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Resonance Raman (RR) spectra are presentgdribroazobenzene dissolved in chloroform using 18 excitation
wavelengths, covering the region'¢h — z*) electronic transition. Raman intensities are observed for various
totally symmetric fundamentals, namely;-C, C—N, N=N, and N-O stretching vibrations, indicating that

upon photoexcitation the excited-state evolution occurs along all of these vibrational coordinates. For a few
fundamentals, interestingly, ip-nitroazobenzene, it is observed that the RR intensities decrease near the
maxima of the resonant electrori; — z*) transition. This is attributed to the interference from preresonant
scattering due to the strongly allowégk — z*) electronic transition. The electronic absorption spectrum

and the absolute Raman cross section for the nine Fra@okdon active fundamentals pinitroazobenzene

have been successfully modeled using Heller’s time-dependent formalism for Raman scattering. This employs
harmonic description of the lowest enerfy — 72*) potential energy surface. The short-time isomerization
dynamics is then examined from @iori knowledge of the ground-state normal mode descriptions of
p-nitroazobenzene to convert the wave packet motion in dimensionless normal coordinates to internal
coordinates. It is observed that within 20 fs after photoexcitatigormitroazobenzene, the=xN and C-N
stretching vibrations undergo significant changes and the unsubstituted phenyl ring and the nitro stretching
vibrations are also distorted considerably.

Introduction information on the origin of RR intensities and also the dynamics

With th ilability of tunable | R RR associated with the resonant excited staté! Qualitatively, if
: e availability of tunable lasers, resonance Raman (RR) the vibrational modes are FC active in the resonant electronic

spectroscopy has becom(_e a commonly used te_chnlque to_ prOb%tate then the Raman intensities are enhanced for these modes
the structure and dynamics of short-lived excited-state inter- because of A-term Raman scatter#igt® Therefore, the REPS

mediates of various photochemical and photophysical pro- L
15 : of these vibrational modes are expected to follow the shape of
cesses.® Although, electronic spectroscopy may also be useful the absorption spectrum corresponding to the electronic state
in providing information about the lifetime and decay rates of nSorp P ITESPO 9
to which the resonance excitation is carried out. The REPs thus

the excited states in polyatomic molecules, it often lacks i . . .
vibrational mode-specific information because of its unresolved carry mode-specific information about the excited-state potential
nergy surface in the FC region. The knowledge of absolute

and unstructured envelope in the condensed phase, especiall - oo ) -
at room temperature (RT). Thus, to extract valuable excited- Raman intensities is essential to provide a complete character-

state structural information present in a polyatomic molecule, ization of the excited-state potential energy surface and to know
RR spectroscopic technique is normally used. the extent of homogeneous and inhomogeneous broadening

Under preresonance or resonance conditions, that is, whencontributions. Occasionally, the REPs do not follow the shape

the excitation wavelength approaches or coincides with a ©f the absorption spectrum; instead, antiresonance or de-
particular electronic transition of the system under investigation, €hancement may be observed for the totally symmetric
the RR spectra show enormous intensity enhancement. ThisViPrational modes because of 'merf?re%é’ls'zess from
essentially contains information about the excited-state potential€l€ctronic states lying at higher energies as compared to the
energy surface and hence, in turn, can dictate the initial "ésonant electronic state. Thus, destructive interference between
dynam|cs of nuc'ear mouon in the Frane@ondon (FC) region a palr Of Raman pOlal’Izablllty tensors having dlﬁerent sources
of the potential energy surface. Such dynamical processesof origin, namely, the FC activity corresponding to resonant
following photoexcitation from the ground to the resonant electronic state and the vibronic activity arising because of
excited electronic state within the electronic dephasing time can preresonant electronic state, results in deviation from the
be intuitively understood through Heller's time-dependent expected excitation profiles.
formalism for Raman scatterir§. Azo dyes find extensive applicability in analytical chemistry
Wavelength dependence of the Raman scattering intensity,as acid-base, redox and, metallochromic indicators. They also
namely, Raman excitation profiles (REPs), provides valuable find wide applicability for reversible optical data storaf&’
(both holographic and digital). Optical data storage has been
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variation of the refractive index of the medium, which is x 378 pixels was used as the multichannel detector. The
sufficient for holographic recording. The photoinduced change recorded Raman spectra were calibrated using known solvent
in polarity and molecular structure have led to widespread bands as reference, and the spectral resolution was estimated
application of azobenzene derivatives as reversible molecularto be 5 cntl. The Raman signal was found to be linear with
switching device43~4” Because of their wide applicability, laser power, and all of the observed Raman bands were found
mainly due to the photoisomerization phenomefiothe azo to arise from the trans isomer.

dyes have been extensively studied both experimettdfyp3 p-Nitroazobenzene used in the Raman measurements was
and theoretically yet the dynamics of their excited states are purchased from Aldrich Chemical Co. and used as received.
not well understood. This is mainly because the absorption Chloroform (CHC}) was of analytical grade and used as
spectra of these azo dyes are poorly resolved even at lowreceived. Freshly prepared sample solutiong-oftroazoben-
temperature®® Investigation of the excited-state properties of zene in CHGJ were circulated through a capillary at the rate of
the azo dyes has been difficult because neither the cis nor theabout 10 mL/min. These solutions were used in the dark for

trans isomers exhibit fluorescence emisgidrihis lack of each Raman measurement.ghmitroazobenzene, because the
fluorescence is believed to result from an extremely short excited state is short-lived, during a nanosecond laser pulse,
lifetime of the excited state?ab the molecule might photoisomerize. The amount of the cis

