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Antisymmetric vibrational transition polarizability induced by intermolecular charge-transfer interactions is
proposed and studied by using group theory, especially time-reversal symmetry, and Milliken’s theory of
charge-transfer complexes. The results show that under the-Bippenheimer (B-O) approximation, the
antisymmetric transition polarizability of even-electron systems with real represention ground states is zero.
But when a donotracceptor complex is formed by the partial or complete transfer of an electron from donor

to acceptor, the acceptor (donor) can have nonzero antisymmetric transition polarizability. Thus charge-
transfer-induced antisymmetric light scattering from the interaction even-electron systems, especially charge-
transfer complexes, can exist, which is characteristic of charge-transfer interaction and processes. The theoretical
results are associated qualitatively with anomalous Raman polarization experiment of anthracenllanion

ion complex and with the complexation enhancements of depolarization ratios of some substituted-pyridine
Br, complexes. The connections of the charge-transfer-induced antisymmetric Raman tensors to sum-frequency
vibrational spectroscopy (SFVS) in chiral solutions and in photoionization processes have been discussed.

1. Introduction For odd-electron systems under the BO approximation, the
antisymmetric transition polairzabilities can be nonzero due to
time-reversal symmetr§/’-10-11Charge-transfer interaction makes
even-electron systems become odd-electron states with certain
probability due to the charge-transfer process in charge-transfer
complexeg?26a which partially changes their time-reversal
properties and induces the additional antisymmetric transition
polarizabilities.

In this paper the effects of the charge-transfer interactions
on antisymmetric light scattering from even-electron systems
have been studied by using Mulliken’s two-state resonant theory
of donor-acceptor complexéd2tand group theory, especially
time-reversal arguments. In section 2, formulas of charge-
transfer-induced antisymmetric transition polarizabilities at
frequencies not far from and near the resonance to the charge-

polarizability and light scatterind. In this paper, we attempt ~ transfer absorption bands are given. The anthracene &anion
to study this problem. Nat ion system and some substituted pyridirir, complexes,

We catalog intermolecular forces into two kinds: the non- 2S €xamples of charge-transfer complexes, have been qualita-

charge-transfer electric interactions, such as electrostatic andiiVely discussed in sections 3 and 4, respectively. The connec-

dispersion forces, and the charge-transfer interactions. The nonlions of the charge-transfer-induced antisymmetric Raman

charge-transfer interaction cannot directly induce any addition t€nsors to the SFVS in chiral solutions and in photoionization
antisymmetric light scattering of even-electron systems, becauseP"0c€sses have been discussed in section 5. _

in any system under a time-even electric field, time-odd ~Understanding and control of charge-transfer comprises one
phenomena such as antisymmetric polarizability cannot acquire©f the broadest and most active research areas of physical
a net observable amplitude, and there is no simple electric chemistry today:'® It is known'® that resonance Raman
analogue of the Faraday effée However, charge-transfer ~ SPectroscopy is an ideal probe to evaluate the parameters in
interaction can make an important contribution to antisymmetric the electron transfer if the optical equivalent of electron transfer
light scattering from interacting even-electron systems. Its can be observed. But there are some experimental limitations
physical arguments are as follows. Under the Be@ppen- because optical elgctron-transfer bands are pftgn of low intensity
heimer (BO) approximation, the antisymmetric transition po- and convoluted with bands of higher intensity in the spectrum.
larizabilities of even-electron systems in a real representation The charge-transfer-induced antisymmetric Raman scattering can
electronic state have been proved to be fetd,which are ~ characterize a charge-transfer band in the spectrum and may

applicable to most of molecules in nondegenerate ground statesPe helpful for charge-transfer studies. On the other hand, for
fundamental investigation of the Raman depolarization ratio,

* Corresponding author. E-mail: fcliu@ustc.edu.cn. in addition to the contribution of the large-amplitude motfén,

