman bands eνvb,va , besides the wave number of the laser eνp.
However, the spectral distribution in the Raman spectra is independent of the laser
wave number, which only has influence on the absolute intensity of the Raman
signal. As seen from Eq. (9), all information about the individual electronically
excited states is “washed out” in the calculation (and in the experimental signals),
which means that we cannot obtain any information on individual excited elec-
tronic states by measuring the Raman signals under these conditions. Non-
resonance Raman scattering (or RS for short) becomes therefore a vibrational
spectroscopic technique just like IR and NIR. There are however two essential
differences between RS and IR and NIR: first, the Raman signals are obtained by the
scattering of laser light with wave numbers typically in the visible region and
therefore much higher than the wave numbers of the IR and NIR photons, which
are directly absorbed in IR and NIR spectroscopy. Second, since the Raman signal is
controlled by a tensor instead of by a vector, the spectral selection rules of RS
become different from those of IR and NIR. The selection rules for RS can easily be
derived by considering Eq. (10) inserted in Eq. (8). Assuming room temperature
and considering only the Stokes spectrum, it follows that Raman spectra only
contain the fundamental transitions, i.e., va ¼ 0j i ! vb ¼ 1j i, where the intensity is
provided by the first derivative of the polarizability tensor. Besides for smaller
molecules (e.g., benzene) having a high symmetry, the polarization enables one to
distinguish between totally symmetric and asymmetric vibrations in the Raman
spectrum. The DPR for symmetric vibrations becomes 0≤DPR <0:75, which fol-
lows directly from Eq. (5) and the fact that the Raman tensor is symmetric in non-
resonance (i.e., Σ1 ¼ 0). For asymmetric vibrations the DPR ¼ 0:75, since the ten-
sor, because of the symmetry, has no trace (i.e., Σ0 ¼ 0) for these modes. For
molecules without symmetry, all vibrations are of course in principle totally sym-
metric. Due to the generally narrow bandwidths of the Raman bands, Raman
spectra represent in most cases a very well-defined vibrational signature of the
molecule. For this reason and since the Raman signal can be measured in a reflection
geometry and because no sample preparation is really needed, Raman signals are
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well suited for performing different kinds of multivariate analysis of solutions
containing several molecular species.

3.2 Vibrational resonance Raman spectroscopy

In resonance Raman scattering, the wave number of the laser is chosen within
the UV or visible absorption band of the molecule. Since the assumption
eνvb,va ≪eνp ≪eνev,gva is no longer valid, we have to go back to Eqs. (3) and (8) and
insert approximations appropriate for the resonant scattering situation to be con-
sidered. First it should be noticed that resonance Raman scattering may form the
basis of two different kinds of resonance Raman spectroscopy:

1. Vibrational resonance Raman spectroscopy (VRRS)

2. Raman dispersion spectroscopy (RADIS) (see Section 3.3.)

In VRRS the vibrational Raman spectrum is measured in the same way as in RS,
i.e., the spectral distribution in the Raman scattered light is measured as a function
of the Raman shift ∆eνR with a fixed value of the wave number of the laser, but, as
said, eνp is now chosen close to or within an electronic absorption of the molecule.
The two most striking features of VRRS as compared to RS are that the intensity of
the Raman signal is largely enhanced (typically with a factor of 103 � 106) and that
the intensity distribution in the vibrational spectrum is different in general. It
follows from Eq. (3) that the enhancement is due to the fact that the real part in the
denominators of the Raman tensor becomes small or even zero for the states being
close to or in resonance with the laser. Since the state tensors associated with the
resonating states dominate in the Raman intensity, the selection rules will now be
determined not only by the initial and final states as in the RS but also by these state
tensors. It follows from Eq. (7) that this will change the intensity distribution of the
Raman signal. A further consequence is that new vibrational modes may become
Raman active, but more importantly not only the fundamentals are seen in VRRS
spectra, but also overtones (i.e., multiple excitations of a single normal vibration)
and combination bands (i.e., multiple excitations involving several vibrations) are
frequently observed. The appearance of the overtones and combination bands
enables one to estimate anharmonicity constants and thereby improve the modeling
of the vibrational potential function in the electronic ground state.