In this paper, we have analyzed the RR intensities for the isomer in the solution, which is produced by photoisomerization,
FC active vibrations op-nitroazobenzene dissolved in chloro- is negligibly small because the cis isomer thermally returns to
form to understand the short-time dynamics associated with the trans form with a time constant as short ag58°°Hence,
photoisomerization (vide infra) on resonait — z*) excitation. the irradiated solution op-nitroazobenzene mainly consisted
We have measured the intensities of the Raman active modesf the trans isomer. This was checked routinely after each
in resonance to th§n — xz*) electronic transition, utilizing 18 Raman measurement by UWisible absorption, as well as
excitation wavelengths. A theoretical simulation of RR intensi- vibrational spectroscopy, because the cis and trans isomers have
ties under thé(n — z*) absorption envelope has been carried distinguishable absorption, as well as vibrational spectra.
out using Heller’s time-dependent wave packet formalism for ~ Using a 180 backscattering collection geometry minimizes
RR scattering® From the RR intensity analysis, we have the reabsorption of the RR scattered light by the sample.
presented qualitative evidence for an inversion mechanism asRemaining reabsorption of the Raman scattered light by the
the isomerization pathway under the excitation resonant to thesample was corrected using the methods described previ-
lowest-energy transition. An examination of the REPs for the ously135758The sample concentration used for Raman experi-
vibrational modes op-nitroazobenzene displays de-enhance- ments was about &% 1072 M. Thus, the absolute Raman cross
ment near the maxima corresponding to the lowest enrgy  sections for p-nitroazobenzene in CHglwere determined
— 5r*) electronic transition for five fundamentals, namely, 1449, relative to the absolute intensities of the CkKC1218 cntl
1413, 1180, 1143, and 1109 cfn The observed de-enhance- band!4ef
ment indicates that the resonant electronic state is not the sole
source of intensity for these fundamental vibrations and can be Theory and Computational Methods
attributed to the interference from excited electronic states lying o ) )
higher in energy (preresonant electronic state) as compared to On photoexutaﬂon.of a molecule to a particular electr.onlc
the resonant electronic state. The main objective of this study €Vl it is assumed, in general, that the enhancement in RR
is to provide a detailed mode-specific picture of the initial stages intensity arises solely because of the resonant electronic state,
of short-time isomerization dynamics near the FC region of the @1d hence, the REPs are expected to follow the electronic
excited electronic potential energy surfac@initroazobenzene. ~ absorption band profile. But in practice, occasionally, as is
Combining the results obtained from Heller's time-dependent OPserved in the present study, there may be a decrease in Raman

wave packet analysis of the experimental RR intensities with Intensities as the excitation wavelength is tuggésttpward the
the inclusion of interference effect from the preresonant @0sorption maximum. Such a de-enhanceriefts2933in RR

electronic state and the knowledge of normal mode descriptions intensities may arise because of the interference from electronic
we have been able to elucidate the ultrafast dynamical informa- states other than the resonant excited state termed as preresonant
tion along various vibrational coordinates. The conversion of electronic states. The interference effects are normally controlled

the dimensionless displacements derived from wave packetPY various factor®such as the energy gap between the resonant

dynamical study to internal coordinates help in visualization of and interfering (preresonant) electronic states, the transition
the distortions in the molecular structure during the initial stages diP°le moments of the two electronic states, nature (spin state,
of isomerization dynamics. symmetry, and polarization) of the two states involved, and the
extent of vibronic coupling between them. In the present study,
we have modeled the experimental REPs for the fundamental
vibrations of p-nitroazobenzene taking into consideration the
The excitation wavelengths for the Raman experiments in resonance and preresonance interference effects.
the visible region, namely, 440, 443, 452, 461, 470, 480, 492, Heller's time-dependent wave packet approach to RR scat-
501, 510, 522, 532, 541, 550, 560, 572, 581, 590, and 600 nm,tering'® is used to simulate the absorption spectrum and the
were scanned using a tunable laser pulse output from an opticalabsolute Raman intensities @knitroazobenzene in CHg¢I
parametric oscillator (OPO) (MOPO 730, Spectra Physics). The solution. In the time-dependent picture, an initial wave packet,
OPO was pumped by the third harmonic (355 nm) of a 10 Hz |ilJin the zeroeth vibrational state of the ground electronic level
Q-switched Nd:YAG laser (GCR 250, Spectra Physics) provid- is transported to the excited electronic level, where it evolves
ing a high-energy laser pulse of 560 mJ. The energy of the OPQOin time under the influence of the excited-state Hamiltonian
output was in the range of5L0 mJ/pulse. A SPEX 1404 double  (Hey). This time-evolving wave packefi(t)] which is moving
monochromator was used with two 600 groove gratings blazed away from the FC region with timet"; is transposed back to
at 500 nm to disperse the scattered light. A liquid nitrogen the ground electronic level at various intervals of time and
cooled charge coupled device (Princeton Instruments) with 576 overlapped with different vibrational levelg, or |f({vibrational