Antisymmetric matter tensors are important for linear mag-
netooptical and light scattering investigatidrtswhich are
connected closely with the time-reversal symméthAntisym-
metric Raman scattering for a molecule is characterized by the
anomalous depolarization ratio that is conveniently expressed
in terms of the rotational invariants of the transition polarizability
component squarésThe electronic, vibrational, and rotational
antisymmetric transition polarizabilities, antisymmetric third
rank hyperpolarizability, and vibronic effect, spiorbital
coupling, and rotational effect have been investigatéd. 14
However, intermolecular interaction influences on the antisym-
metric transition polarizabilities have not been studied yet, even
though intermolecular interactions have prominent influences
on the properties of the interacting systém8and also on their
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the charge-transfer-induced antisymmetric scattering can becessful in explaining the origin of the charge-transfer absorption
another origin of the depolarization ratios far higher than normal band and their stability. Mulliken’s theory used a valence bond
value for many hydrocarbor#3. description (two-state resonant theory of deracceptor com-
plexes). Although it is difficult to make quantitative calculation
in contrast to the ab initio molecular orbital approaches,
qualitative valence bond approaches have the great merit that
they relate in a direct way the properties of the complex to some
n properties of the components, which is suitable for qualitative
research in this paper. Mulliken wrote a very simple diatomic-
like wave function for the ground and excited states of a charge-

2. Theory

To study antisymmetric transition polarizabilities, their ef-
fective operatorsaﬁg have been introducéd'%1%33and by
using them the antisymmetric transition polarizability tensor ca
be written

AN — i AA transfer complex? for the ground states
(0 = |G, N0 1) P 9
= |g) = Cyio(D,A) + Cyyp, (D7, A~ 6
where|mOJand |nCare the initial and final states, respectively. ¥g=19) ooDA) 1 ) ©)
The effective antisymmetric transition polarizability operators, and for the excited state
d;\g, are time-odd and anti-Hermitian. On the basis of those Lo
properties, from eq 1 the time-reversal symmetry selection rule Ye=16) = Co*yy(D,A7) — C*1o(D,A) (1)

for antisymmetric Raman scattering has been dediicéd!

)

where D refers to the donor and A the acceptor. Equations 6
and 7 state very simply that the complex may be considered as
a mixture of two states, a nonionic pgis(D,A) = 1 describing

whereK is the time-reversal operator. This important formula e rJ\ronE)onding pair (nonbonded state) and an ionic pair
is due to Barron and Svendseén. y1(D*,A7) = 4 (the dative state), which can be obtained by

On the basis of egs 1 and 2 and the time-reversal arguments,tra”Sfe”ing one electron from the donor (D) to the acceptor
it has been provéd!! that for even-electron system with the

A LA
mn|apg|nD= El}(m|apU|KnB

(A). The extent to which electron transfer has occurred in the
ground state belonging to the real representation of a group,complex is measured by the ratio of the probabilities of dative

the imaginary part of the antisymmetric Raman transition @"d nonbond structures, in the ground state, thaCi¥Cq?.

polarizability is strictly zero; under the BorrOppenheimer Now consider a charge-transfer complex with an even-
approximation, its real part is approximately zero, with a few electron acceptor A and donor D and after the charge transfer,

. . . - +Y i _ . g
exceptions, such as porphyrin compounds in resonance Eases. A~ (O D7) is an odd-electron system. Inserting eq 6 into eq 5,
On the other hand, for an odd-electron system, a 2-fold the antisymmetric transition polarizability of an even-electron

Kramers-degenerate level associated with spin degeneracy, sucRCCePtr in the complex is expressed as

as |mC) [KmOand |nC) KNG provide a source of antisymmetric A - 2 ~A 2 ~A
tensors in atoms and molecufeor an odd-electron system (@o(A)gig = HIK Co (%'aP‘zl/:pO) +G (wlﬁp‘flwl) +'
Cocl[(w0|apa|w1) + (wl|0”po|w0)]} ”JD (8)

we have, by using eq 2 arkP = — 1,25

According to the foregoing conclusion on the antisymmetric
transition polarizability for a even- or odd-electron systéa-11
and eq 2, we have

(|, InC= Km|&, |Kn = a
3)

Thus the antisymmetric Raman scattering intensity of an odd-
electron system can be nonzéfg,

