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Resonance Raman (RR) spectroscopy is normally
used to study the excited state structure and dynam-
ics of various photochemical and photophysical proc-
esses. In this article, we briefly discuss the various
applications of RR spectroscopy and show how ex-
perimental RR intensities along with time-dependent
wavepacket dynamical calculations can be used to
study the excited state structure and ultrafast dy-
namics (~ 107" secs).

1. Introduction

With the availability of tunable lasers, resonance Raman
(RR) spectroscopy has become a widely-used technique
to probe the structure and dynamics of short-lived ex-
cited state intermediates of various photochemical and
photophysical processes'™*. Although electronic spec-
troscopy is also useful in providing information about
lifetime and decay rates of the excited states of poly-
atomic molecules, it often lacks vibrational mode-
specific information due to its unresolved and unstruc-
tured envelope, in the condensed phase, at room tem-
perature (RT). Thus, in order to extract valuable excited
state structural information present in the molecule, RR
spectroscopic technique is normally used.

Under pre-resonance or resonance conditions, i.e.
when the excitation energy approaches or coincides with
a particular electronic transition of the system under
investigation, the RR spectra show enormous intensity
enhancement which contain information about the ex-
cited state potential energy surface and hence, in turn
can dictate the initial dynamics of nuclear motion in the
Franck-Condon (FC) region. Such dynamical processes
can be intuitively understood through time-dependent
quantum (wavepacket) dynamics. Figure 1 illustrates
harmonic ground (S,) as well as excited (S81) potential
energy surfaces along a normal coordinate, where S, is
displaced relative to S, by an amount A. In the figure it
is shown that using different excitation energies, viz. Ey,
E, and Ej; (where, E; > E, > E;) we can probe various
regions of the Franck~Condon potential energy surface.
Thus, the region of maximum FC overlap (marked b in
the figure) represents the maximum of the absorption
band and the region marked a and ¢ represent the region
of moderate FC overlap and hence, moderate absorption
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in the electronic absorption spectrum. Since the reso-
nance Raman intensities are governed by the FC factors
(vide infra), an analysis of the observed Raman intensities
of each vibrational mode for different excitation wave-
lengths can provide mode-dependent dynamical informa-
tion. Therefore, the distortions that the molecule undergoes
following photoexcitation from ground to resonant ex-
cited electronic state, within the electronic dephasing
time scale can easily be monitored using this technique,
Wavelength dependence of the Raman scattering in-
tensity, viz. Raman excitation profiles (REPs) provide
information on the origin of RR intensities and also the
dynamics associated with the resonant excited
state!"7%15:16, Qualitatively,if the vibrational modes are
FC active in the resonant electronic state, then the Ra-
man intensities are enhanced for these modes due to A-term
Raman scattering'"™'?, Therefore, the REPs of these vibra-
tional modes are expected to follow the absorption spectral
profile of the electronic state to which the resonance exci-
tation is carried out. The REPs thus, carry mode-specific
information about the excited state potential energy surface
in the FC region. The knowledge of absolute Raman in-
tensities are essential in order to provide a complete charac-
terization of the excited state potential energy surface,
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Figure 1. Schematic representation of Franck-Condon factors being
a measure of the absorption cross section.
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ultrafast dynamics and to know the extent of homogeneous
and inhomogeneous broadening contributions.

The structural distortions in the excited electronic state
can also be studied using time-resolved resonance Ra-
man (TR?) scattering'®'* where a pump pulse is used to
initiate the photochemical process. It is then followed by a
probe pulse which is normally used to obtain the time-
resolved resonance enhanced Raman spectrum of a transient
intermediate. Thus, the conformational dynamics and decay
kinetics of excited electronic states can be examined on the
time scales of hundreds of femtoseconds to nano or milli-
seconds. Dynamics occurring in the range of tens of femto-
seconds cannot be studied using this technique due to the
limitation resulting from broad spectral band width of the
laser pulse (dictated by the Uncertainty Principle). These
processes can, therefore, be studied using RR intensity
analyses which provide a means of probing the initial ex-
cited state dynamics of photochemically active systems.

In this review, we begin with §2, describing the ex-
perimental technique generally used to measure reso-
nance Raman intensities. In §3, we present the
theoretical and computational methods used to carry out
RR intensity analyses with brief outline on the effect of
resonance and pre-resonance interference, solvent pertur-
bation, etc. Finally, in §4, we present applications of RR
intensity analyses and we report our results obtained using
the time-dependent quantum mechanical (TDQM) tech-
nique on the isomerization dynamics of trans-azobenzene
and some preliminary results on 4-dimethylamino, 4’-nitro-
azobenzene (DA) which undergoes intra-molecular electron
transfer reaction in the excited electronic state. In order to
give an overview of the use of RR spectroscopy in
studying chemical dynamics, we have reported mainly
results obtained by us and a few from the literature.

2. Experimental methods

Absolute Raman intensity measurements are difficult but its
knowledge is essential, since these in relation to absorption
cross section help in partitioning the total vibronic line-
widths into homogeneous and inhomogeneous compo-
nents?®> 2. The determination of absolute Raman cross sec-
tions often depend on the availability of Raman intensity
standards with known Raman cross sections for the excita-
tion wavelength range of interest. The availability of com-
mercial optical parametric oscillator (OPO) has enabled a
simple method of determining the absolute Raman intensi-
ties utilizing the measurement of integrated intensity ra-
tios™, .