Experimental Methods



Isomerization Dynamics ip-Nitroazobenzene

states other than zeroeth state), resulting in the autocorrelation
{i(t)0 or the Raman correlatiofi(t)[] function, respectively.
The absorption spectrum is essentially the full Fourier transform
of the autocorrelation function, and thus, the electronic absorp-
tion spectrum of-nitroazobenzene for thgn — 7*) transition

can be expressed’ass
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whereE, is the incident photon energ¥; is the zero-point
vibrational energy in the ground stateis the solvent refractive
index (CHCh = 1.445),M is the electronic transition dipole
evaluated at the equilibrium geomety|s the charge of an
electron,i = h/(27) (h being Planck’s constant), arwdis the
velocity of light.

On the other hand, the half Fourier transform of the Raman
correlation function results in RR amplitud¥s.3 a,es and is
given by

On
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Thus, the RR cross section resulting from the lowest excited
1(n — a*) electronic transition can be obtained as
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wherekEs is the energy of the scattered photon.
The time-evolving wave packét,|i(t)[) on the excited-state
surface is expressed as
t)
[ia

where exp{iHed/h) is the time-evolution operator. The time
evolution of the wave packet is carried out using the grid
technique’®0 This evolving wave packet}i(t)] during its
motion on the excited-state potential is damped by the function
exp[—g(t)], which includes both lifetime broadenindg’) and

the possibility of relaxation into other modes, including the bath,
which is usually modeled by a Gaussian decay, €8/ (2h2)].

It

Thus,
%) GX%

To introduce the effect of interference arising from the
preresonant electronic states, we have used the single-stat
A-term frequency dependerié¢élas a first approximation. Thus,
the Raman cross section corresponding to the preresonan
electronic state is expressed as

li(t) = exy{— H (4)
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where E¢ is the energy corresponding to the preresonant
electronic state an& represents the strength of coupling of
the Raman transition to the preresonant electronic state.

In p-nitroazobenzene, similar to the case of the parent
molecule, azobenzene, the electronic transitions are partially
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Jocalized about the central#N bond®2 thus giving rise to two
different components of the Raman polarizability tensor, namely,
oy and o (transition parallel and perpendicular to the=N

axis, respectively). As observed from the magnetic circular
dichroism studie§? the lowest-lying electronic absorption band
in p-nitroazobenzene is polarized perpendicular to tFre\Naxis,
implying that the resonant electronic state contributes only to
op term of the Raman polarizability tensor. The higher-lying
electronic absorption band consists of two components: one
(major component) corresponds to the transition parallel to the
N=N axis, while the other (minor component) is perpendicular
to the N=N axis. Thus, there are two different possibilities by
which the resonant and the preresonant terms can intékfere.
The first possibility of interference between the resonant and
the preresonant polarizability tensors arises when both the
resonant and the preresonant terms are polarized along the same
direction (viz., perpendicular to the=NN axis) thus contributing

to the same component of transition polarizability tensor,

The measured value of depolarization ra@d i this case is a
constant and independent of the excitation wavelength. The
Raman cross section resulting because of this kind of resonance
and preresonance interfereftis expressed as follows:

3

E E —@ 4 2 8
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whereaye is related to theA,e term by the expression
oh'c’
ltprd” = g A Apd” 9)

The second possibility of interference occurs when the prereso-
nant term of the polarizabilty tensor contributesgo(viz., the
transition is polarized parallel to the=AN axis), where as the
resonant term contributes -, that is, the electronic states
are polarized perpendicular to each other. In this particular case,
the depolarization ratiop] is not a constant; instead, it is a
function of the excitation wavelengtf.

The preresonant contribution to the polarizability is assumed
to be purely imaginary. This is because the resonant terg (
tends to an imaginary quantity as the excitation wavelength is
tuned away from the resonance region. Not only the magnitude
of the changes in normal coordinates is of importance, but also
the direction of its change is of major significance. The actual
direction of geometry change along a particular normal coor-
dinate determines the relative sign of the polarizability in the
resonant and the preresonant electronic states. In the case of
p-nitroazobenzene, the optical properties are found to be similar
to those of the parent azobenzene moleétilelence, it is
&xpected that photoexcitation into the lowest enéfgy— %)
electronic transition leads to isomerization via inversion. This
{s confirmed from the magnitude of dimensionless displacements
along various normal coordinates. This is in contrast to the
photoexcitation into the strongly allowe{r — z*) elec-
tronic transition, resulting in isomerization via rotation. During
the process of inversion, one of the N lone pair dipoles of the
—N=N-— group is convertedct a p orbital, that is, rehybrid-
ization from the spto the sp state occurs. Thus, inversion leads
to a decrease in NN bond order and, hence, an increase in
N=N bond length. On the other hand, rotation of the molecule
about the N=N bond involves scission of the double bond to a
single bond, resulting in a biradical structure. Hence, rotation
also leads to an increase in azo bond length and a decrease in
the C—N bond. This fact is supported from the study of excited-
state geometry changes in bacteriorhodopsin, in which all of
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the double bonds elongate and all single bonds undergo
reduction upon photoexcitatid.