/&, |KnC= — Km|&,In® = b
(PolGih 1) =0
(P60, 1pp) = 0

A 2 2 N
oo B 20120° + 1b1] (ol 11p1) = (ol 6 |Kp)* = 0 ©)

(4)

For a charge-transfer complex, under the ® approximation
the wave functions can be written as
ImC= |g)llic] InC= |g)ljd

where|g) is the ground electronic state andndj are the initial

thus the antisymmetric transition polarizability of the acceptor
becomes

(@0, (A) gig = T C2 (w4180, 19) + CoCyl(oldh ) +
(4165, ]} 1§0(10)

and final vibrational quantum numbers, respectively. Thus eq

1 becomes which is not zero. Thus the even-electron acceptor of charge-

transfer complexes has nonzero antisymmetric transition polar-
(5) izability when one electron charge of the donor is transferred
in part or in whole to the acceptor of the complexes. For an

An intramolecular vibration of an acceptor in a weak charge- €ven-electron donor similar results can be obtained. Hence a

transfer complex is approximately independent of the donor in charge-transfer interaction can induce an nonzero addition

a complex. So is a donor. Hence to study the antisymmetric @ntisymmetric transition polarizability from intermolecular

transition polarizability of the acceptor (or donor) in a charge- charge-transfer interaction systems A and D. Two examples of

transfer complex® , i) and jTin eq 5 refer to the investi- charge-transfer complexes are discussed as follows in sections
po?

gated acceptor (or donor) in the complex. This approach has3 and 4.
been often used to deal with a quantity of a subsystem as a par
of the supersystef$b-31

The modern theory of charge-transfer complexes was first
proposed and developed by Mullikéi! and was very suc-

(@h)gig = (0165, 100

TB. An~—Na' lon Complex

Aromatic hydrocarbons react with alkali metals in inert
solvents such as tetrahydrofuran (THF) to form the mononega-
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tive or dinegative iond’ Depending on the nature of the solvent, The anomalous polarization band at 1466 ¢mf An~ ions
the alkali metal and temperature, these ions may be “free” or belongs to a nontotally symmetric mod&s(b;g) of double
associated with the alkali ions to ion pa#<®32Fujimoto et group D334 which was discussed in ref 29 by a single value
al.2%3%presented the anomalous Raman polarization by measur-group, and thus Fujimoto et al.’s analy8ispply to An and
ing the polarization dispersion of a resonant depolarized line at An2- only but does not to a odd-electron system-AnNow
1466 cn* (byg mode) of anthracene (An) anions excited near we use the notions in ref 34 and apply a double grBjpo
the first absorption band, which may be attributed to the charge- the An~ anion. On the basis of Fujimoto et al.’s identification
transfer band of the An-Na* complex?”-%0 For this vibration of electron absorption spectra of AR all the group representa-
at 1466 cm?! (b;g mode) the depolarization ratio has been tjons of the electronic stateg), |€), and|k), arels, i.e.,|g) =

verified to increase beyond the normal maximum of 3/4, from (4> 45 1 |e) = (y3,4°,,), and |K) = (©3,0°,,). The

0.7 (at transparent wavelengths) to 1.15 (near the resonance)ygrmal vibration coordinat® and the dipole moments belong
indicating the nonzero antisymmetric transition polarizabiltfes. o the following representations, respectivelye T's, ux € Ta,
In their investigation the bulk of AT may probably be the  andy, e T, Using the Wigner Eckart theorem and the coupling

associated species with Nai.e., the (N&),~An*" complex. coefficient§* 20 matrix elements o, in eq 12 have been
For An—, it is coexistence of free and associated species, the evaluated as follows: Y

An——Na'" complex3® Now on the basis of the theory in section

2 we analyze the matter in three ways, i.e., time-reversal, spatial [° iy 0= —ia ®°,|uldS 0= —ib
symmetry arguments, and depolarization ratio dispersion, as
follows. . . _ (3l 1 0= —ia [©3 ) $°1,0= —ib

