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The anti-resonance phenomenon in preresonance Raman scattering is investigated on the basis of the direct
Taylor expansion of the electric dipole transition moments in vibrational Raman tensors with respect to
vibrational normal coordinates. A time-dependent density functional theory treatment is applied to compute
the anti-resonance of a nontotally symmetric vibrational model for naphthalene molecules, and the model
spectra agree favorably with experiment. This direct evaluation approach may provide a method of predicting

anti-resonance and studying its origin.

1. Introduction metric modes in terms of an analytical model and presented

For resonance Raman scattering there is a rapid change inthe necessary and general conditions for obtaining an anti-
Raman scattered intensity as the exciting frequency is resonance. ] ) )
scanned across the various absorption bands, and analyses of Though experiments and theories have been carried out, an
Raman excitation profiles often provide structural informa- &b initio investigation of anti-resonance has not been reported.
tion and vibronic coupling on electronic excited stat@®aman  Just as Hassing point otftone of the practical difficulties in
excitation profiles usually show increasing intensity when the Using the Raman excitation spectra to gain information about
incident frequency is moved toward resonance. The oppositethe molecular parameters is the limited number of experimental
behavior, that is, an increase in the frequency of the laser Points normally obtained combined with the relative large
reducing the Raman intensity, is named anti-resonance. Thishumbers of model parameters. Quantum computations are
phenomenon has been observed for a nontotally symmetrichelpful to overcome some of those difficulties, which can obtain
vibration in naphthalerfe* and anthracences which show a many molecular parameters such as excitation wavefunctions,
hidden anti-resonance for symmetric vibration followed by a €Xcitation energies, electric dipole transition moments, and their
Strong po|arization dispersidn’and for both tota”y and derivatives. FUrthermOfe, acomputational investigation is hlghly
nontotally symmetric modes in some transition metal com- desirable for a detailed theoretical study and prediction on the
plexes® some benzene derivativésrans-azobenzerfeand anti-resonance phenomenon.
methylpyridine< In this paper, we do an ab initio study on anti-resonance for

Theories have been applied to explain the anti-resonance.Raman scattering in the preresonance region. In section 2, the
Stein et af~8 pointed out that the anti-resonance is ascribable expression for vibrational Raman polarizabilities in the pre-
to a destructive interference between the weak scattering fromresonance region is presented in a direct Taylor expansion
the forbidden electronic states and the strong preresonancescheme, then the Warshel and Dauber calculation mé&thtsd
scattering from the higher energy allowed electronic states. In of electric dipole transition moment derivatives with respect to
1977, Zgierski® derived a simple closed formula of the normal coordinates is applied to analyze anti-resonant vibrational
interference effects in the preresonance Raman regionRaman polarizabilities. In section 3, on the basis of the above
for the cross section of a totally symmetric fundamental line formulas and a time-dependence density functional theory com-
where the vibrational structure of electronic transitions is putation TDDFT//B3LYP/AUG-cc-pVDZ with the Gaussian 98
smeared out. In 1981, Robinson et'd}? found the anti- package, we calculate the anti-resonance excitation profiles for
resonance scattering within a theory built on the velocity the by, vibrational mode at 1629 cm for naphthalene mole-
representation of the scattering tensor taking into account cules. The model spectra compare favorably with experiment
only one electronic state and only the Fran€kondon term. data. This direct evaluation approach may provide a way of
In 1982, Hassing and Svenddérstudied the interference predicting anti-resonance Raman scattering and studying its
between the FranekCondon and Herzbetgreller terms in the origin.
preresonance scattering region for a totally symmetric mode.
In 1997, Hassiny explained the anti-respnance pheno- 5 Theory
menon in the preresonance Raman scattering of an allowed
electronic transition for both totally and nontotally sym- For Raman measurements of randomly oriented scat-
. tering systems with linearly polarized light, in a °90
ust*cgl:jtl:].or to whom correspondence should be addressed. E-mail: zrh@ ar_rangement, the Qiff_erential _scattering Cross secti(_)ns