The excitation wavelengths for the RR experiments in
the visible region, viz. 440 to 600 nm were scanned us-
ing a tunable laser pulse output from an OPO (MOPO 730,
Spectra Physics), pumped by a Nd-YAG laser (GCR 250,
Spectra Physics) providing a high energy laser pulse of
wavelength 355 nm. For the pre-resonance Raman experi-
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ments, the third harmonic output (355 nm) of a Spectra
Physics DCR-11, Nd-YAG Q-switched laser, the first
Stokes (416 nm) and second anti-Stokes (369 nm) hydrogen
Raman shifted laser lines and the first Stokes methane Ra-
man shifted laser line (396 nm) were used as excitation
wavelengths. A SPEX 1404 double monochromator with
two 600 groove gratings blazed at 500 nm was used to dis-
perse the scattered light. A liquid nitrogen cooled charge
coupled device (Princeton Instruments) with 576 X 378
pixels was used as the multichannel detector. The recorded
Raman spectra were calibrated using known solvent
bands as reference and the spectral resolution is esti-
mated as 5 cm™'. Depolarization ratios (p) of the Raman
bands were determined by using a polarizer in combination
with a scrambler. The solutions of trans-azobenzene in car-
bon tetrachloride (CCly) and 4-dimethyl amino, 4'-nitro-
azobenzene in CCly and benzonitrile (C¢HsCN) were circu-
lated through a capillary at the rate of about 10 ml/min to
avoid photo-isomerization or local heating during exposure.
The re-absorption of the resonance Raman scattered light
by the sample was minimized by using a 180° backscatter-
ing collection geometry. The sample concentrations used
for Raman experiments were about 5 X 102 M for trans-
azobenzene and 1 X 107> M for 4-dimethylamino, 4'-nitro-
azobenzene. The relative Raman intensities were obtained
after normalization of the spectra with a solvent band**®
(CCl, doublet at 761 and 792 cm™! or, C¢HsCN band at
1000 cm™).

3. Theory of resonance Raman scattering
intensities

3.1. Sum over states method

In the sum over states method, the resonance Raman
amplitude in the energy frame, for the transition from
the initial state |i> to the final state |f> (where li> and If>
correspond to the initial and final vibrational eigenstates
of the electronic ground state) in an isolated polyatomic
molecule under the Born-Oppenheimer approximation,
can be described by the Kramers—Heisenberg-Dirac
(KHD) dispersion expressi0n29'3°.

E,~E+E,—E_—iT"’

i (B =My,

v

where, E, is the energy separation between the zeroth
vibrational levels of the ground and the excited elec-
tronic states, E, the energy corresponding to the vibra-
tional state Iv) of the excited electronic state and E; the
zero-point vibrational energy of the ground electronic
state. M, the electronic transition moment connecting the
ground and excited electronic states is a function of the
nuclear coordinate (Q) and can be expanded into a
Taylor series about the equilibrium position (Herzberg—
Teller expansion) as follows:
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M(Q) = M+Z[ ) . 2)
~ ;)

Substituting the value of M in the expression for Raman
transition polarizability, we get

where, e is the charge of the electron, ¢ the velocity of
light, 2=h/2r (h being Planck’s constant), and Eq is
the energy of the scattered photon Here E,, Es, E,, E,
E,and " are in cm™, M is in A, and i in A%/molecule,
Evaluation of the resonance Raman cross section using
the sum over states approach involves summing over all
the vibrational levels of the resonant electronic state,
This method, therefore, requires knowledge of all the
eigenstates in the excited state surface, which is there-
fore almost intractable for polyatomic molecules.

In the sum over states method, the absorption cross
section can be expressed as

ai_)f(EL)=A+B+... (3)

where A and B represent Albrecht A- and B-term contribu-

tions to the Raman transition polarizability. Under the reso-

nance condition, the A-term polarizability for the totally

symmetric modes is of greater significance and higher
‘ magnitude than the B-term polarizability. Hence, in this
1‘ review, we restrict ourselves only to the A-term resonance 511 2
5 : . . : . dne*MPE, T Kvli)
j Raman scattering, which depends on the following factors: On(E) = 2.._

, . 3hen 7 (E,~E+E,~E ) +T2°
I 1) The transition dipole moment, M (coordinate de- M

L pendence of M is assumed to be negligible as ®)

! compared to M evaluated at the equilibrium ge-
ometry),

2) The product of the vibrational overlap integrals
(Franck—Condon factors), {flv) and (vli),

P 3) The energy denominator as given in eq. (1) that

| corresponds to the difference in the excitation en- 3.2. Time-dependent method

3 ergy and the energy gap between the ground and

excited electronic states, and .. The time-dependent theory of Raman scattering®® has an
4) The homogeneous broadening term, I', which is