(i) First, on the basis of time-reversal arguments, it was
proved1%1l and described in section 2 that under-® [ ol |9° 0= —a [©3lu,l6° 0= —b
approximation, the antisymmetric light scattering tensors of
even-electron systems, such as An2Ais zero, but they can Ebil,zluylz/)i’,th a BD‘ril,zl/tylﬁ,zD: b
be nonzero for odd-electron systems such as.Arhus the 5 5 ) 5 5 )
antisymmetric Raman scattering tensors are due to dxrthe 2 1ol O = —ic [1lhg|O7,[=ic (14)

An~—Na" complex in the measurement of anomalous Raman
polarization of anthracene anid#8°This agrees with Fujimoto ~ @nd all the others of the matrix elements are zero, whaete
et al.’s experimental fact that only in the ArNa™ systemwas ~ andc symbolize the different reduced matrix elements. On the
anomalous Raman polarization obseré&d. basis of eqs 14 and 12, the “state tensﬁfg,’ for the Raman

(ii) Second, on the basis of spatial symmetry arguments, we transition|i[|]¢‘r{,2D—~ lj D]q)f,zlilis calculated
evaluate the antisymmetric transition polarizability of Am
the Am—Na" complex and compare it with the experiment Zf ¢5 _,¢52) _
results2939Here we only consider the first term in eq 10, which W Puz oy h
may be dominant.

1 . 5 5
- (elhglK)[(#72luxl€) (Kletylb7)) —

Veke;

5 5
In resonance Raman scattering, the Albredhtterm (P1/2le, | ©)(Klee D119)]
(Herzberg-Teller resonance) is responsible for the Raman 1
scattering by nontota}lly symmetric ques'(.hefgzrbode?ﬂ“ =— (p® 2l hb|k)[(¢§/2| MXWE 1) X
and the antisymmetric transition polarizability can be written hog,
(0 (A)) gigi = (Kletylop3r2) — (@St |9° 1) (Kl 3]
P ,
. . . : 1 '
1'27 E[ll“lm?ﬂQ!IOD— = [[|1|~Q|Jo[ﬂ{b|lo;| 2 (112) :W(Tl)illzmd9511/2)[(¢i/2|//‘x|1/)51/2) X
N |Ugg= 01T Degt+0g— 0 — 1y * ek
5 5 5 5 5 5
and (O 12luy|d710) — (B1ltay |21 )(O 1ol 1al h1,)]
1, . . .
N 1 = Ciol(=ia)(+b) — (=a)(=ib)]
Zy= ZkT[(gluple)(el hil k) (Klet619) — e
derhve _ _2abc (15)
(9lusle)(elhglk) (Kl l9)] (12) o,
h= (ﬁ) (13) The other state tensors are calculated in the similar way
aQJo
A5 5
—0° = 0
where for the sake of simplicity eq 11 includes only one resonant Lol ®uz¢"11)
excited electronic state), which is vibronically coupled with A5 5 )=— 2abc
one of other excited electronic stat&sthrough the vibrational Zof @27 11) = N7y
modeQ. The suffixes 0 and 1 in eq 11 refer to the ground and
first excited vibrational states in the ground electronic sfgke Z’:y(qﬁfl,z—'qbi,z) =0 (15)

and the resonant excited electronic st@e respectively, and

they are due to the-00 and 0-1 vibronic transitions. Ineq 12  Thus the antisymmetric Raman scattering intenlﬁ;)of the
the summation is made over all the degenerate components ofvibration band at 1466 cm of An~ in An~—Na' complex is
the electronic statefly), |e), and |k), because they are 2-fold  not zero,

degenerate for odd-electron A@nion in the compleX? As an

example, we evaluate the antisymmetric transition polarizability A0 (2|zzbc1)2 (16)
component ((L’:y(A))gi,gj by egs 1113 as follows. Y oy
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TABLE 1: Depolarization Ratio (p) of the »; Band of Some 531 4 332 352 5!
Substituted Pyridines in the Free and in the Be-Complexed o= 5 5= 5 5 + o 5=
Derivatives 1027 + 427 102 +43° 102 + 42
" p 1,52 gy
free complex 3 1030 + 437
2,4-diCH;Py? 0.04 0.63
2-CHsPy? 0.07 0.54