with the scattered radiation polarized parallel and perpendicu-

T University of Science and Technology of China. A Tl ! c !
* Anhui Medical University. lar to the polarization of the incoming beam are given
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wherea is the fine structure constang is the frequency of the
scattered light. Placzek isotropic, antisymmetric, and anisotropy
tensor invariant&?, =1, and>? are defined as
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and the depolarization rati@ which describes the polarization
properties can be expressed into

i
_\dQjo _ 55" +35°
(ﬁ) 108° + 437

Il

= 4:12(121/54

®)
dQ

The vibrational Raman transition polarizability tensor
0, in eq 3 is derived by the second-order perturbation

the0r>}5,16,1&22

(6)

o

00
1 _ [l IMmIMm,|GG0  [Gglu, IMmIMmix,|GY
- -

h

(UMm’Gg +v+ily,

(UMm,Gg_ v II‘Mrn)

where G and M represent the ground and excited electronic
states, respectively, g', andmrepresent vibrational levels,
andu, are the electric dipole moment operators in Cartesian
coordinatespvmag and vmumag are the frequency differences
between the indicated vibronic levelsjs the excitation light
frequency, andl'ym is the damping parameter of thdth
vibronic state.

The transition moments in eq 6 can be evaluated first by
integrating over the electronic coordinates and then by expand-
ing the integral in a Taylor series in terms of the molecular
normal mode’$-16

[GJiMO= [BliIMI+ 5 (IG|MIZIQ)eQ, + -
t
Q)
Using eq 7, we can express eq 6 imf@andB terms
,, =A, T B, (8)
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Here,C(g,m), C(g',m), C'(g,m), andC!(g',m) are the vibrational
integrals [g,mC) [g',m0) [¢'|Q|mC) and [g|Q|m) respectively.
Using the recursion formulas (see eqs 9 and 10 in ref 15 and
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Figure 1. Calculated preresonance excitation profiles and DPR of the
bsg vibrational mode of naphthalene at 1629 ¢nasing the 100-excited-
singlet-state model with the damping constBnt 1600 cnT* and the
displacement parametefns = 0 (solid line) andA; = 0.2 (dotted line).
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egs | and Il in ref 23) for the vibrational overlap integral, only 7
considering themy = 0 andm, = 1 contributions for theQ;
mode and assuming that there is no difference of vibrational
wave number between the ground state and the excited states Br
but a displacemen; of the potential energy minimum along
the normal coordinat€; and A; < 1, from ref 21, we obtain 3 sf
the Franck-Condon factorsC(0,0) ~ C(1,L) = exp(—Af/Z) %
= a, C(0,1) ~ —C(1,0) ~ —C(ZI,L)ls/E = —A exp(—Af/Z) z ol
= b, andv/2 C(0,0)C(2,0) ~ —b2 Thus, eqs 9 and 10 forthe  E
fundamental Raman transitiong & 0 and g = 1) are §
respectively éa; 3r
Apu = 2F
aﬁGWAMQmAﬂpGQ{ 1 1 ’
- +
h Avyg+ v, — iy, Ayy— iy 1 . . . L . L
1 15 2 25 3 35 4 45
ab@lﬂle@wlﬂo |G@ 1 _ 1 Excitation Energy (cm‘l) X 104
h vt vtily vy tv—uy+ily 115
11)
11F i
BPU = 105 1
1 1 5 5
—; —{ (@ + b*)[G|u,|MIIM |11, |GIIIQ)), + i ]
\/Eh Ayy — iy
2 & 0.95 1
b, IML(0IM |, | GLIOQy) o} + &
GELS .
—————————{&’[G|u, IM(IM|,|GITIQy), —
Avy+ v, — Ty M ve 0est -
b, MM 1, | GITIQ)} | + osf ) ]
1 1 075, 15 2 25 3 35 4 45
; X Excitation Energy (cm'l) w10t
\/— vt Vo — v T ilyy . - )
2h Figure 2. Calculated preresonance excitation profiles and DPR due
{(aZ + bZ)HE-Lu MO |1, |G10Q,), + to Raman resonant and nonresonant terms (solid line) and Raman
p g vo resonant term (dotted line) of thegglvibrational mode of naphthalene
bz[(BI,uo|M@(3[|l/l|,up|GmaQt)o} + at 1629 cm* using the 100-excited-singlet-state model with the damp-