SCneots ; ) advantage over the sum over states method, in that
THIY related to lifetime in the excited electronic state. knowledge of all the eigenstates in the excited surface is
i B Thus, resonance Raman scattering has appreciable not required. F urther time-dependent approach devel-
' magnitude when the transition from ground to excited ©oped by Heller’' provides a physical picture of the dy-
; electronic state is electric-dipole allowed and the exci- hamics in the resonant excited electronic state. In the
tation wavelength is 'in resonance with a strongly- time-dependent picture, the energy denominator in eq.
g allowed absorption band. Moreover, the vibrational (4) is replaced by an exponential function and the reso-
O overlap integrals, (flv) and (vli) are non-vanishing if nance Raman cross section’ is expressed as a half-
| there is a change in the frequency upon excitation from  Fourier transform of the correlation function (fli(f)),
} ‘ the ground to the excited electronic state for any vibra-
b tional mode (i.e., resulting in change in shape of .the (B = 8me*M*ESE,
potential energy surface from ground to the excited elec- PR 975 .
tronic state) or, if the excited state potential energy mini- o . 2 (6)
‘ , mum is displaced relative to the ground state along any J. ( f| i(;)>exp|jw_£{_}d, ;
‘ normal coordinate. Thus, large distortion along any normal 5 h h
coordinate, viz. changes in bond length, bond angle, etc.
‘ lead to significant resonance Raman amplitude for that co-
o ordinate, which in turn results in very high resonance Ra-
L man intensities. Hence, the displacements or distortions
along the vibrational coordinate can be related to the
resonance Raman intensities for that vibration.
The resonance Raman cross section, which is propor-
tional to the product of the transition polarizability a;_
and its complex conjugate, can be expressed as,

where n is the refractive index of the solution. The ab-
sorption cross section depends on almost similar factors
as the Raman transition amplitude.

where li(f)) is the evolving wavepacket on the excited
electronic surface, at various intervals of time, under the
influence of the excited state Hamiltonian, H,,

lit)) = exp(-— iH;:"t]] iy, - ()

where exp(-iHt/A) is the time-evolution operator.
The time-evolution of the wavepacket is carried out us-

‘ H ‘ 2 . . . . - .
(E) 8me* M E3E, lz (f|vX ' ing the grid technique®*** as discussed in detail else-
| Oisf(EL) = * 7.8
B = on*c? E,~FE+E, - EL—zI" where , ' L
1 The expression for the absorption cross section® in
ik ) the time-dependent formalism is expressed as follows:
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- 4 M*E

ontB) =
” ‘ ®)
[ lico) exp|:-———————-—l(EL ; Bt ~rﬂcxt.

In eqs (6) and (8), the dynamical information is con-
tained in the correlation functions, {(fli(f)) and (ili()). It
can be illustrated schematically as shown in Figure 2.
The initial wavefunction i), corresponding to the zeroth
vibrational level in the ground electronic state is trans-
posed by the exciting laser (EL) to the electronically-
excited state. For simplicity, we have shown one di-
mensional potential energy surface representing a nor-
mal coordinate. But in reality, polyatomic molecules
have various vibrational degrees of freedom, so the po-
tential surfaces for all the Franck—Condon active modes
need to be considered which would result in a compli-
cated multi-dimensional potential energy surface. Thus,
at zero time, the excitation source instantaneously pro-
motes the molecule from the ground to the excited elec-
tronic state. The wavepacket generated in the excited
electronic state (S;) is a coherent superposition of sta-
tionary states, each multiplied by their phase factors.
This transposed wavepacket is not an eigen function of
the excited state Hamiltonian, and hence under its influ-
ence, it begins to move in the excited state surface. The
overlap of the time-evolving wavepacket li(f)) with the
initial wavepacket li> gives the autocorrelation function,
{1li(?)) and with the final wavefunction, |f) gives the Ra-
man correlation function, {fli()). At zero time, the
wavepacket along all coordinates are in phase but soon
they lose their phase relationship. The Fourier transform
of the autocorrelation function gives the absorption
spectrum and square of the half Fourier transform of the

Potential Energy

Internuclear Distance

Figure 2. Schematic representation of wavepacket propagation in
resonance Raman scattering.
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Raman correlation function gives the Raman excitation
profile. The experimental factors used to compute REPs
involve the integrated intensities and the vibrational
frequencies corresponding to each Raman fundamental.
The integrated intensities under short-time approxima-
tion is expressed as Iy o« A’w? where A and o are the
dimensionless displacement and the frequency in wave-
numbers, respectively. The dimensionless distortions in
the excited state when converted to internal coordinates
give an estimate of the real time dynamics in excited
electronic state. Therefore, by computing the REPs and
the absorption spectrum, one can learn about the struc-

-tural and chemical dynamics in the excited electronic

state™”1,

3.3. Effect of interference

On photo-excitation to a particular electronic level, it is
assumed in general, that the enhancement in resonance
Raman intensity arises solely due to the resonant elec-
tronic state (A-term) and hence the REPs follow the
electronic absorption band profile. But in practice, oc-
casionally, there is decrease in Raman intensities as the
excitation wavelength approaches the absorption
maxima. Such a de-enhancement”®*™*7 in resonance
Raman intensities may arise due to the interference from
an electronic state with that of the resonant excited state.
The effect of interference depends on various factors
such as the energy difference between the resonant and
interfering state, the transition moments of the two elec-
tronic states, nature (spin state, symmetry and polariza-
tion) of the two states involved and the vibronic
coupling between them.

The effect of interference from the pre-resonant elec-
tronic state' % can be approximated as follows:

2
OR(EL. Es) = BB { A » )

EX+E] ’
{4} = { — } : (10)
(E2-E})?
where Eg is the energy of the resonant electronic state
and X is the coupling strength.