In the present study, the ground- and excited-state potential
energy surfaces are approximated as harmonic oscillators with
the excited-state potential energy minima displaced by an
amountA (in dimensionless units), relative to the ground-state
minimum. The magnitudes of the dimensionless displacement
parameters are obtained as an initial estimate from the experi-
mental RR intensities assuming short-time dynafi¢se.,
Raman intensity|r 0 A2w?). This is reasonable because we
are interested only in the FC region of the total potential energy
surface. Moreover, the low-temperature absorption spectrum of
p-nitroazobenzene shows no structbfreThe dimensionless
displacements for the respective modes are obtained at all of
the excitation wavelengths from the experimental Raman
intensities relative to the intensity for the 1602 cnband. The

average dimensionless displacement for the respective Raman

active mode is then calculated and fed into our simulations for
the absorption spectrum and the Raman excitation profiles. This
procedure is repeated several times for various values of
dimensionless displacements to get minimum deviation for the
simulated absorption spectrum and the Raman excitation profiles
in comparison to the respective experimental spectrum. Thus,
the best fit value for the displacement, corresponding to each
Raman active vibration is obtained. In our simulations, coor-
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Figure 1. Absorption spectrum of-nitroazobenzene in chloroform.
The weak band from 400 to 600 nm corresponds tothe— 7*)

electronic transition, and the strong band in the region-281 nm is
due to thel(wz — 7*) transition.

Results and Discussion

dinate dependence of the transition length, as well as Duschinsky p-Nitroazobenzene exhibits planar structu@ gymmetry)

mixing of the normal coordinates, is not taken into consideration.
After photoexcitation, the center of the wave packet undergo-

ing separable harmonic motion at tinteis expressed in

dimensionless normal coordinateas

qa(t) = Aa(l — COSw, t) (10)

whereq, = 0 for all of the normal modesa at zero time when

the molecule is at ground-state equilibrium position ad=

w,/5308.8,m, is the frequency in cmt and 5308.8 corresponds

to the value ofi in units of cnT fs) is the vibrational frequency

in fs~1. To visualize the short time isomerization dynamics in

terms of internal coordinate changes, we have converted the

dimensionless normal coordinate displacemégqi(t)}, to the

internal coordinate displacemeniS(t)}, by the following

expressiort®

A

1/2
— P
S(t) (C) ZAa.wa 0y(t) (11)

where, S(t) is the change in internal coordinates, namely,
stretches, bends, torsions, wags, etc. (as defined by Wilson,
Decius, and Cro$9%), at timet with respect to the ground-state
equilibrium geometry and\,; is the normal mode coefficient
(0S/0Q,) and is obtained from normal coordinate analy§ls (
being the normal coordinate) via the unitary transformatids,
AFAT=A (12)
where the matrixA represents the normal mode vectors and
the diagonal matriA represents the eigenvalues. The potential
energy matrixF, is obtained from the valence force fiéfcht
the ground-state equilibrium geometry fpmitroazobenzene,
which is computed employing the density functional method,
B3LYP with 6-31G basis set using the Gaussian 94 package.
B3LYP with 6-31G is found to be very accurate in predicting
vibrational frequencies and, therefore, the force field for
polyatomic system&:68

in solution with 72 fundamentals spanning the representation
I' = 49A' 4 23A" vibrations® All of the fundamental modes
are both Raman and infrared (IR) active. The electronic
absorption spectrum gfnitroazobenzene consists of a lowest-
energy symmetry-forbiddei(n — z*) transition, in addition
to the strongly allowed(z — z*) transition. On resonance
excitation to thé'(n — r*) electronic transition, Raman bands
are expected to be observed for the vibrational modes that are
FC active for this particular transition, and one would also expect
the vibrational modes to follow the electronic absorption
spectrum. But in the present study, it is observed that the REPs
for various vibrations do not follow the absorption spectrum;
rather, it shows a decrease in intensity near its maxima. This
decrease in intensity in the REPs may be attributed to the
destructive interference among the transition polarizability
components in the resonant and preresonant electronic states.
Detailed analyses of the experimental and simulated absorption
spectrum, as well as the REPs, are carried out in sectioti3.A

A. Absorption Spectrum. The absorption spectrum of
p-nitroazobenzene in CHEIs shown in Figure 1. The spectrum
exhibits two distinct features. The most intense feature appearing
around 335 nm corresponds to the strongly allowed— 7*)
electronic transition, and the weak feature with a peak at 437
nm represents the symmetry-forbiddg¢n — z*) transition. It
is evident from the figure that the asymmetry appearing in the
intense feature around 335 nm cannot be simulated by a single
Gaussian. Thus, the absorption spectrum is deconvoluted into
a sum of four Gaussian components, as shown in the figure, to
estimate the strength and position of file— z*) and thel(z
— mr*) electronic transitions. The absence of vibrational structure
in the low-temperature absorption spectP@orresponding to
the }(n — a*) transition of p-nitroazobenzene implies that
isomerization occurs much more rapidly than the vibrational
recurrences to the FC region.