ing constant” = 1600 cn1* and the displacement parametar= 0.
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It is clear thatb = O if the vibrational mode is nontotally
symmetric; that is, Ramaw terms (eq 11) do not contri-
bute to the nontotally symmetric vibrational mode. Further-
more, the displacemen; of the potential energy minimum
along the normal coordinat€) is zero for a nontotally .
symmetric vibrational mode if one assumes that the mole- $n= Z Unid
cule does not change point groups upon excitatibiote that
in egs 11 and 12 Raman nonresonant terms (see the seconflhere v, is the coefficient of the atomic orbital; in the
term in eq 6) are taken into account, which is omitted in refs mojecular orbitain. With use of eq 14, eq 13 gives
15 and 16 when Warshel et al. studied resonance Raman
scattering. — GMy=y M

When the electronic wavefunction of the ground state is a, (1= V2 Z Covnuvng4ile( ) I40  (15)
described by a single Slater determinant that is construc- i

ted from the SCF molecular orbitalgy, and the electronic  The normal mode vectors defines the transformation between

where the coefficientC!! are the components of thiith
eigenvector of the configuration interaction matrix and the SCF
molecular orbitalspn and¢n, can be expressed into:

(14)

wavefunction of the excited state is given ML= 3, Cartesian coordinates and normal coordinates
C,“{'llinlﬂnz where W, ., describes a singlet one electron
excitation from molecular orbitalgn to ¢ne. The derivative of MY25r = oMQM (16)

the electric dipole transition moment with respect to nor-
mal coordinates in eq 12 can be evaluated in the following whereM is a diagonal matrix of the atomic masses. When eq
way15 15 is differentiated with respect to normal coordinates while
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TABLE 1: Calculated Excited Energies, Electric Dipole Transition Moments (a.u.), Oscillator Strengths, and Electric Dipole
Transition Moment Derivatives with Respect to the 1629 cm! bs, Vibrational Mode for the Excited Singlet States of
Naphthalene Molecules with Nonzero Electric Dipole Transition Moments Using the TDDFT//B3LYP/AUG-cc-pVDZ Method

excitation
state energied(cmY) {x|00 /o0 [|zjo0 f ouMaQ g 13Q ouSMBQ

1 (Bw) 34708 (34600) 0.0000 0.0000 —0.7120 0.0534 0.0000 —0.0247 0.0000

2 (Bau) 35492 0.0000 0.0044 0.0000 0.0000 0.0000 0.0000 0.0002
7 (Bau) 46793 (45400) 0.0000 —2.9665 0.0000 1.2508 0.0000 0.0000 —0.0002

8 (Bsu) 47959 0.3353 0.0000 0.0000 0.0164 0.0000 0.0000 0.0000
9 (By) 48483 0.0000 0.0000 —1.1084 0.1809 0.0000 0.0220 0.0000
12 (Bsu) 49097 0.3004 0.0000 0.0000 0.0135 0.0000 0.0000 0.0000
22 (Bau) 55054 0.1932 0.0000 0.0000 0.0062 0.0000 0.0000 0.0000
27 (Bw) 57606 0.0000 —0.4538 0.0000 0.0360 0.0000 0.0000 0.0008
28 (Bsu) 58579 —0.1464 0.0000 0.0000 0.0038 0.0000 0.0000 0.0000
30 (Bw) 59308 0.0000 0.0000 —0.6513 0.0765 0.0000 —0.0134 0.0000

31 (Bsy) 59554 0.3764 0.0000 0.0000 0.0256 0.0000 0.0000 0.0000
37 (Bsu) 60783 0.0495 0.0000 0.0000 0.0005 0.0000 0.0000 0.0000
39 (Bw) 61079 (59800) 0.0000 0.0000 —1.5044 0.4199 0.0000 —0.0112 0.0000