Larger molecules, typically biomolecules, are often colored because they contain
a chromophore with high symmetry. Important examples are the metal-porphyrins,
where the ring structure has the ideal symmetry of D4h. When the wave number of
the laser is chosen within the visible absorption band of the chromophore, essen-
tially only the ring vibrations are resonance enhanced and show up in the Raman
spectra with significant intensity. Besides making the total Raman spectrum sim-
pler, it also enables one to study a small part of a very large molecule, e.g., a protein
molecule. Finally, it should be noticed that under resonance conditions, the value of
the DPR may take any number from zero to infinity. This is because the Raman
tensor needs no longer be symmetric but in general may have all three tensor
invariants Σ0, Σ1, and Σ2 different from zero. As seen from Eq. (5), the value
infinity is obtained when the tensor is purely antisymmetric, i.e., when only Σ1 6¼ 0.
In the 1970s very high values of the DPR of vibrational modes were first observed
experimentally in the VRRS spectra of the heme-proteins [21]. The results were
interpreted as being due to the scattering by a vibration with the symmetry a2g
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being associated with an antisymmetric state tensor for a resonating electronic state
with Eu symmetry in the point group D4h.

The resonance enhancement and the interference between the resonating state
tensors are very sensitive to the magnitude of the damping constants γr¼ev of the
resonating states. Since the damping is a measure of the lifetime of an excited
electronic state, resonance Raman scattering may provide information about the
dynamics of excited molecular states. However, to obtain this kind of information,
measurement of the Raman signal at more than one laser wave number is required.

3.3 Raman dispersion spectroscopy (RADIS)

In RADIS the resonance Raman signal is monitored as a function of the excita-
tion wave number. In practice a series of resonance Raman spectra are measured
using either a number of discrete laser wave numbers or a tunable laser. RS, VRRS,
and RADIS are illustrated in Figure 2. The figure illustrates, for a thought molecule,
the changes in a series of Raman spectra obtained with increasing wave number
toward resonance with an electronic state. The electronic resonance is illustrated by
the UV/VIS absorption spectrum. One excitation spectrum, normally called an
excitation profile (dotted curve), is obtained by plotting the intensity of a specific
Raman band in the Raman spectrum versus the excitation wave number. It follows
from the figure that there will be one excitation profile for each Raman band. It
should be stressed that a complete RADIS experiment requires that two spectra are
measured at each excitation wave number, namely, the parallel and perpendicular
polarized spectra. From the polarized resolved spectra, the excitation profile can be
calculated as the sum of these, but more importantly the DPR as a function of the
excitation wave number can be determined. The DPR versus excitation wave num-
ber is called the polarization dispersion curve.

Figure 2.
Illustration of Raman, resonance Raman, and Raman dispersion (RADIS) spectroscopy.
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In a typical UV/VIS absorption experiment performed on a solution, one mea-
sures the absorbance A, which is related to the molar extinction coefficient ε eνð Þ via
Lambert-Beers law, A ¼ ε eνð ÞCml, where Cm and l are the molar concentration and
the path length, respectively. From the application of the quantum theory, the
molar extinction coefficient is found to be proportional to the spatial average of the
absolute square of the transition dipole moment:

ε eνð Þ ∝  ∑
ve1, ve2, ve3…ve3N�6

ve1,v
e
2,v

e
3…ve3N�6jρge Qð Þj0,0,0,…

D E���
���
2

av
Li eνð Þ (11)

where ve � ve1, v
e
2, v

e
3…ve3N�6 are the vibrational quantum numbers referring to

the excited electronic state and to the electronic ground state, respectively. Li eνð Þ