whereX0, 32, and=! are the trace, symmetric, and antisymmetric
tensor invariants, respectivelyThus on the basis of theory in
aFrom ref 35.> From ref 36. section 2 from the point of view of time reversal the charge-
transfer-induced antisymmetric transition polarizabilities may
Therefore the theoretical results in this paper agree qualitatively make important contributions to the complexation enhancement
with the experimental results of the ArNa" complex29.30 of the depolarization ratio of the 2,4-diGPy—Br, complex,
which indicates that in addition to the vibronic effect the charge- even though further experimental measurements of the reversal
transfer-induced antisymmetric transition polarizabilities may coefficient are needed to confirm completely the theoretical
be essential to the anomalous Raman polarization observed inresultst6
the Am—Na' complex?9:30
(i) Third, consider the depolarization ratio dispersion of the 5. Discussion
anomalous Raman band of the AnNa" complex. From the ] ’ a8
frequency factor expression befdg, in eq 11, a far-reaching Recently, it was demonstrated by Shen's gfddp* that

fundamental conclusion was drawn by Morterfsand Barrort sum-frequency vibrational spectroscopy (SFVS) in chiral solu-
as follows. For the antisymmetric tensor component there is g tions can yield the chiral vibrational spectra directly related to

destructive interference between the two terms due to#@ 0  the molecular chiral structure. In particular, vibrational-electronic
and 0-1 vibronic transitions |j (M| QlioZPeg — # — iTo and double resonance can enhance the chiral SFVS spectra strongly
iy QljobioPeg + 7o — # — iTy. Thus, outside the resonance and makes SFVS as a novel probe c_>f the mO|€Cli|aI’ chirality
region, the destructive interference effectively kills the anti- MUch more attractive. It was theoretically proved 0 that

symmetric tensor componenZSU. This is the explanation for the strength of the vibrational bands in SFVS is proportional to

the fact that at transparent wavelength the depolarization ratiothe square O.f the cgrrespondllng antisymmetric Raman tensor
o = 0.7 of the Am—Na* complex in Fujimoto et al.'s (antisymmetric transition polarizability). Antisymmetric Raman

experimerf® is normal. scattering investigations have given a fundamental requirement

i iof§—8:11 i i
On the whol. e iheory n secion 2 agrees qualiavly 1% SoSeNELO, e, SmSmen Renen eneers
with Fujimoto et al.’s experimental results of the anomalous P

Raman depolarization of the Ar-Na* complex®®on the basis includes the degenerate electronic ground states or degenerate

of the analysis of time-reversal, spatial symmetric selection rule, excited ;tatels with a _smal_l sp_ht_tmg_s due to some S”?a”
and the depolarization ratio dispersion. perturbationd! such as vibronic-mixing-induced antisymmetric