40 (Bsu) 61469 0.1501 0.0000 0.0000 0.0042 0.0000 0.0000 0.0000
45 (Biy) 63684 0.0000 0.0000 0.1345 0.0035 0.0000 0.0015 0.0000
50 (Boy) 65568 0.0000 0.1283 0.0000 0.0033 0.0000 0.0000 0.0102
52 (Bsu) 66065 —0.1268 0.0000 0.0000 0.0032 0.0000 0.0000 0.0000
59 (Bsy) 66950 —0.2982 0.0000 0.0000 0.0181 0.0000 0.0000 0.0000
63 (Bu) 67638 0.0000 0.2732 0.0000 0.0153 0.0000 0.0000 —0.0014

66 (Bsy) 68430 0.2319 0.0000 0.0000 0.0112 0.0000 0.0000 0.0000
67 (Bsu) 68886 0.1256 0.0000 0.0000 0.0033 0.0000 0.0000 0.0000
68 (B) 68889 0.0000 —0.1748 0.0000 0.0064 0.0000 0.0000 0.0348
72 (Bw) 69156 0.0000 0.0000 0.8132 0.1389 0.0000 —0.0992 0.0000

73 (B) 69173 0.0000 0.1625 0.0000 0.0056 0.0000 0.0000 —0.0056

76 (Bsu) 69619 0.1579 0.0000 0.0000 0.0053 0.0000 0.0000 0.0000
80 (Bw) 70142 0.0000 0.0000 —0.3633 0.0281 0.0000 —0.0258 0.0000

82 (Bw) 70613 0.0000 0.0000 —0.1872 0.0075 0.0000 —0.0735 0.0000

83 (B) 71108 0.0000 —0.2555 0.0000 0.0141 0.0000 0.0000 0.0240
84 (Bsy) 71177 0.1008 0.0000 0.0000 0.0022 0.0000 0.0000 0.0000
86 (Bsu) 72363 —0.0950 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000
89 (B) 73087 0.0000 —0.0448 0.0000 0.0004 0.0000 0.0000 0.0016
95 (Bsu) 73691 0.1169 0.0000 0.0000 0.0031 0.0000 0.0000 0.0000
100(Bsy) 74568 0.1376 0.0000 0.0000 0.0043 0.0000 0.0000 0.0000

aValues in the parentheses represent the electronic energies from ref 5.

we holduny andugy constant, the derivative of the electric dipole  nontotally symmetric mode exhibit a prominent anti-resonance.

transition moment i In this section, we study the anti-resonance phenomenon for
this 1629 cm! bgg mode. First, the structure of naphthalene is
(3ﬁGM/3Q) — (h/Z?‘L’CU)lIZ Z \/ECMU " ,S_@ip -1/2 optimized, and the corresponding excited states are computed;
p vo t £ n Tt second, the displacement parameter and the damping constant
B (17) are determined; third, the anti-resonance excitation profiles and

DRP are presented, and the origin of anti-resonance is discussed.

3.1. Structure Optimization and Computations on Excited
States.Using the density functional meth&/e®> B3LYP and
Dunning’s correlation consistent basis%&t AUG-cc-pVDZ
with the Gaussian 98 prograth,we perform a geometry
optimization and calculate the fundamental frequencies for
naphthalene. Then primitive exponents, contraction coefficients
and coordinates of each shell for atomic orbitals, KeBham
Using egs 3, 8, 11, and 12 and molecule symmetry, we can orbital coefficients, and Hessian matrix of force constants are

write the Placzek isotropic, antisymmetric, and anisotropy tensor obtained. . o ] .
invariantss?, 5, ands? for the 1629 cm? by, vibrational modes On the basis of optimization, a time-dependent density
of naphthalene molecules it functional metho&° (TDDFT) is applied to compute the

excited electronic singlet states and electric dipole transition
2 moments. The electric dipole transition moment derivatives with
By, + B,y respect to the 1629 cm bsg mode are also computed with use
(18) of eq 17. The above results are listed in Table 1. Table 1 shows
that the electric dipole transition moment derivatives of the B
excited singlet states are zero and those of thg &d By
excited singlet states are nonzero, which indicates that because
Ehland et af have measured the polarized Raman excitation of the RamarB term only the By and By singlet excited states
spectra of the 1578 cm a;qg and 1629 cm? bgg vibrational contribute to Raman scattering of the 1629 érsq mode. This
modes for naphthalene molecules in the preresonance regioragrees with Hassing’s discussiéfirom a viewpoint of group
of the lowest allowed electronic transitions, and the investigated theory. The three calculated excited electronic singlet states of

where§; = [4;|4;0is the element of the overlap matrix. When
the overlap integrals are taken into account, eq 17 holds even
if the atom orbitals are not orthogonalized. Note that in the above
Hartree-Fock schemep, is the SCF molecule orbital. Only if
the SCF molecule orbital in egs 13 and 14 is replaced by the
Kohn—Sham orbital, the density functional theory can also be
applied to obtain the electric dipole transition moment and its
derivative (egs 15 and 17).