is a normalized lineshape function for the ith transition g0j i ! evei
�� 	

with a typi-
cal FWHM width of the order of magnitude as a vibrational quantum. A calcu-
lation requires that the electronic transition moment is Taylor expanded in the
nuclear coordinates. Due to the superposition of the intensity of the individual
transitions in Eq. (11), it follows that the vibrational fine structure in UV/VIS
absorption spectra of larger molecules is not well resolved as also experienced
from experiments. This is different in the RADIS spectra, where the narrow
Raman bands enable the excitation profiles to be well separated experimentally
(as illustrated in Figure 2). Since each excitation profile only has contributions
from a single Raman-active vibration, the vibrational fine structure in the UV/
VIS absorption can be resolved. Thus, the amount of available information about
the excited electronic molecular states is much larger in RADIS than in UV/VIS
absorption.

It follows that while VRRS is mainly a vibrational spectroscopic technique,
RADIS has more in common with electronic spectroscopy. It follows that each
Raman-active vibration just plays the role of a “sensor” used to monitor the vibra-
tional fine structure in the UV/VIS absorption spectrum.

Since the late 1980s, a very large amount of systematic resonance Raman
studies on different metal complexes [28, 29] and different metal-porphyrins [12]
including heme-proteins have been performed with the goal of determining their
structure, their bio-functionality, and the conditions for aggregation. In these
studies both the VRRS and RADIS including both excitation profiles and polariza-
tion dispersion have been applied. Recently polarization-resolved VRRS has been
combined with dynamic light scattering to study among other things the aggrega-
tion of Arenicola marina extracellular hemoglobin, which is a macromolecule with
144 heme groups instead of four as in human hemoglobin [30]. As already men-
tioned one great advantage of applying Raman scattering is that the technique can
be performed as reflection measurements without much sample preparation.
Besides, the Raman signals can be obtained through glass and other sheets of
protection. Thus, Raman studies can be performed as in vivo or in situ studies. We
refer to the comprehensive Raman literature on these matters for details (e.g., see
[31–36]). A complete RADIS experiment may be time-consuming or in some cases
impossible to carry out due to the lack of excitation lasers with the proper wave
number. It may also be time-consuming to determine the correct intensity varia-
tion when the excitation wave number is changed due to changes in the scattering
conditions (laser intensity and focus, laser-induced degradation of the molecule,
change of the fluorescence, etc.). The application of internal standards and other
means have to be introduced in order to ensure the correct experimental condi-
tions. However, in some cases of practical interest, it is in fact possible to extract
valuable information without completing a full RADIS experiment (see Sections
4.2 and 4.3).
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4. Examples

As has been shown, vibrational RS is exclusively a vibrational spectroscopic
technique like IR and NIR. However, vibrational Raman spectroscopy performed
under resonance conditions may be considered as either a vibrational spectroscopic
technique or as an electronic spectroscopic technique, which of the two depends on
the way the experiments are performed. Three examples are briefly discussed
below. For more applications, the interested reader should consult the comprehen-
sive Raman literature [31–36].

4.1 Example 1: perturbation of molecular symmetry

As demonstrated in [11], the non-commuting generator approach to molecular
symmetry may be applied to calculate the structure of the state tensors. Figure 3
shows an example for two vibrations in point group D4h. The figure also demon-
strates what happens when the symmetry is lowered so that the configuration is
now described in point group D2h. Lowering of the symmetry may be a result of a
chemical reaction or may be due to a perturbation of the configuration from the
planar square to a planar rectangular shape. To the left in the figure, the state
tensors in D4h for the Raman-active in-plane vibrations a1g, a2g, and b1g are shown,
which are written in front of the tensors. The symmetries of the two components of
the resonating, degenerate electronic state with Eu symmetry are written in the
tensors on the positions, which correspond to the only nonvanishing elements. The
plus and minus signs describe the numerical relations between the tensor elements.