In this review, we consider only two extreme possi-
bilities of resonant and pre-resonant interference. One,
in which both resonant and pre-resonant terms contrib-
ute to @, which occurs when both the excited electronic
states are polarized along the same direction. Here, the
depolarization ratio (o) is constant (~1/3) and is inde-
pendent of excitation wavelength and the Raman cross
section resulting from resonance and pre-resonance in-
terference?’ is as follows:
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ORr(EL, Bg) =

Cres t Apre

where apre is related to Apre term by the following ex-
pression: ‘

4
g %{pr}z .

- (12)

The other possibility of interference occurs when the
pre-resonant term contributes only to «; whereas, the
resonant term contributes to ¢, i.e. both the electronic
states are polarized perpendicular to each other. In this
case, the depolarization ratio (p) is not a constant, in-
stead it is a function of excitation wavelength*’ and is
expressed as

: lO‘res'2 +%[apre,2 - %(aprea;kes + a;reares)

- 13)
32 7 4 R o
3Iazreslz + 9 'aprel +'3‘ (apreares + apreares)

and thus, the Raman cross section can be described as

87 (1+2p) 4E3E
"R<EL’ES>=?[H;)X15#C4

[[am[z + }ap,e

2 1, 4 *
+“6‘(aresapre + aresapre) -

(14)

3.4. Effect of solvent perturbation

In solution, the solute molecules are subjected to ran-
dom forces arising due to their interaction with the sur-
rounding solvent molecules, leading to significant line
broadening in the absorption spectra and the resonance
Raman intensities, which have been analysed on the ba-
sis of Brownian oscillator model developed by Mu-
kamel’s group* where the solvent coordinates are
treated as displaced harmonic oscillators that are fric-
tionally damped to different extents. Due to stochastic
forces®® exerted on the molecule in solution, it causes
the energy gap between the ground and the resonant
electronic state to fluctuate with time. The fluctuations
of the electronic energy levels due to the influence of
solvents are considered to have a Gaussian distribution
and thus, can be described by the amplitude of fluctua-
tion, -D; and the inverse time scale of the fluctuation, A.
When the solute-solvent interaction is in the ‘rapid
fluctuation’ limit (i.e. when the fluctuation in E, is very
fast compared to the Raman line width), the resonance
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Raman cross section for the transition |i) — |f) is given
by,

8ne'ES’E M* T
OR,i~f (EL) - 97166‘4 _J‘dé G((S)
. i(EL+E —-E,—d) Tt
x_([dt(flz(t))exp[ . "“—T;-—g(t):j » (15)

where G(6) and g(¢) are the inhomogeneous distribution
of zero-zero energies and solvent induced broadening,
respectively. In the Brownian oscillator model®®, g(f)
can be expressed as a sum of number of vibrations of the
solvents, although the normal practice is to treat all the
solvent degrees of freedom as one effective mode. When
this effective mode is strongly overdamped and its fre-
quency is very low compared to kT (k and T being
Boltzmann constant and absolute temperature) which
happens in the case of most strongly coupled solvent
motions, g(¢) assumes the form

glt)= (—?—\S—jz(At -1+ e'A‘)+ z[gl/—h)-](l - e"“) , (16)

A
where
1 1/2
D, =[(?)a)s(2ﬁ+])J , ')
2
A=Zs (18)
f
0 AP
A, =0 19
5 (19)

ws and A being the frequency of the vibration and the
geometry change between the ground and excited state
potential minima in dimensionless normal coordinates
for the solvent, respectively, f is the friction coefficient
in units of frequency and 7 is the thermal average oc-
cupation number of the solvent. Normally, the shift and
broadening of the charge transfer absorption band is
described by the total reorganization energy, A and
broadening parameter D which have contributions from
both the high frequency molecular modes and low fre-
quency solvent modes. Thus,

A=A, +2, (20)

where 4, is the intra-molecular vibrational reorganiza-
tion energy and is expressed as follows:
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Ay=— (2D

® and A being the frequency of the vibration and the
geometry change between ground and excited state po-
tential minima in dimensionless normal coordinates of
the solute molecule, respectively. Similarly, the total
broadening parameter,

D?*=D2+Dz2, (22)

j) 1/2
D, = 1:(——;)(0(217‘, +1)} , (23)

7 , being the thermal average occupation number of the
molecule. The solvent reorganization energy (4s) and the
internal reorganization energies (1,) play an important
role in determining the rates of electron transfer reac-
tions.

Similarly, the absorption cross section for a molecule
in solution is given as

op(B) =2 L 4’” ELM J doG(9)

jdt |L t))exp{ (EL+E : -E, - 5)t__1;f__g( )} (24)

For the time-dependent calculations, the assumptions are
that there is no change in normal coordinate on elec-
tronic excitation (no Duschinsky rotation). Moteover,
the excited state potential surfaces are assumed to be
harmonic, with no change in frequencies and differ from
the ground state surface by only a constant term in en-
ergy (zero-zero energy, E.) and is displaced by an
amount A (in dimensionless units) with respect to the
ground state minimum.