0_ 11 2 21
=0 Z—§|Byz—Bzy| > =5
3. Calculations and Discussion on Preresonance
Excitation Profiles and DPR for Naphthalene Molecules
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Figure 3. Calculated preresonance excitation profiles and DPR of the
bsg vibrational mode of naphthalene at 1629 ¢rasing the 100-excited-
singlet-state model with the damping constdnts 5000 cn1* (dashed-
dotted line),I" = 2400cn? (solid line),I” = 1600 cn1* (dashed line),
andT” = 450 cn1! (dotted line) and the displacement parameter

0. Also, the thin line represents the fit for the preresonance excitation
profiles and DPR of this mode using a three-state modEl ef 34 600
cm i, E« = 45 400 cm?, Ee» = 59 800 cm* (see Table 1 and ref 5)
with the cw experimental data (squares) and the excimer data (crosses
from Figure 1 of ref 4.

34 708 cmi! 1By, 46 793 cnt 1By, and 61 079 cmt 1By, of
naphthalene correspond to the observed excited states of 34 60
cm1 1By, 45400 cm? 1By, and 59 800 cm! 1B,,, respec-
tively, by Ohta and Itd(see Table 1). The calculated excitation
energies are about 0.392.1% larger than experimental ones.
Table 1 also shows that, besides these three excited states, th
72 1By state of 69 156 cmt is an excited state with a large
electric dipole transition moment of 0.8132 a.u. alanaxes.
Furthermore, the derivative of the electric dipole transition
moment with respect to the 1629 cibsg vibrational mode of

this state with a value ofuy"/9Q = —0.0992 is largest
among the 100 excited electronic singlet states.

Note that, in the following anti-resonance computations, the
experimental vibrational frequenty629 cnt! instead of the
calculated one 1669 cm for the kyg mode is utilized, and the
configuration interaction coefficients larger than 0.0001 of the
excited electronic singlet states are taken into consideration. The

Zheng and Wei
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Figure 4. Calculated preresonance excitation profiles and DPR of the
bsg vibrational mode of naphthalene at 1629 @nusing 1-excited-
singlet-state model (dashed line), 7-excited-singlet-state model (solid
line), and 39-excited-singlet-state model (dotted line) with the damping
constantl” = 1600 cnT?! and the displacement parametar= 0.

minimum of the configuration interaction coefficients computed
by the Gaussian 98 program is 0.0001.

3.2. Parameters in ComputationsApplying the 100 excited
singlet states (100-excited-singlet-state model) and egs 12,
17, and 18, we discuss how to determine the displacement
)parameteAt of the potential minimum of the excited states and
the damping constarit.

The 1629 cm? bgg mode is a nontotally symmetric vibrational

ode, and the displacement along this mode must be zero if

e molecule does not change symmetry as a result of the
electronic excitatiod.Also, computational results show that if
the molecule changes the point group on excitation, the
%xcitation profiles and DRP of the 1629 cfrbsg mode are not
Sensitive to the displacement parametewhenA; < 1 in all
of the nonresonant, preresonant, and resonant region. For
example, the curves of relative Raman intensities versus
excitation energy withA; 0 and A¢ 0.2 are almost
superposed, so do DRP (see Figure 1). The reason is that the
1629 cn! bgg mode is a nontotally symmetry vibrational mode
and its Raman scattering is from the Raniterm (eq 12).
Different from the Ramar term (eq 11), the RamaBterm is
insensitive to the displacement parametewhen the displace-
ment parameter is very small. Thus, all of the displacement
parameters of the excited states for the 1629 'ctsy mode
are taken to be zero for simplification.
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Figure 5. Calculated preresonance excitation profiles and DPR of the
bsy vibrational mode of naphthalene at 1629 @nusing 71-excited-
singlet-state model (dashed line), 72-excited-singlet-state model (solid
line), and 100-excited-singlet-state model (dotted line) with the damping
constantl” = 1600 cn? and the displacement parametar= 0.