For the a1g vibration, it follows that S
e0¼Eu,xij
xx ¼ S

e0¼Eu, yij
yy , while for the b1g vibration,

we have that S
e0¼Eu,xij
xx ¼ �S

e0¼Eu, yij
yy . The state tensor for the a2g vibration is

antisymmetric, i.e., S
e0¼Eu,yij
xy ¼ �S

e0¼Eu,xij
yx . From the tensor structure, the DPR

values can be calculated by using Eq. (5) and the relations given in [11] or [3]. The
DPR values are written to the right side of the tensors and are seen to be constants.
By correlating the symmetries of the two point groups, the symmetries of the
vibrations are changed as follows: a1g ! ag, b1g ! b2g and a2g ! bg1. The state
tensors for the ag, b1g and bg2 vibrations in D2h are also shown in Figure 3. As before,
inside the tensors the symmetries which the intermediate states must have in order

Figure 3.
(Left) Changes of the state tensors, induced by perturbation of a square planar (D4h) molecular configuration
into a rectangular planar (D2h) configuration. (Right) Most notably is the change of the constant DPR into
DPR dispersion (red curve) for the b1g∧bg2 vibrations (D2h).
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to give rise to any Raman signal are written. Due to the lowering of the symmetry,
there are no longer numerical relations between the tensor components. Consider-
ing, e.g., the totally symmetric vibration, we see that a resonating state must have
either B3u, B2u or B1u symmetry and that, e.g., an electronic state with B3u symmetry
gives rise to a tensor where only S e0¼B3uij

xx 6¼ 0.
For the asymmetric b2g vibration, the B3u electronic state would result in a tensor

where only the component S e0¼B3uij
zx 6¼ 0, whereas one vibrational excitation of this

vibration gives a state with the symmetry b2g⊗B3u ¼ B1u, which is seen to corre-

spond to the transposed state tensor, i.e., only S e1¼B1uij
xz 6¼ 0. From the power expan-

sion of the vibronic state tensor given in Eq. (7), it may be shown that the two
tensor elements satisfy the relation: S e0ij

zx ¼ S e1ij
xz . A closer investigation shows that

this relation is valid in general for asymmetric vibrations [11]. The Raman tensor is
calculated by inserting the two state tensors in Eq. (3). The DPR is calculated by
using Eq. (5) and the relations between the rotational invariants and the Raman
tensor derived in [11]. By group theory, it can be shown that an external electronic
perturbation with symmetry B1g (in D4h) would result in the considered shift in the
molecular configuration. As shown in Figure 3, the consequence of the symmetry-
lowering perturbation of the molecular configuration is that the DPR now shows a
characteristic symmetric polarization dispersion with maximum half ways between
the energy positions of the two states e0i and e1ijj . The excitation profile is sym-
metric around the maximum of the DPR curve and has maxima at the positions of
these states, i.e., at e0i and e1ijj . In the point group D4h, the state tensor for the a2g
vibration is purely antisymmetric with a result that the DPR becomes infinity. After
the perturbation, where a2g ! bg1, the b1g state tensor is seen to have the same
structure as the tensor for the b2g mode, which means that the DPR dispersion curve
and excitation profile also become similar. However, the energy of the state e1ij will
in general be different for different modes.

It follows that through the application of RADIS, it is possible to study small
changes of the molecular configuration in excited electronic states and estimate the
various molecular parameters influenced by these changes. As shown in numerous
RRS papers on biomolecules, these structural changes, which are typically induced
by minor changes in the environment of the molecule, can be studied in vivo, which
is of course a major advantage [31–36].

4.2 Example 2: noninvasive color detection using polarization dispersion

The color of a molecular species is associated with the properties of the elec-
tronic excited states of the molecule, and in large biomolecules, it is due the pres-
ence of a chromophore being typically a metal complex. The red color of the heme-
proteins, which is due to the presence of the Fe-porphyrin complex, is a well-known
example. A change in color may be due to a change of the molecular configuration
(distortion, aggregation) or be a result of a chemical reaction. By monitoring the
color change before and after a chemical reaction, the substance concentration in
solutions can be determined from the absorbance measured by a UV/VIS spectro-
photometer or in the case of a solid by applying the spectrophotometer with an
integrating sphere. In the literature several color detection methods have been
developed for the detection of various substances. A book on color detection is in
the process of publication by IntechOpen and will be published later in 2019.