B. Resonance Raman (RR) SpectraThe Raman spectra
of p-nitroazobenzene in CHEkesonant with thé(n — x*)
electronic transition are recorded using various excitation
wavelengths, namely, 440, 443, 452, 461, 470, 480, 492, 501,
510, 522, 532, 541, 550, 560, 572, 581, 590, and 600 nm. For
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Figure 2. Resonance Raman spectrapefitroazobenzene in chloro-
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Figure 3. The experimental (open circles) and the simulated (solid

form with excitation wavelengths 443, 461, 480, 501, 522, and 541 line) Raman excitation profiles for 1602, 1495, 1473, and 1348'cm

nm.

the sake of brevity, the Raman spectra at a few excitation
wavelengths, 443, 461, 480, 501, 522, and 541 nm, are shown
in Figure 2. The spectra at all wavelengths are normalized with
respect to the solvent, CHg&lband (marked S in the figure)
appearing at 1218 cm. The fundamentals observed in the
region 1006-1600 cnt! are 1109, 1143, 1180, 1348, 1413,
1449, 1473, 1495, and 1602 ci The most intense Raman
bands appear at 1449, 1473, 1495, 1348, and 1143 emd

are followed by a 1602 cmt band of medium intensity. Three
weak bands are observed at 1109, 1180, and 1413.dis
clear from the figure that the intensities of various fundamentals
vary significantly as a function of the excitation wavelength.

To investigate the changes in intensities with the excitation
wavelength, we plot the REPs of the fundamentals in Figures 3
and 4. The open circles represent the experimentally observed
REPs of various modes. In Figure 3, the REPs for the 1602,
1495, 1473, and 1348 crh vibrations are displayed. It is
observed that as the excitation wavelength approaches the lowest
resonant energy transition [viZ(n — 7*)], with Amax at 437
nm, the intensities of the fundamental modes increase mono-
tonically and the shape of the REPs follow the absorption
spectral profile as expected. Resonance enhancement of these
Raman fundamentals is supported by the observation of very
weak overtones and combination bands at a few excitation
wavelengths, namely, 443 and 480 nm. In contrast, the REPs
corresponding to the fundamental vibrations, namely, 1109
1143, 1180, 1413, and 1449 ckas shown in Figure 4 exhibit

Absolute Raman Intensities x 107 (cmz/molccule)

vibrations ofp-nitroazobenzene.
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Figure 4. The experimental (open circles) and the simulated (solid
line) Raman excitation profiles for 1449, 1413, 1180, 1143, and 1109
» cm?! vibrations ofp-nitroazobenzene.

de-enhancement in intensity as the excitation wavelength is  To account for the effect of interference from the preresonant

tuned toward the maximum of th&n — x*) electronic

electronic state corresponding to ther — z*) electronic

transition. The observation of resonance de-enhancement intransition with maxima near 335 nm into the resonant polariz-
these vibrations indicates that the Raman intensities correspond-ability component, the depolarization ratigs) @re measured

ing to these FC active modes not only arise because of theas a function of the excitation wavelength and are presented in
lowest-energy resonant electronic state but also have contribu-Table 1. The resonance Raman depolarization ratios at excitation
tions from higher-lying excited electronic states.

wavelengths 443, 480, and 522 nm are measured for the
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TABLE 1: Depolarization Ratios for the Normal Raman TABLE 2: Raman Frequencies, Experimental and
Vibrations of p-Nitroazobenzene at the Excitation Calculated (@ in cm™1), Dimensionless DisplacementsA() in
Wavelengths of 443, 480, and 522 nm the Resonant Electronic State, and the Potential Energy
- ; Distributions (PEDs) of p-Nitroazobenzené
vibrational frequency depolarization rati®d —
mode (wincmt) 443 nm 480 nm 522 nm vibrational _ @ (cm™)
’ 1602 033 037 0.40 mode expt cald A PEDs
vg 1495 0.26 0.32 0.39 v 1602 1609 0.65 74C—C), 19(C—C)
Vo 1473 0.30 0.36 0.39 vg 1495 1495 0.94 6i4C—C), 19(C—H)
10 1449 0.26 0.36 0.37 Vg 1473 1490 1.07 &4C—C), 19(C—H)
v12 1413 0.37 0.37 0.35 V10 1449 1418 1.07 48N=N), 31»(N—0O)
s 1348 0.29 0.35 0.30 V12 1413 1395 0.67 34C—C), 25%(N—0),
V15 1180 0.28 0.38 0.33 170(N=N)
v1s 1143 0.37 0.39 0.29 V13 1348 1249 0.96 49N—0), 30 (C—N)no
V19 1109 0.30 0.32 0.28 V15 1180 1189 0.74 48C-C), 48(C—H)
aError bar= £0.06; Error bar represents standard deviation from vis 1143 1146 126 31(0% (,:\I_)’NSE(C ©), 1(C=C),
the mean. vie 1109 1107 0.74 3§C—C), 34(C—C),
16U(C_N)No
fundamental transitions. The depolarization ratipi¢ defined aCalculated frequencies obtained from B3LYP/6-31G and scaled