Figure 6. Calculated preresonance excitation profiles of thg b
vibrational mode of naphthalene at 1629 ¢nusing the 1- and
7-excited-singlet-state model (dashed line), 1- and 39-excited-singlet-
state model (dotted line), 7- and 39-excited-singlet-state model (dashed-
dotted line), and 1-, 7-, and 39-excited-singlet-state model (solid line)

. L ' . ith the d i tanf = 1600 cnT! and the displ t
Figure 2 shows that the excitation profiles and DPR in the \év;rameeieﬂatn;pl(;g consta cm™ and the displacemen

preresonant region due to both the Raman resonant term (see
the first term in eq 6) and the Raman nonresonant term (see theconstant is taken to be too largé & 5000 cnt?). Figure 3
second term in eq 6) are different from those only due to the also shows that, when the damping constants are 45¢,cm
Raman resonant term. This indicates that the Raman nonresonart600 cn1?, and 2400 cm?, the corresponding anti-resonance
term influences preresonance Raman scattering though it doesninimum energies where the relative Raman intensity has a
not in resonance Raman scattering. Hence, both Raman resonarminimum in the preresonant region are 28 200 &n27 600
and nonresonant terms should be taken into account in thecm™, and 25 900 cm! , respectively. Figure 1 in ref 4 shows
preresonance study. that the experimental anti-resonance minimum energy is about
The preresonant excitation profiles and DPR of the 1629'cm 23 600 cnl. The calculated anti-resonance minimum energies
bsy mode with the damping constarfts= 5000 cm,I" = 2400 with T' = 450 cnt?, I’ = 1600 cnT?, andI’ = 2400 cnT? are
cm™l, T = 1600 cnTl, andT = 450 cnt! are computed,  about 19%, 17%, and 9.7% larger than the experimental‘data,
respectively, which are displayed in Figure 3. Figure 3 shows respectively. Also, the difference of the minimum energy
that the damping constant has an influence on the preresonanbetween experiment and computations decreases with the
excitation profiles and DPR, and the dispersion of DRP in the increasing damping constants. Generally, both the calculated
anti-resonant region decreases when the damping constanDRP and the anti-resonance minimum energy are a little larger
increases. Figure 1 in ref 4 shows that there is a very weak than experiment.One reason may be that the anti-resonance is
dispersion of DRP in the preresonant region for the 1629'cm an interference effect, which is very sensitive to even small
bsg mode: the minimum of the DRP is 0.50 and the maximum changes in the vibronic parameters such as the transition
of the DRP is 0.85. The calculated dispersion of DRP with the moments and their first derivatives, and it is not so easy to obtain

damping constants = 5000 cnt?, I' = 2400 cnt?, I' = 1600 sufficiently accurate values for the vibronic parameters although
cmt, andl’ = 450 cntt are in the range of 0.750.78, 0.75- the time-dependent density functional method and Warshel et
0.91, 0.75-1.1, and 0.754.8, respectively (see Figure 3). All  al.’s calculation method of electric dipole transition moment

DRP show weak dispersion except that with= 450 cnt?. derivatives are excellent; the other reason may be that the

However, no anti-resonance can be observed when the dampingalculated naphthalene molecule is in vacuum and the experi-
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vibrational mode of naphthalene at 1629 ¢nusing the 1- and 72-  Mmode of naphthalene at 1629 thusing the 39- and 72-excited-singlet-
excited-singlet-state model (solid line), 7- and 72-excited-singlet-state State model (dashed line) and 100-excited-singlet-state model (solid
model (dotted line), and 39- and 72-excited-singlet-state model (dashed-lin€) with the damping constaiit = 1600 cn7* and the displacement
dotted line) with the damping constafit = 1600 cnt! and the parameterd; = 0.