In this section a reflection technique with high spectral resolution is discussed.
The technique is suitable for the detection of minor color differences between
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similar molecules, i.e., molecules where a number of identical vibrations can be
identified in the vibrational signature of the molecules. The method has been
applied in combination with polarized resolved fluorescence to study the stability of
the Ruthenium-based dye N719 [37] and to study in vitro the stability of N719 and
the adsorption and desorption processes of this complex to the TiO2 substrate in
dye-sensitized solar cells [38]. We refer to this paper for details.

Recently the method has also been proposed as a possible noninvasive screening
technique for revealing a content of carbon monoxide in fresh tuna fish or meat.
Preliminary experimental results were presented at the Raman conference ICORS
2016 in Brazil [39] and are discussed in the following.

The method is based on the presence of dispersive Raman modes combined with
a small spectral difference between the visible absorption spectra of similar mole-
cules. The idea is as follows: the resonance condition for a specific molecule in RRS
depends, as we have seen above, on the difference in the wave number between the
electronic absorption and the excitation laser. Due to the tensor property of reso-
nance Raman scattering, the value of the DPR depends on this difference (polari-
zation dispersion). Thus, a small spectral shift in the absorption will essentially be
equivalent to a displacement of the polarization dispersion curve relative to the
excitation wave number of the laser, as illustrated in Figure 5. The change of the
DPR value at a specific wave number depends on the shape of the dispersion curve,
which depends on the nature of the vibration and the Raman tensor. When the
molecule has low or no symmetry, most Raman-active vibrations will be dispersive.
Although the ideal symmetry of a chromophore is often high, which limits the
number of dispersive modes, the real symmetry is frequently lowered due to per-
turbations of the chromophore, which opens up for dispersion. The heme group
with the ideal symmetry D4h is an example. This means that in reality the appear-
ance of Raman modes exhibiting dispersion is quite common.

In the modified atmosphere packaging of fresh fish and meat products, the prod-
ucts are frequently exposed to carbon monoxide. Due to the higher binding affinity
of CO in comparison with O2, CO replaces O2 in myoglobin in the muscle tissue
with high affinity, which results in the cherry-red carboxy-myoglobin complex
MbCO. Due to the red color and high stability of MbCO, the fish or meat products
will appear to be more fresh and attractive for a longer time period than the
unexposed products. In [40] a quantitative method for the determination of CO
bound to myoglobin based on visible absorption spectroscopy has been developed.
Although this method has a high accuracy, it requires taking a sample from the
product followed by sample preparation before the absorption spectra can be mea-
sured. Figure 4 shows a fresh tuna beef sample together with the polarization-
resolved RRS spectra measured on the sample without any sample preparation but
measured before and after approximately 10 minutes of exposure to CO and excit-
ing the sample with a solid-state 532 nm laser. The experimental DPR values esti-
mated from six Raman modes are collected in Figure 5. Further experimental
details including details on the data processing of the polarization-resolved RRS
data are obtainable from the author. Figure 5 also shows, as an example, a simula-
tion of the DPR dispersion curves for the mode at 1450cm�1 present in the
polarization-resolved RRS spectra and which has been assigned as a b1g mode. The
spectral shift (color shift) due to the exposure with CO is ≈9nm equivalent to
275cm�1, estimated from measuring the diffuse reflectance of the tuna beef sample
before and after exposure with COwith a Lambda 900 spectrophotometer equipped
with an integrating sphere. The polarization-resolved RRS data were collected by
using a fiber-coupled, 180° Raman microscope consisting of a modified
OlympusBX60F5, a SpectraPro 2500i spectrograph (Acton) with 1200lines/mm
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grating, cooled CCD (Princeton Instr/Acton PIXIS), and 532 nm cw laser
(VentusLP532) focused with 10x objective with NA = 0.30. Collection optic: Same
objective combined with Dichroic mirror and multimode fiber coupling to spectro-
graph. Av. integration time 30 seconds. No sample preparation.