as the intensity of the scattered light observed with polarization by a factor of 0.97p = stretch;é = in-plane bend; zerezero energy,
perpendicular to the polarization of the excitation light divided Eo= 18 194.8 cm’; electronic transition dipoléVl = 0.34 A; lifetime
by the intensity of the observed scattering light with polarization g;ct’ﬁ?gn?go znr?? e relaxation into different modes including
parallel to the incident light. The intensities of the Raman ' '
scattered light with polarization perpendicular and parallel to
that of the incident light are measured by both simple peak energy corresponding to the preresonant electronic s&je (
integration and by fitting the Raman transitions with Lorentzian The parameters related to the preresonant componeig. are
convolution. The measured values of the depolarization ratios 30 500 cnT! andK = 0.524 0.24, 0.21+ 0.09, 0.07+ 0.03,
are found to be nearly constant (0.330.06) and independent  0.27+ 0.12, and 0.1} 0.05 mb (1 mb= 10727 cn?) for the
of the excitation wavelength. This implies that the preresonant modes 1449, 1413, 1180, 1143, and 1109 tmespectively.
electronic state contributes to the same component of the The fits to the experimental REPs are remarkable. The transition
transition polarizability tensorof;) as does the resonant polarizability component in this case, due to the prereso-
electronic state (as discussed previously in the section of Theorynant electronic stateogr), has significant magnitude when
and Computational Methods). Thus, in our simulations, we extrapolated to the resonant electronic state. The introduc-
assume that both the preresonant and the resonant electronition of destructive interference between a preresonance term
states are polarized perpendicular to treMaxis. This is also (due to the strongly allowed{r — x*) electronic transition)
supported by the magnetic circular dicroism results @n and a rigorous resonance term (due to the symmetry-forbidden
nitroazobenzen®.The sign of the transition polarizability tensor ~ 1(n — xz*) electronic transition) in our calculations, thus, leads
depends on the direction of the actual change in geometryto a decrease in the RR intensity near the absorption maxima
occurring along a particular normal coordinate. As discussed corresponding to the resonant electronic state. The displacements
earlier, in the present study, we assume that the signs of thein dimensionless units for all of these Raman active vibrations
transition polarizability forp-nitroazobenzene remain similar are presented in Table 2, along with the parameters used to fit
to those of azobenzen® This is a reasonable assumption the REPSs.
because the substitution by a nitro group at the para positionin ~ A comparative study of the experimental and the simulated
one of the benzene rings is not expected to change drasticallyabsolute Raman intensities for all nine fundamental vibrations
the spectral properties of the molecule. The absorption and theof p-nitroazobenzene are presented in Figure 5. For the sake of
magnetic circular dichroism resuitof both compounds further  brevity, we present the results at a few excitation wavelengths,
support this. The effect of interference in the fundamental 443, 461, 480, and 501 nm. Here, we believe that the Raman
modes, namely, 1449, 1413, 1180, 1143, and 1109'cis fundamentals observed at 1602, 1495, 1473, and 1348 cm
introduced in our simulations by assuming the polarizability are resonantly enhanced duétio— 7*) excitation. The Raman
tensor elementsug) for these modes to be opposite in sign in  excitation profiles corresponding to these fundamentals can also
the resonant and the preresonant electronic states. be fit by a single-staté&(n — 7*) enhancement model, and the
C. Simulation of the Raman Excitation Profiles (REPS) calculated curve compares reasonably well with the experimental
and the Absorption Spectrum. The excitation profiles for the  curve as shown in Figure 3. The singlét — 7*) enhancement
nine Raman active fundamental modes are simulated using eqsnodel is also supported by the observation of very weak
2—5. Solid lines in Figure 3 show the simulated REPs obtained overtones and combination bands for these stretching vibrations
for the fundamental modes undergoing no de-enhancement. Aat excitation wavelengths of 443 and 480 nm. The intensities
good agreement between the experimental and the simulatedf the overtones and combination bands are found to be very
curve is clearly observed in the figure. Solid lines in Figure 4 weak, that is, an order of magnitude lower than intensities for
show the simulated REPs for the modes undergoing resonancehe fundamental vibrations. Moreover, the signal-to-noise ratio
de-enhancement. In the simulations for the modes undergoingfor the overtones and combination bands is poor, that is, within
resonance de-enhancement, the contribution from the preresothe error bar. The calculated intensities using the singlet-state
nant electronic state (eqs-®) has been taken into account. As enhancement model for the respective overtones are found to
stated earlier, the preresonant component of the polarizability be 10-20 times lower in intensity as compared to the
tensor is introduced as A-term frequency depend€rtéavith fundamental. These calculated intensities for the overtones
two fitting parameters, namely, the strength of coupling of the (slashed bars) are also plotted in Figure 5 for the sake of
Raman transition to the preresonant electronic stteifd the comparison with the fundamental intensities. From Figure 5, it
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0.057 the simulated (dashed line) spectra for #re— 7*) electronic transition
| of p-nitroazobenzene using the parameters of Table 2.