displacement parametéy; = 0. . ) . ]
excited-singlet-state model are applied although Raman inten-

ment is conducted in solution where the interaction between sities from these states are about54orders of magnitude
the solvent and the solute have an influence not only on smaller than those only from the'Byy single state, which
excitation energies but also on electric dipole transition moments indicates there is a destructive interference between these excited
and their derivatives. Theoretically, all of the damping constants electronic states. Further computations indicate that no anti-
of the different excited vibronic states are different from each resonance phenomenon can be observed (see Figure 6) when
other, and for convenience, all of the damping constants of the only the 2By, and 7B,y states, 1B,y and 39Byy states, B,y
excited vibronic states are assumed to be 1600ceExcept and 39Byy states, and'Byy, 7'Bu, and 39Byy states are taken
where otherwise stated. into consideration, respectively. This indicates that the interac-
3.3. Origin of Anti-resonance Raman Scatteringln order tion between the B4, the 2By, and the 38 states is not
to investigate the origin of anti-resonance phenomenon of the the origin of anti-resonance of the 1629 chbsy mode. (jii)
bsy vibrational mode of naphthalene at 1629 ¢nwe compute Anti-resonance phenomenon in the preresonant region appears
its preresonant excitation profiles and DPR using the 1-excited- when the 72-excited-state model is used. Further computations
singlet-state model, 7-excited-singlet-state model, 39-excited- show (see Figure 7) that there is an anti-resonance when only
singlet-state model, 71-excited-singlet-state model, 72-excited-the 1By, and 72Byy states are considered, and the interaction
singlet-state model, and 100-excited-singlet-state model, respecbetween these two states is a destructive interference where
tively. The results are plotted in Figures 4 and 5. From these Raman intensities from them around their anti-resonance
two figures, some results can be obtained as follows: (i) no minimum energy are about 6 orders of magnitude smaller than
anti-resonance phenomenon of the 1629 thay mode can be those from the 1B,y state. In the preresonant region, no anti-

observed when only the first excited singlet stat®il are resonance can be observed between #Be7and the 7284y
considered, which indicates that the anti-resonance phenomenorstates, as well as the 38y and 72B, states (see also Figure
is not arising from the interference between thed0and 0-1 7). (iv) When the 100-excited-singlet-state model is considered,

fundamental Raman transitions of théB1y excitation state. the preresonant excitation profiles and anti-resonance minimum
(i) No anti-resonance phenomenon appears when the 7-excitedenergy become a little smaller, and the dispersion of DRP
singlet-state model, 39-excited-singlet-state model, and 71-becomes a little stronger.
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10 . . . . . . of naphthalene in the preresonant region is the destructive
interference between théR;,, and the 72B,y electronic states.

It is noted that, in the resonant region, anti-resonance
phenomenon appears with the anti-resonance minimum energy
of about 60 000 cm! when the damping constant is taken to
450 cnrt instead of 1600 cm' (see Figures 8 and 9) though
there is no anti-resonance between thés39 and the 72B,,
states in the preresonant region. However, when the 100-excited-
singlet-state model is used, this anti-resonance is smeared out
by resonance Raman scattering.

Also, antisymmetric and anisotropic tensor invariants of the
1629 cm! bsg mode are computed (see Figure 10). Figure 10
shows a pronounced anti-resonance of antisymmetric invariants
in the preresonant region.

lg(Raman Intensity) (a.u.)

2 1 Il Il 1 1 1 1
1 3 : : : - 7 5 4. Conclusions

Excitation Energy (m”) x 10* The anti-resonance phenomenon in Raman scattering is
9 . i i i i i investigated in the preresonance region on the basis of the direct
Taylor expansion of the electric dipole transition moments in
8r 1 vibrational Raman transition polarizabilities with respect to
vibrational normal coordinates. Using the deduced formulas and
a time-dependent density functional theory study on the excited
gL J electronic states of naphthalene molecules, the anti-resonance
of the nontotally symmetricdg vibrational model at 1629 cm
1 is calculated and its origin is discussed, the model spectra
compare favorably with experiment. This direct evaluation
approach may provide a method of predicting anti-resonance
and studying its origin.

DRP
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