First, it is noticed that the DPR values of five out the six modes indicate that they
are dispersive, since all the DPR values are changed due to the exposure to CO. The
polarization dispersion shows that the real symmetry of both MbO2 and MbCO
must be lower than D4h, which would give constant values for the DPR. It is also
noticed that all the DPR values are smaller than 0.75, which indicate that the
polarization dispersion is different from the one considered previously (see
Figure 3). The DPR dispersion curve in Figure 5 is calculated for the b1g mode at
1450cm�1. It is obtained by adopting the procedure discussed in [11], where instead
of considering the exact symmetry of the perturbed molecule (e.g., D2h) it is
assumed that the molecule is really a weakly perturbed D4h system. In our example

it means that the state tensor relation S
e0¼Eu,xij
xx ¼ �S

e0¼Eu, yij
yy is still valid, but the

degeneracy of the Euij state is lifted because of the perturbation, so that the two
contributions to the Raman tensor now appear at slightly different energies (wave
numbers). The splitting of the energy of the Euij state combined with the relation
between the state tensors gives rise to constructive and destructive interference

Figure 4.
Fluorescence-corrected and normalized polarization-resolved RRS spectra of the tuna beef sample measured
before and after 10 minutes. Exposure with CO.

Figure 5.
Left: experimental DPR determined from the polarized RRS data in Figure 4 using a 6 mode fit (details
available from author). Right: simulation and best fit of the DPR dispersion for the b1g mode at 1450cm�1

applying an “electronic interference model.”
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phenomena in the Raman intensities in the resonance region. Each dispersion curve
in Figure 5 is calculated by using only a single adjustable parameter, namely, the
energy splitting of the Euij state. The energy splittings, which give the best fit to the
experimental values, are as follows: 465cm�1 and 330cm�1 for MbO2 and MbCO,
respectively. The energy splittings are small in comparison with the vibrational
wave numbers and correspond therefore to a small perturbation of the molecules
away from the D4h configuration. Since the small energy splittings are also compa-
rable to the estimated bandwidths of the electronic transitions (γ Euij � 400cm�1),
they are not resolved in the visible absorption spectra, but as it follows from
Figure 5, they give rise to measurable effects in the DPR dispersion. At the excita-
tion wave number 18,797 cm�1 corresponding to excitation with the 532 nm laser,
the change of the DPR value, induced by the exposure with CO, is about 10%. The
outcome of the experiment can be improved when the DPR data from all dispersive
modes is considered. Another improvement, which would increase the reliability of
the results considerably, would be a simultaneous measurement of the parallel and
perpendicular polarized spectra, since this opens up for randomization and spatial
averaging of the data. Simultaneous measurements of both polarizations can be
obtained by modifying the excitation and collection optics in a standard Raman
setup with CCD detector, in such a way that the upper and lower halves of the
CCD can collect the parallel and perpendicular polarized spectra, respectively.
This modification would also permit applications of polarization-resolved
Raman imaging.

4.3 Example 3: unpolarized RADIS as a source of three-way multivariate data

In the last decade, chemometrics has become essential in the analysis of small
differences of the chemical composition of samples in medical and environmental
applications as well as in the food industry. Typically the chemical data are gener-
ated by different kinds of molecular spectroscopy: UV/VIS, fluorescence, NIR, IR,
Raman, and others. A large number of mathematical methods have been developed
and are in most cases part of the software package delivered with the spectrometer.
The data from spectroscopy are in most cases two-way data set. Using vibrational
Raman spectroscopy as an example, the elements xik in the data matrix are as

follows: xik ¼ I
ið Þ
Raman eνkÞ

�
, i.e., the Raman intensity at the wave number point eνk in

the Raman spectrum for the ith sample. Typically, these data are analyzed by the
application of principal component analysis (PCA). Despite the fact that PCA anal-
ysis often gives reliable results in chemical classification problems, the recent anal-
ysis of biological samples shows that in order to obtain sufficiently high recognition
ratio for secure diagnostics, one has to work with very large data sets. One way is to
work with three-way data, which in general has higher information density, instead
of two-way data and then apply an appropriate three-way multivariate algorithm.
In classification problems involving biological samples, the three-way data has been
produced by combining UV/VIS absorption data with fluorescence data in the
following way: the UV/VIS absorption is measured at selected wave numbers, and
the fluorescence generated at these wave numbers is measured as well. Due to low
spectral resolution in both these kinds of spectra, one must produce a data matrix
with very high dimension, which has the consequence that a very large number of
samples must be available.