The displacement parameters used to fit the REPs and
the absorption spectrum are usually expressed in terms
of dimensionless normal coordinates. But actual atomic
motions in internal coordinates are required in order to
understand the structural distortions and dynamics in
the excited electronic state. Thus, dimensionless
normal coordinates can be converted to internal coordi-
nates using the normal-mode vectors as discussed previ-
ously’.

4. Applications of RR spectroscopy

RR intensities have been commonly used to study vari-
ous photochemical processes, viz. photodissociation,
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pericyclic ring opening reactions, sigmatropic shifts,
jsomerization as well as electron transfer reactions. In
this review, we give a brief account of various photo-
chemical reactions studied using' RR spectroscopy in
combination with Heller’s time- dependent wavepacket
dynamical approach™. 3t

4.1. Photodissociation dynamics

The time-dependent picture of RR scattering has been
successfully utilized over the recent years to gain infor-
mation regarding the short-time dynamics of photodis-
sociating molecules both m the gas phase as well as in
solutions. Methyl iodide™!, 1od1nesz, nitromethane®>, n-
propyl iodide™, ethyl iodide, isopropyl iodide, terumy-
butyl iodide*”*, diiodomethan656’57, “chloroio-
domethane™, brommodometh’me , triiodide anion®® and
1,1,1-trifluoro-2-iodoethane®® are some of the molecules
undergoing photodissociation, that have been studied
using RR spectroscopy. In a recent article, Kwok et al. 5
have studied femtosecond photodissociation dynamics
of 1,1,1-trifluoro-2-iodoethane in the FC region. They
have recorded the RR spectra of 1,1,1-trifluoro-2-
iodoethane in cyclohexane solution, with excitation
wavelength resonant to the A-band absorption (273.9,
282.4 and 299.1 nms). They have shown that during the
early stages (i.e. within 15 fs) of photodissociation in
the FC region, as the C-I bond breaks, the CF3CHj radi-
cal moves toward a more planar geometry about the CH,
carbon atom. Moreover, the C—C bond becomes longer,
CCI angle becomes smaller, the HCH and CCH angles
become larger and two of FCC angles (out of CCI plane)
become larger while third FCC angle (in the CCI plane)
becomes smaller with some motion in the FCF angles
and C~F bond length.

4.2. Structural dynamics

Isomerization and pericyclic rearrangement reactions,
including ring opening reactions, sigmatropic shifts, etc.
have been studied using this technique.

Isomerization dynamics. The excited state isomeriza-
tion dynamics and the structural distortions associated
with it, in case of cis-stilbene have been studied using
both RR® and TR® spectroscopyﬁl. In this review, the
discussion is restricted to our results on photo-induced
isomerization of trans-azobenzene”®. In azobenzene,
due to the presence of a lone pair of electrons on the N
atom, there are two possible routes of isomerization®* as
. shown in Figure 3, one by rotation about the central
N=N double bond and the other by inversion about one
of the N-sites via sp-hybridized transition state.
Trans-azobenzene in CCl4 consists of a lowest energy
symmetry forbidden (2'A,<¢— 1'Ap) transition, in
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N=N.

e

trans-azobenzene cis-azobenzene

Figure 3. Proposed pathways for isomerization of trans-azobenzene
to cis-azobenzene.
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Figure 4. Absorption spectrum of trans-azobenzene in carbon tetra-
chloride solution. The weak band from 400-600 nm corresponds to
(ZIAg — llAg) electronic transition and the strong band in the region
250-400 nm is due to (1'A, « IIAg) transition. Inset shows the
expanded form of (2'A, « 1'A) transition. The arrows indicate the
excitation wavelengths (in nm) used to carry out the pre-resonance
Raman measurements.

_addition to the strongly allowed (llAué—llAg) transition
as shown in Figure 4. A comprehensive study on the
isomerization quantum yields of sterically hindered
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Figure 5. Resonance Raman spectra of trans-azobenzene in carbon
tetrachloride solution with excitation wavelengths, 445, 460, 476,
500, 532 and 597 nm.

azobenzenes by Rau et al.®* has indicated that the
mechanism of isomerization critically depends on the
excitation wavelength. Trans-azobenzene undergoes
photoisomerization via inversion mechanism when ex-
cited to the lowest energy (2‘Ag «— IIAg) transition and
by rotational mechanism upon excitation to the higher
energy (1'A, < llAg) transition. The inset in Figure 4
shows the expanded form of (ZIAg — llAg) transition.
Though (ZlAgé— IIAg) transition is symmetry forbid-
den, the Raman intensities observed in solution are as-
cribed to pure resonance”®?’. The absence of vibrational
structure in the low temperature absorption spectrum®-%
corresponding to (21Ag ~ lIAg) transition of trans-
azobenzene implies that isomerization occurs much
more rapidly than vibrational recurrences to the FC re-
gion.