Vibrational Mode

Figure 5. Comparison of the experimental (open bars) and calculated dynamlcs, a QGtaIIed study of normal Qoordlnate anal'ySIS using
absolute Raman intensities for the fundamentals (solid bars) and thedensity functional theory (B3LYP) with 6-31G basis set is
overtones (slashed bars) at excitation wavelengths 443, 461, 480, andcarried out forp-nitroazobenzen® Comparison of the experi-
501 nm. mental and theoretically calculated frequencies along with the
calculated potential energy distributions (PEDs) for the observed

is seen that the calculated intensities for the overtones are arfundamental vibrations are included in Table 2.
order of magnitude lower in intensity than the fundamentals  To get direct evidence for the isomerization pathway, namely,
and, hence, are consistent with the experimental observation.inversion or rotation, one would expect significant Raman
This gives good evidence that our assumption of a singlet-stateactivity in the corresponding fundamental mode or in the
enhancement model for these modes is valid. Moreover, the overtones for the corresponding inversion and torsional normal
solid bars representing the calculated results exhibit a goodcoordinates. From the density functional calculations using
description of the experimental Raman intensities for all of the B3LYP with 6-31G basis séf the N=N torsion and N-
fundamental vibrations at different excitation wavelengths, inversion mode (NN bend) are expected around 40 and 940
which are shown by open bars in the figure. This confirms that cm™?, respectively. The inversion mode is found to be very
the assumptions considered for the simulations are reasonableweak, while the N=N torsion is not observed in Raman.

The absorption spectrum for th¢n — x*) transition is However, Rayleigh scattering usually strongly interferes at low
modeled using egs 1, 4, and 5. We use the Gaussian componerfrequencies, and unless the displacement is quite large along
obtained by deconvoluting the total absorption spectrum asthese coordinates, the overtones along these vibrations would
shown in Figure 1 as the representation for the absorption not be observed. These modes were also not observed in the
spectrum corresponding to thgn — z*) electronic transition. picosecond time-resolved Raman study of thet8te oftrans
The fitting parameters required to simulate this absorption azobenzen& and this was attributed to the fact that upon
spectrum are identical to those used to simulate the REPs andi(n — z*) excitation thes* orbital is not just localized on the
are presented in Table 2. The experimental absorption spectrumgcentral N=N bond but it extends to the phenyl group and hence
the Gaussian deconvoluted component, and the simulated spectraery small changes are observed around tkeNNbond. Thus,
for the I(n — x*) transition are shown in Figure 6 by dots, we would like to give other evidences for understanding the
solid line, and dashed line, respectively. It is evident that the isomerization pathway. The isomerization dynamics pin
simulated spectrum provides a good description of the experi- nitroazobenzene updiin — z*) excitation can be inferred on
mental spectrum. The same set of parameters representing twahe basis of the simulated dimensionless displacement param-
completely different experimental results (viz., the REPs and eters along the &N, C—C, and C-N stretching vibrations for
the electronic absorption spectrum), thus, provides further p-nitroazobenzene and azobenzéffgnd comparison of those
support regarding the parameters used for the simulations.  with that oftrans-stilbené* for which isomerization can occur

D. Short-Time Isomerization Dynamics.On the basis of only by rotation. In the case @fansstilbene, the most intense
the simulation data, especially the dimensionless displacementsRaman bands are observed at 1638 (interring ethylem€C
along various fundamental vibrations as shown in Table 2, the stretch) and 1599 cnt (ring C=C stretch), followed by a
isomerization dynamics gf-nitroazobenzene undégn — z*) moderately intense band at 1188 ©n{C—Ph stretch), where
electronic excitation can be inferred. As observed from the table, as in p-nitroazobenzene, maximum intensity, and hence
the vibrational modes, namely, 1143, 1449, and 1473'chave displacement, is observed for the-® (A = 1.26), N=N
the largest displacements in the excited state. These modes aréA = 1.07), and ring &C (A = 0.94) stretching vibrations.
assigned to €N, N=N, and C-C stretches, respectively. Itis The sharp contrast in the intensity and displacements of the
possible to envisage such large displacements for these mode€—Ph and the N-Ph vibrations in the two cases mentioned
when they participate in the isomerization dynamics. Thus, to above gives evidence for isomerization via an inversion route
acquire further information about the short-time isomerization underl(n — x*) electronic excitation inp-nitroazobenzene.



9404 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Biswas et al.

TABLE 3: Internal Coordinate Displacements of
p-Nitroazobenzene at Various Times ti)

bond lengths (A), t(fs) @
bonds  bond angles (ded) 10 20 30
NiN, 1.2790 0.0056  0.0217  0.0454 v
C3N; 1.4223 —0.0079 —0.0308 —0.0656
C4N; 1.4223 —0.0084 —0.0323 —0.0678
CsCs 1.4089 0.0046 0.0179 0.0377
CsCs 1.4089 0.0069 0.0264 0.0547 ®
C1iN21 1.4607 —0.0111 —-0.0429 -—0.0907
N21025 1.2655 —0.0038 —0.0146 —0.0302
N21026 1.2655 0.0158 0.0604 0.1261
C3N31N, 115.7 0.0011 0.0043 0.0096
C4N2N; 115.7 0.0001 0.0006 0.0020

a Calculated from B3LYP/6-31G ©
C

Thus, we believe that our conclusion about isomerization via

nitrogen inversion is valid. This is supported by the picosecond Figure 7. Schematic representationghitroazobenzene isomerization

time-resolved Raman study of the State ontrans-azoben-  gynamics at timetf (a) 0, (b) 10, and (c) 20 fs. The magnitudes of
zene$® which gives a clear evidence that upon excitation from displacement values are 10 times the true displacement.