In [41] a new application of RADIS has been proposed, where the coherent
absorption-emission property of Raman scattering is utilized. When we compare
the construction of three-way data by combining UV/VIS and fluorescence data
with the RADIS in Figure 2, we see that the unpolarized RADIS data must
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automatically be born as three-way data and more importantly the spectral resolu-
tion is very high. Consequently, only few data points along the Raman shift axis eνk
and along the excitation axis eνj (eνj is an excitation wave number) for small number
of samples are really needed. Thus, the elements of the RADIS data matrix are given

as xijk ¼ I
ið Þ
Raman eνj;eνkÞ

�
. In [41] the RADIS data matrix has been analyzed by the

application of a Tucker3 multivariate model, and various classification problems
have been simulated and studied with the result that only few samples (<10) and
few Raman lines (3– 4) and few excitation wave numbers (2–3) are needed to
obtain reliable results. We refer to [41] for details.

5. Conclusions

What is vibrational Raman spectroscopy: a vibrational or an electronic spectro-
scopic technique or both? Although the Raman signal reflects the vibrational
motions of the molecule in the electronic ground state, our discussion shows that
the answer to the question is that the Raman technique can be applied both as a
vibrational and as an electronic spectroscopic technique depending on the experi-
mental conditions chosen.

The Raman signal provides a highly resolved vibrational signature of the mole-
cule. However, the signature depends on whether the molecular system (molecule
or ion) is excited in non-resonance or in resonance with an electronic transition. In
non-resonance it follows from Eqs. (9) to (10) that the Raman signal depends on
the molecular polarizability tensor evaluated in the electronic ground state and not
on the molecular dipole moment as in IR and NIR. In principle all fundamental

vibrations in the molecule, where ∂α̂ρσ

∂Qk

� �
0
6¼ 0, may contribute to the vibrational

signature. The excited electronic states have no influence on the vibrational signa-
ture. The non-resonance Raman technique is therefore a genuine vibrational tech-
nique similar to IR and NIR. The main differences are that the Raman signals are
measured in a different way than the IR and NIR signals and that the polarization
may, for smaller and symmetric molecules, provide additional information, also
for solutions.

In resonance, where the laser wave number is chosen within an electronic
absorption band of the molecule, Eq. (3) shows that the state tensors being closest
to resonance with the laser will contribute most to the Raman tensor and to the
Raman signal (resonance enhancement). Thus, the vibrations appearing in the
resonance Raman spectra are mainly those associated with the electronic absorp-
tion. As discussed in Sections 3.2 and 3.3 and illustrated in Figure 2, resonance
Raman scattering may form the basis of two different kinds of resonance Raman
techniques termed VRRS and RADIS. In VRRS the focus is on the vibrational Raman
spectra, just like in RS, but now obtained under resonance conditions, while in
RADIS the focus is on the excitation profiles and the polarization dispersion curves.
In RADIS the total Raman signal and the polarization-resolved Raman signals (giv-
ing the DPR defined in Eq. (5)) for a specific Raman-active vibration are monitored
as a function of the excitation wave number. The vibronic expansion of the state
tensor given in Eq. (7) shows that the Raman signal in resonance is determined by
the electronic transition moment of the resonating state and its derivatives and by
the relations between the vibrational sub-states associated with the electronic
ground state (i.e., vaj i and vbj i) and the resonating electronic states (i.e., vej i). Since
this will change the selection rules as compared to non-resonance, the vibrational
signature of a specific molecule obtained from VRRS is therefore generally different
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from the signature obtained from RS, and it depends on the specific wave number
of the laser. Due to appearance of overtones and combination bands in the VRRS,
the anharmonic corrections to the vibrational potential function in the electronic
ground state can be estimated. It follows that VRRS is a vibrational spectroscopic
technique, where the properties of the resonating states and the state tensors asso-
ciated with these have an important influence on the spectral distribution.