The Raman spectra of trans-azobenzene in CCl4 reso-
nant with 2'A, ¢ 1'A, electronic transition using few
excitation wavelengths, viz. 445, 460, 476, 500, 532 and
597 nm are shown in Figure 5. The spectra at all wave-
lengths have been normalized with respect to the
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Table 1. Raman frequencies (w in cm™!), dimensionless displace-
ments (A) in the resonant electronic state and the vibrational
assignments of trans-azobenzene

Vibrational Frequency Dimensionless Vibrational
mode (@ in em™!) displacement (A) assignments
V7 1592 0.43 wWC-C)
vy 1491 0.59 v(C-C)
vy 1470 0.68 v(C-C)
vio 1439 0.86 v(N=N)
vi2 1312 0.25 8(C-H)
Via 1181 0.60 v(C-C)
Vis 1142 0.93 v(C-N)
Vig 1000 0.54 HC-C)
Vo5 939 0.42 Y(C—-H)
Viy 912 0.39 HC~-C)

ulllaﬂm allls.
: u]]Luﬂm il
“’ u]]Lnlqﬂﬁ. 1l ]ﬂm—
g u]]]aﬂlaﬁ. ks
il il
all Lm anlal. |

V7 Vg Vo Vip V12 Vi3 Vis VisVas Vig V7 Vg Vg Vig Vi2V13 V15 VigVas V1o

Vibrational Mode

Figure 6. Comparison of the experimental (open bars) and calculated
(solid bars) of the relative Raman intensities at excitation wave-
lengths, viz. 445, 455, 460, 470, 476, 488, 494, 500, 515, 532, 570
and 597 nm in the (2'Ag « 1'Ay) absorption region of trans-
azobenzene in carbon tetrachloride solution.

CCl, doublet (marked S in the figure) appearing at 762
and 791 cm™, respectively. The fundamentals observed
in the region 800-1600 cem™ are, 912 (vio), 939 (vas)s
1000 (V]g), 1142 (V]j), 1181 (V13), 1312 (Vlz), 1439 (\110),
1470 (vo), 1491 (vg) and 1592 (v7) cm™'. Most intense
Raman bands correspond to the N=N and C-N stretch
appearing at 1439 and 1142 cm™, followed by 1491,
1470, 1592 and 1181 and 1000 cm”!. Three weak bands
are observed at 912, 939 and 1312 em™. In Figure 6, the
relative Raman intensities (open bars) of these normal
vibrations at each excitation wavelength have been
shown. It is observed from the figure that as the excita-
tion wavelength is tuned to resonance with the lowest
energy transition, with Ay, at 445 nm, the intensities of
the fundamental modes increase but as it approaches the
absorption maxima, de-enhancement is observed for few
of the vibrations, viz. 1000, 1142, 1181, 1312 and
1439 cm™. This led us to believe that Raman intensities
of these modes may arise not only from the resonant
electronic state but have contributions from the higher
lying electronic state. '
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v, stretch; &, in-plane bend; y, out-of-plane bend.

Zero-zero energy, Ego = 20645 em™!; electronic transition dipole,

M=0.8 A; life time broadening, " =200 cm™! and solvent induced
broadening, 8 =700 cm™.

Based on our simulated displacements as shown in
Table 1, the isomerization dynamics can be inferred.
Under 21Ag — 1'Ag electronic transition as shown
in the table, the vibrational modes, viz. 1439 and
1142 cm™ have maximum displacements in the excited
state and these modes correspond to v(N=N) and v(C-N)
stretch, respectively and a smaller displacement is ob-
served for the ring stretch mode at 1491 cm™ which is in
contrast to the case of cis-stilbene®® where rotation is the
only way of isomerization. This suggests that inversion
(and not rotation) is the most likely route of isomeriza-
tion in case of trams-azobenzene under 2'Ag<— llAg
excitation. The parameters, viz. zero—zero energy
(Eq = 20645 em™), electronic transition dipole
(M =0.8 A), life time broadening (I"=200cm™) and
solvent induced broadening (6 = 700 em™), used to fit
the REPs are also included in the table.

In order to study the isomerization dynamics, a de-
tailed normal coordinate analysis of trans-azobenzene
has been carried out using density functional theory
(BP86) with 6-31G* basis set’’. From the knowledge of
the ground state normal modes of trans-azobenzene at
their equilibrium geometry as well as the dimensionless
displacements, the change in internal coordinates as a
function of time (¢) has been calculated. Only changes in
carly times (within 30 fs) are considered because the
multimode correlation function decays in 30 fs. In Fig-
ure 7, we have shown a schematic representation of the
isomerization dynamics of trans-azobenzene at time 0,
(a) 0 fs, (b) 20 fs and (c) 30 fs, respectively. The magni-
tude of the displacement values has been multiplied 20
times their true cartesian displacements for better visu-
alization. From the figure it is evident that with time,
during the inversion process about one of the N atoms,
C-N elongates and N=N undergoes reduction in length.
We also find that the C-C bond adjacent to the C-N
bond reduces in length, C—~C-N angle becomes smaller
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Figure 7. Schematic representation of frans-azobenzene isomeriza-
tion dynamics at time (1), (a) 0 fs, (b) 20 fs and (¢) 30 fs. The magni-
tude of displacement values is 20 times the true cartesian
displacement.

and the benzene ring is distorted and becomes more
non-planar with time.

Photochemical ring-opening reactions. Pericyclic rear-
rangements form an important class of chemical reac-
tions because of their stereoselectivity. Here, for an
example we present the results of Lawless et al.%® on
pericyclic ring-opening reaction of cyclobutene (CB)
and the structural changes following such reaction.
Lawless et al.®® have recorded the RR spectrum of CB
excited at 200 nm. CB shows intense band at 1563 cm™!
corresponding to C=C stretch indicative of increase in
bond length along this coordinate upon photo-excitation.
A strong band is also observed at 1110 cm"l, corre-
sponding to aliphatic CH,~CH, stretch, which is consis-
tent with the fact that this bond breaks during the course
of photochemical reaction. The fundamental of the non-
totally symmetric CH, twist mode is not observed but
significant intensity is observed for its overtone. This
indicates that following excitation, evolution occurs in
the FC region along the Woodward~Hoffmann predicted
disrotatory ring-opening reaction coordinate.