Raman tensors (for example, for the porphyrin-type compléxes)
and spinr-orbit coupling-induced antisymmetry in the Raman
tensorg’ (for examples, for IrGf~ and FeBg~ complexes).
Charge-transfer complexes of substituted pyridine and Br These results can be useful for the explanation of the SFVS in
molecule have been extensively investigated for many years. chiral solutions. In refs 37 and 38, both doubly resonant SFVS
Maes and Zeegers-Huyskén¥studied the depolarization ratio and SFVS near electronic resonatfcivestigated a bulk
enhancement of the breathing ring vibratien of some solution of 1,1-bi-2-naphthol (BN). The electronic absorption
substituted pyridine derivatives due to the complexation with spectrum of BN consists of pairs of close lying bands, which
Br,, which are shown in Table 1. The large depolarization ratio result from the excitonic splitting of two degenerate transitions
enhancement of 2,4-dimethylpyridine and others may include in the separated 2-naphthol monom&r$his spectrum feature
an important contribution from the charge-transfer-induced reminds us of the absorption spectra of metalloporphfrin.
antisymmetric transition polarizabilities deduced in section 2. the SFVS experiments of BN in refs 37 and 38, the sum
The vibrationu; of 2,4-dimethylpyridine belongs to the totally  frequency light atw = w;, + w> is resonant to the exciton-
symmetric mode. Its Raman scattering intensity is described splitting pair of close lying bands at 3.67 and 3.89 eV.
by Albrecht’'sA term (Franck-Condon term$.”24In Franck- Comparing the SFVS experimeft$® with the polarization
Condon resonance cases, Mortensen and Hassing deducestudy of the resonant Raman spectra of porphy#iB#| and
theoretically that without the antisymmetric components the porphyrins show analogous qualitative features of the absorption
depolarization ratio will have one of the values 0, 1/8, or 1/3, spectra with the pair of close lying (or degeneracy) bands and
where 0, 1/8, and 1/3 are only possible in spatial 3-fold the excited light in both of the SFVS and Raman experiments
degenerate, double-degenerate, and nondegenerate excited eleis-resonant to the corresponding close lying bands, respectively.
tronic states, respectively, and with the assumption of the single Thus, like porphyrin, BN can naturally show antisymmetric
excited-state resonance there will be no polarization dispersionRaman tensors due to the vibronic interaction mechanism, which
for a given range of excitation frequencf®$hus in or not far agrees with the foregoing fundamental requirement for anti-
from Franck-Condon resonance, without an antisymmetric symmetric Raman scattering ten§o#.11 This gives us a broad

2-CHsPy’ 0.08 0.63

4. Substituted Pyridine—Br, Complex

Raman tensor, the maximum value of depolarization yafiar hint that in addition to the vibronic-induced antisymmetry, the
a totally symmetric modey; in 2,4-dimethylpyridine-Br; spin—orbit coupling can also induce antisymmetric Raman
complex is 1/3. Here the experiment value of the depolarization tensor§2 and thus can show the SFVS effects in some chiral
ratio pcompiex Of the v1 band in 2,4-dimethylpyridineBr. solutions. Furthermore, section 2 has shown that on the basis

complex is 0.63 and much larger than 1/3. The part over 1/3 of the Kramers degenerate states formed in the charge-transfer
should result from the contribution of the antisymmetric process and time-reversal arguments, antisymmetric Raman
transition polarizability tensors can arise under resonance or near-resonance with
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intermolecular charge-transfer transition. Hence charge-transfer-interacting even-electron systems, especially intermolecular

induced antisymmetric Raman tensors can also make contribu-charge-transfer complexes, can exist, which are characteristic

tions to the SFVS in some chiral solutions. of charge-transfer interactions and processes. The theoretical
Usually, charge-transfer processes can be achieved chemiresults are associated qualitatively with the anomalous Raman

cally, electrochemically, or photochemically. In the photochemi- polarization experiment of the anthracene aribla® ion

cal processes, the system is excited by light photons to thecomplexX®3° and with the complexation enhancements of

excited electronic states that can accept or donate a electrorfepolarization ratiop for some substituted pyridireBr,

with other compounds. In particular, photoionization is also a complexes®3¢ The connection of the charge-transfer-induced

charge-transfer process. It is interesting to discuss whether theantisymmetric Raman tensors to the SFVS in chiral solutions

charge-transfer-induced antisymmetric Raman tensor can ariseand photoionization processes have been discussed.