Since the VRRS technique can be applied also as time-resolved spectroscopy, it is
an attractive tool for the investigation of both the structure and dynamics of bio-
molecules. The main advantage of VRRS is the ability to investigate different parts
of a large protein molecule by tuning the excitation wave number into the absorp-
tion band of the chromophore of interest. In a recent paper [42], the application of
VRRS in the study of the structure and dynamics of various proteins is discussed.
[42] gives an excellent review of this field covering both visible and UV resonance
Raman as well as cw and time-resolved versions of VRRS.

The polarization properties of the resonance Raman signal are more important in
resonance than in non-resonance. For example, as discussed in [43], the uniqueness
of the polarization-resolved VRRS spectra combined with standard PCA
chemometrics enables one to discriminate between closely related biomolecules
with almost identical unpolarized VRRS spectra. The key point is that structural
molecular change manifests itself through a change of the polarization of the Raman
signal (DPR). The DPR defined in Eqs. (4) and (5) is an absolute quantity, which in
combination with standard PCA renders the multivariate analysis insensitive to
sample and experimental variations.

The discussion in Section 3.3 and the examples presented in Section 4 demon-
strate that RADIS is closer to UV/visible absorption spectroscopy than it is to
vibrational spectroscopy. Besides the spectral resolution is much higher enabling
the vibrational fine structure of the absorption spectra to be resolved. In resonance,
the interference between the state tensors, which is the origin of the sensitivity of
the Raman signal with respect to changes of the molecular parameters, is restricted
to those with energy denominators closest to the laser wave number. It was also
demonstrated that the polarization properties of the Raman signal, expressed
through the DPR, play a more important role than in non-resonance. As said
already, the DPR is defined as the ratio between two Raman signals with different
polarization. The interference, which can be both constructive and destructive, will
in general be different in the two Raman signals depending on the wave number of
the laser and the structure of the state tensors, which again is determined by the
molecular symmetry and physical properties of the molecule. Section 4.1 and
Figure 3 illustrate a simple example, where the molecular configuration in an
electronically excited state is distorted, which, as seen, creates a significant polari-
zation dispersion. To fully exploit the sensitivity of the DPR to changes in the
molecular parameters, one must determine the polarization dispersion, i.e., one
must monitor two resonance Raman spectra (the parallel and perpendicular polar-
ized) at each laser wave number available. Traditionally the Raman spectra with
different polarizations are measured in sequence. However, with CCD technology it
is possible to measure the two Raman signals simultaneously, which will improve
the accuracy of the DPR considerably. This requires a modification of the entrance
and collection optics of a standard Raman spectrometer, so that the upper and lower
halves of the CCD monitor the parallel and perpendicular polarized Raman signals,
respectively [44, 45].

The examples discussed in Section 4.2 show that it is possible to detect a small
change in color of a molecular sample by determining the change of the DPR of a
dispersive Raman mode, applying only a single excitation wave number in the
absorption spectrum. To be detected the color change must be due to a modification
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of the chromophore, so that the same Raman modes are present before and after the
color change. Also in these examples, the resonance Raman technique performs as a
kind of electronic technique.

Finally, it is shown in Section 4.3 that due to the coherent nature of the Raman
process it generates automatically the so-called three-way multivariate data. This
property is applied to solve chemical classification problems by using only a few (2–
3) excitation wave numbers in un-polarized RADIS in combination with a three-
way multivariate model. As shown, only very few samples (<10) are needed,
instead of the very large (500–600) number of samples required, when the visible
absorption and fluorescence spectra are combined to produce the three-way data.
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