Sigmatropic shift in 1,3,5-cyclohepta-triene (CHT).
Sigmatropic shifts represent a class of pericyclic reac-
tions where structural changes occur by migration of o
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bonds. The photochemical H migration of 1,3,5-
cycloheptatriene (CHT) has been studied by Reid et
al.®®. They have shown the RR spectrum of CHT ob-
tained at 257 nm excitation. The RR spectrum shows
that majority of the scattering intensity is observed for
the in- and out-of-plane ethylenic modes at 1536 and
1610 cm™ as well as ring-planarization modes at 225,
354 and 419 cm™. No intensity is observed for the
symmetric methylene CH stretch. Thus, in CHT, excited
state evolution suggests that a planar or near-planar ge-
ometry is established before the H-migration occurs.

4.3 Resonance Raman de-enhancement

De-enhancement or antiresonance in the resonance Ra-
man intensities”®347:69 usually arises due to interfer-
ence from closely-lying electronic states, have been
observed for a number of systems, viz. HI, transition
metal complexes [Co(en);>*, PdBr,*, etc.], ethyl, iso-
propyl, tertiary-butyl iodides, trans-azobenzene, etc. In
this review, we discuss briefly resonance de-
enhancement observed in case of trans-azobenzene. In
frans-azobenzene, de-enhancement of Raman intensity is
observed near the maxima of the resonant 21Ag «— ]IAg
electronic transition. This arises due to interference
from the closely lying 1'A, ¢ llAg electronic transi-
tion. In order to account for the effect of interference
from the pre-resonant electronic state which corresponds
to I'A, & l’Ag electronic transition with maxima near
320 nm, the depolarization ratios (p) were measured as a
function of excitation wavelength. The values of p for
the N=N stretching mode is found to be 0.31 (at
445 nm), 0.34 (at 476 nm), 0.36 (at 532 nm) and 0.33
(at 570 nm). These values of p remain almost constant
(i.e. nearly equal to 1/3) with differing excitation wave-
lengths, implying that the pre-resonant state may be
contributing to the same component of the transition
polarizability tensor («,) as does the resonant state.
Thus, it is assumed that both the pre-resonant and the
resonant electronic states are polarized perpendicular to
the N=N axis, which is supported by the magnetic circu-
lar dichroism result’®. The sign of the transition po-
larizability tensor depends on the direction of the actual
geometry change occurring along a particular normal
coordinate. Here, in the resonant state there is a reduc-
tion in N=N bond length since the molecule undergoes
inversion about the N atom. Whereas, in the pre-
resonant state, trans-azobenzene is known to isomerize
via rotation®, and thus, it is assumed that the N=N bond
length increases. Therefore, the polarizability tensor
elements () are considered to be opposite in sign in
the .two- excited electronic states. The pre-resonance
Raman spectra of trans-azobenzene using excitation
wavelengths, 355, 369, 396 and 416 nm are plotted in
Figure 8. The observed fundamentals appear at 1000,
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Tigure 8. Pre-resonance Raman spectra of trans-azobenzene in. car-
bon tetrachloride solution with excitation wavelengths, 355, 369,
395and 416 nm.

1142, 1181, 1312, 1439, 1470, 1491 and 1591 cm™. Of
these modes, as shown in Figure 6, 1439, 1312, 1181,
1142 and 1000 cm™ show resonance de-enhancement.
These are fit to a single A-term frequency dependence17
using eqgs (9) and (10) by varying the coupling strength
(K) and the energy for the pre-resonant state (E.). A
good fit is obtained at E, = 34100 cm™, indicating that
the pre-resonant component indeed contributes to the
same Raman polarizability term (a,) as the resonant
term. The transition polarizability component due to the
pre-resonant electronic state (), has significant
magnitude when extrapolated to the region of the reso-
nant electronic state. As a result of this, it interferes de-
structively with the Raman polarizability. component,
Qs from the resonant electronic transition, leading to
de-enhancement in the REPs of various vibrational
modes of trans-azobenzene.

The excitation profiles for the ten Raman active
modes were simulated. In all these simulations, the con-
tribution from the pre-resonant state has been taken into
account. In Figure 6, we have shown the simulated rela-
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tive Raman intensities (solid bars) for all the ten normal
vibrations of trans-azobenzene along with the experi-
mentally-observed intensities, at all the excitation
wavelengths. A good agreement between the calculated
and experimental intensities for all the vibrational
modes at different excitation wavelengths confirm that
the assumptions considered for the simulations are rea-
sonable.