when the excited light is resonant with the potential energy

surfaces leading to an electron ejection. Here the excited light Acknowledgment. We are very grateful to the referee for
is used for both resonance Raman scattering and photoionization,sefy and instructive comments. This work was supported by
processes. In the photoionization a neutral even-electron mol-yhe National Science Foundation of China (Grant No. 20173051),
ecule M is photoionized and loses an electron and becomes anynnui Provincial Natural Science Foundation (Grant No.
odd-electron ion M. In this case, the resonant Raman scattering 01046302) and the Research Fund for the Doctoral Program of
is determined by the initigiL} final |fCand intermiatéalstates. Higher Education (RFPP).
Where|i[ls the ground state of the parent molecule M without
spin—orbit coupling andfllcorresponds the ground state of the
photoionized ion M with an unpair electron and spiorbit References and Notes
interactions, they are different electronic states. Thus, due to ] ) ]
the photoionization, this should be an electronic Raman scat- Proégtiglsag; ,\El)d&mgk F?é/ije'\}v %?Stﬁgtﬁc')‘rkEgCXfcD‘?‘”guzf(?r?;ﬁ;ﬁq
tering process. It is knowf that there is a fundamental Ejsevier: Amsterdam, 1997.
difference between vibrational Raman scattering and electronic ~ (2) Barron, L. D.Molecular Light Scattering and Optical Actty;
Raman scattering in that the latter can be controlled by an Cambridge University Press: Cambridge, U.K., 1982; Chapter 8.
asymmetric tensor including an antisymmetric one, even under gig (B:ﬁ;r?gne, #};éfifgﬂqﬁg?\l";hgég}g?g:ﬁgéfigg}fﬁ;ilb_ M.:
nonresonance conditions. Hence on the basis of the time-reversagyys, |.: Chidsey, C. E. D.; Creager, A.; Creutz, C.; Kagan, C. R.; Kamat,
argumentsand the results in section 2, we should say that in P.V.; II_ie’t\>/|er|r;1§1r':/,l_II\III.; Ljntésg)’/\,l S.;tMar't:AustlihA.l;_ MetzSeBR.SM.;kMichgl.—
some cases asymmetrc Raman tensors can arise when thggyene, M, &5 Mier ) R Nevlor, 1, B Rojean, B Sankey, 0
excited light in Raman scattering experiment is resonant with et of the workshop).
potential energy surface leading to an electron ejection (pho-  (5) Mortensen, O. S.; Hassing, 8dv. IR. Raman Spectrost98Q 6,
toionization process). 1 ) )

Finally, it should be noted that the spectrum selection rule E% gg'rrr%'n‘Tfls_;Stse\'/g'nEi\gQ?',\Ed@;" Tgységgﬁn;lsg ;52&3&1}' N
of the time-reversal symmetry, like other selection rules, is 322
necessary but not sufficient for nonzero antisymmetic Raman  (8) Hamaguchi, HAdv. IR. Raman Spectros¢985 12, 273.
tensors. For an intermolecular charge-transfer complex, in __ (9) Buckingham, A. D. IrElecenth International Conference on Raman
addition to the formation of Kramers degenerate states due togfﬁgssfggﬁfrlk'; J.H. Long, D. A., Eds.; Wiley: New York, 1988;
the charge transfer, the strong sporbit coupling is essential (10) Liu, F. c pﬁys_ Chem1991 95, 7180.
for charge-transfer-induced antisymmetric Raman tensors. This  (11) Liu, F. C.; Buckingham, A. DChem. Phys. Let1993 207, 325.
is similar to the intramolecular charge-transfer complexes; for _ (12) Ziegler, L. D.; Chung, Y. C.; Wang, P.; Zhang, Y. R.Chem.
example, due to the spirorbit coupling, all the Raman-active Ph{fsigffezg, A;al.zHS.'; Chen, D. M.; He, T. J.; Liu, F. Chem. Phys2002
modes of IrC§2~ show anomalous polarization and important g, 261.
antisymmetric Raman tensors when excited in the—€lir (14) Belkin, M.A.; Kulakor, T. A.; Ernst, K.-H.; Yan, L.; Shen, Y. R.
charge-transfer absorption enveldpalso, in some cases the  Phys. Re. Lett. 200Q 85, 4474. _
vibronic interactions are needédor the charge-transfer-induced Ed(-ls\)/' Buckingham, A. D. Inintermolecular InteractionsPullman, B.,

. . . . ., Wiley: New York, 1978; Chapter 1.
antisymmetric Raman tensors; for example, in section 3 the ~ (16) Xie, R.; Chen, D. M.; Wang, X. Q.; He, T. J.; Liu, F. @.Phys.
anomalous Raman polarization in the ArNa* complex has Chem. B2002 106, 12948.

been explained by using both time-reversal and vibronic (l?)GBllJckingham,_A._ DPurgAppl.ICgerm%ggsz %53.38uckingkam,
coupling arguments. A. D.; Galwas, P. A,; Liu, F. CJ. Mol. Struct.1983 100, 3.