S to the S electronic state, there is significant shift in
equilibrium geometry along various normal coordinates but not from various stretching and bending vibrations as shown from
along the torsional coordinate. the calculated PEDs in Table 2.

From the knowledge of the ground-state normal mode In Figure 7, we have shown a schematic representation of
description ofp-nitroazobenzene at the equilibrium geometry, the changes ip-nitroazobenzene at time) (@) 0, (b) 10, and

as well as the dimensionless displacements, and from employ-(c) 20 fs. The magnitude of the displacements for 10 and 20 fs
ment of eqs 1812, the change in internal coordinates as a have been multiplied 10 times their true displacements for better

function of time is calculated. The changes in the early times, visualization. The overall displacement at 10 and 20 fs visualizes
namely, 16-30 fs, are only considered because the multimode the time evolution of the in-plane motionsritroazobenzene
correlation function decays within 30 fs. The RR intensity because the normal mode vibrations observed under resonance
analysis only provides the magnitude but not the sign or €Xxcitation correspond mainly to the in-plane stretches and bends
direction of change of the FC active normal mode displacements. With little or no contribution from the out-of-plane vibrations.

In reality, there are'®(n being the number of FC active modes) Thus, from the changes in displacements, we infer that upon
possible sign combinations that are equally consistent with the (N — 7*) excitation inp-nitroazobenzene, isomerization occurs
result of the RR intensity analysis_ In the Cas@.mﬁtroazoben_ via inversion. MoreOVer, RN and C-N Stretching vibrations
zene, there are®2lifferent possibilities for the sign combinations ~ Undergo considerable changes. It is observed from Figure 7 that
of the normal mode displacements. Of these 512 possiblethe unsubstituted benzene ring undergoes ;ignificant distor-
combinations, many involve physically unreasonable bond tion similar to the nitro group. Thusz it can be_ inferred that the
length and bond angle changes and, hence, can be easily rule®=N, C—N, C—C, and N-O stretching vibrations experience
out. Among the remaining 33 possibilities, we have selected @ considerable amount of distortion immediately upon photo-
those that involve the direction of the geometry changes toward excitation.

an inverted structure because upfn — z*) excitation of
p-nitroazobenzene it is assumed that isomerization occurs via
a linearly inverted transition state. Thus, during inversion, an  Raman spectra are measuredgdaritroazobenzene dissolved
electron moves from a nonbonding to an antibonding orbital in chloroform at 18 excitation wavelengths in resonance with
leading to an elongation (change in positive direction) in the the {(n — z*) electronic transition. It is observed that, while
N=N bond length and NNC bond angles followed by a the REPs corresponding to the fundamental vibrations 1602,
shortening (changes in negative direction) in theNCbond 1495, 1473, and 1348 crh exhibit similar shape as that
lengths. Only 3 of the 33 possible sign combinations meet the observed in the absorption spectrum, the REPs for the funda-
above-mentioned constraints. Of these three, only one of thementals 1449, 1413, 1180, 1143, and 1109 &rshow de-
structures has the required geometry changes along the phenyénhancement near the maxima of tHe — z*) electronic

C—C bonds as is required for an inverted structiirelence, transition. Resonance de-enhancement is attributed to interfer-
taking the latter sign combination for the dimensionless ence from the strongly alloweldz — 7*) electronic state. We
displacements of the observed normal vibrations, we have have used Heller's time-dependent wave packet dynamical
carried out the time-dependent structural dynamics. In Table 3, approach for RR scattering to simulate the REPs for the FC
we have reported the changes ifFN,, C3—Nj, C4—Nj, Cs— active normal modes. The effect of interference due to the
C3, C6—Cy4, C11—Ny1, N21—0Oss5, and N;—0O6 bond lengths and preresonant electronic state is included in our simulations of
Cs—N;—Nz and G—N>—Nj bond angles at 10, 20, and 30 fs. the REPs showing resonance de-enhancement. The experimental
The bond lengtHf$ in angstroms and bond angles in degrees results (REPs and the absorption spectrum) can be consistently
calculated from B3LYP with 6-31G basis set are also included described within this theoretical model. The dimensionless
in the table. It is observed from the table that the changes displacements obtained from our calculation help in visualization
involved along N=N, C—N, C-C, and N-O stretching of the isomerization dynamics ip-nitroazobenzene. It is
vibrations inp-nitroazobenzene within 30 fs are of the order of observed thap-nitroazobenzene isomerizes via inversion upon
0.05t0 0.1 A, which is quite pronounced in a polyatomic system photoexcitation to thé(n — x*) state. To visualize the short-
where the vibrations are all coupled and consists of contributions time isomerization dynamics ip-nitroazobenzene, in terms of

Conclusions
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bond length changes, the dimensionless displacements obtained (22) (a) Fodor, S. P. A; Copeland, R. A.; Grygon, C. A.; Spiro, T. G.

from our simulations are converted with a priori knowledge of
the accurate normal coordinate analysis. We find that during
isomerization irp-nitroazobenzene, within a few femtoseconds,
N=N and C-N bonds are affected considerably. It is also
observed that the unsubstituted phenyl ring and the nitro

stretching vibrations experience a noticeable amount of photo-

excitation and hence are distorted significantly within 20 fs.
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