4.4. Electron transfer reactions

Systems undergoing photo-induced electron transfer
reactions have also been studied using RR spectroscopy
in order to extract valuable information regarding reor-
ganization energies which play a major role in electron
transfer reactions. Excitation to the charge transfer (CT)
state leads to a rapid change in charge distribution of the
solute, Thus, the surrounding solvent molecules have to
reorient themselves to adjust to the changes in the solute
charge distribution. The role the solvent plays in con-
trolling the electron transfer reaction critically depends
on how fast or slow the solvent responds to the changes
in solute charge distribution”'™>. The changes in the
properties of the solvent (viz. polarity, polarizability,
etc.) is thus expected to have a dramatic influence on
the excited state structure and dynamics of the solute
and this can be easily monitored using RR spectros-
copy*® 7685,

Intra and inter-molecular electron transfer reactions
are commonly observed in various biological, inorganic
and organic chemical systems. Application of RR spec-
troscopy to these electron transfer reactions has been an
active area of research in the recent years. In particular,
importance of RR spectroscopy in understanding ultra-
fast electron transfer process has been described by My-
ers®® and Barbara et al.®®. A few examples of Raman
studies on electron transfer reactions observed in the
literature include hexamethylbenzene/tetracyano-
ethylene®, biferrocene®®, [Pty (u-dppm)y(u-
PhC=C)(PhC=C),]" (ref. 84), [Pt(dppm),(PhC=C),] (ref.
84), (NH3)4RU(2,?,'-bpy)2+ (ref. 87), 4-cyano-N-
methylpyridiniumsg, etc. In this review, we discuss in
brief the influence of solvent on the photo-induced intra-
molecular electron transfer reaction of a donor—-acceptor
molecule, viz. 4-dimethylamino,4'-nitro-azobenzene (DA),
the structure of which is shown in Figure 9. DA is very
solvent sensitive, leading to a bathochromic shift of the
absorption maxima from 453 nm in a non-polar solvent
(CCly) to 493 nm in a polar solvent (benzonitrile) as
shown in Figure 10. The arrows marked in the figure
indicate the excitation wavelengths used for the reso-
nance Raman experiments. This large shift in the ab-
sorption maxima with the increase in solvent polarity is
attributed to the net stabilization of the charge separated
FC excited state (S;) relative to ‘the ground state. The
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Figure 9. Geometry and atom numbering of 4-dimethylamino, 4’-
nitro-azobenzene (DA).
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Figure 10. Absorption spectrum of 4-dimethylamino, 4'-nitro-
azobenzene (DA) in carbon tetrachloride (solid line) and benzonitrile
(dashed line). The arrows indicate the excitation wavelengths (in nm)
used to carry out the resonance Raman measurements,

338

(a) 450 nm (c) 450 nm

(b) 490 nm (d) 490 nm
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Figure 11. Resonance Raman spectra of 4-dimethylamino,4'-nitro-
azobenzene (DA) in carbon tetrachloride (a and b) and benzonitrile
(¢ and d) with excitation wavelengths, 450 and 490 nm.

magnitude of the shift of the absorption maxima depends
on the extent of the change in solute dipole moment
during the transition from the ground state to the excited
state, the value of solvent dipole moment, the extent of
solute~solvent interaction as well as the electronic po-
larization of the surrounding solvent molecules caused
by the dipolar solute molecules. Since the room tem-
perature absorption spectra of DA in solutions of CCl,
and benzonitrile are diffused and not vibrationally re-
solved, very little information can be obtained regarding
vibrational structural aspects. Hence, in order to get
vibrational mode-specific information of DA, we have
recorded its Raman spectra, in resonance with the
charge transfer (CT) transition in the solvents specified
above.

Resonance Raman spectra of DA in CCly and C¢HsCN
were recorded with excitation wavelengths 450 and
490 nm by scanning a tunable laser pulse from an OPO
and are shown Figure 11 a—d. The spectra of DA in CCl,
(Figure 11 a and b) were normalized with respect to the
CCl, doublet appearing at 762 and 791 cm™". Similarly,
the RR spectra of DA in CgHsCN [Figure 11¢ and d]
were normalized relative to the solvent band at
1000 cm™. The fundamentals observed in the region
1000-1600 cm™ for DA in CCl, (benzonitrile) are 1110
(1106), 1137 (1140), 1197 (1195), 1340 (1336),
1399 (1393), 1427 (1422), 1445 (1447) and 1595
(1587) cm™. The figure shows enormous increase in
intensity mainly for the bands observed at 1340 (1336),
1399 (1393), 1427 (1422) and 1445 (1447) cm™ on go-
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ing from 450 to 490 nm in both the solvents mentioned
above. The most intense Raman bands appearing at 1340
(1336) and 1399 (1393) em™ correspond to NO, stretch
and N=N stretch, indicating the fact that these modes are
strongly coupled to the charge transfer (CT) transition.
We propose to apply RR intensity analysis using
Heller’'s wave packet approach with the inclusion of
solvent effect as discussed in §3 to the azo dye undergo-
ing photo-induced CT transition in order to understand
the displacements and the reorganization energy contri-
bution of each vibrational mode associated with the
transition. This also requires the knowledge of normal
modes of DA, which has been carried out using density
functional method. Raman scattering intensity provides
information on the distortions of the FC active modes in
the excited electronic state and hence on the strength of
coupling of the intra-molecular vibrations and the sol-
vent coordinate to the electron transfer process, referred
to as internal and solvent reorganization energy. An
analysis of the REPs give an estimate of the parameters,
viz. vibrational and solvent reorganjzation energies
which are very important in understanding solvent con-
trol of electron transfer reactions.
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