(18) Buckingham, A. D.; Fischer, PPhys. Re. A 200Q 61, 035801.

(19) Barbara, P. F.; Meyer, T. J.; Ratner, M. A.Phys. Chem1996
. 100, 13148.
6. Conclusion (20) Mulliken, R. S.J. Am. Chem. S0d952 74, 811.

(21) Bender, C. JChem. Soc. Re 1986 15, 475.

In this paper the antisymmetric transition polarizabilities y 822) Sée“”vF'f- E-JAlekS%“);anaVUTk; Zfé%fg)m, G. Raman Spectra of
: : _ : . yarocarbonsg Pergamon: xrord, U.K., .
induced by mterm_olecular _charge transfer interactions are (23) Li L: He, T. J.; Wang, X. Y. Zuo, J.. Xu, C. Y.: Liu, F. Chem.
proposed and studied by using group theory, especially time- phys. Lett 1996 262, 52.
reversal symmetry and Mulliken’s theory of charge-transfer  (24) Tang, J.; Albrecht, A. C. IiRaman Spectroscop$zymanski, H.
complexes. The results show that under the Ba@ppenheimer A"(zEg)';flen#Ams: NEWtYOF_’kv_ 197|03 \_/0|S- ﬁ;dcé}after %M ecular Phvci

H H H H H H _ ax, Ml.symmetry Principies in Soli ate an olecular YSICS

approximation, the_ antisymmetric light scattering _of BVeN- i New York, 1974: Chapter 10.
electron systems Wlth a nondegeperate grqund state is zero. But (2g) may, V.; Kuhn, O.Charge and Energy Transfer Dynamic in
when an electron is transferred, in part or in a whole, from the Molecular System&Viley: New York, 2000; (a) Chapter 6, (b) Chapter 3.
donor to the even-electron acceptor in charge-transfer com-lgé@m&{;%gow, K. H. J.; Dieleman, J.; Hoijtink, G. J. Chem. Phys.
plexes, the acceptor in the complex can have nonzero antisym-"= 5"/ \"o" - pepjin, 3. p.; Pohl, H. Al Phys. Chem.972 76, 1026.
metric transition polarlzablllt.y, and SO dp the donors. Thus  (29) Fujimoto, E.; Kamisuki, T.; Maeda, Bull. Chem. Soc. Jph981
charge-transfer-induced antisymmetric light scattering from 54, 3241.



4496 J. Phys. Chem. A, Vol. 108, No. 20, 2004

(30) Takahashi, C.; Maeda, 8hem. Phys. Lettl973 22, 364.

(31) Landau, L. D.; Lifshitz, E. MQuantum Mechani¢sPergamon:
Oxford, U.K., 1977; Section 14.

(32) Gordy, W.Theory and Applications of ESRViley: New York,
1980; Section 3.b.

(33) Hecht, L.; Barron, L. DMol. Phys.1993 79, 887.

(34) Koster, G. F.; Dimmock, J. O.; Wheeler, R. Broperties of the
Thirty-Two Point GroupsThe MIT Press: Cambridge, MA, 1963.

(35) Maes, G.; Zeegers-Huyskens, Them. Phys. Letll976 44, 135.

(36) Maes, GBull. Soc. Chim. Belg1978 87, 579.

(37) Belkin, M. A.; Shen, Y. RPhys. Re. Lett. 2003 91, 213907.

Xie et al.

(38) Belkin, M. A;; Han, S. H.; Wei, X.; Shen, Y. RRhys. Re. Lett.
2001, 87,113001.

(39) Fischer, P.; Wiersma, D. S.; Righini, R.; Champagne, B.; Buck-
ingham, A. D.Phys. Re. Lett 200Q 85, 4253.

(40) Fischer, P.; Buckingham, A. D.; Albrecht, A. Bhys. Re. A2001,
64,053816.

(41) Byers, J. D.; Hicks, J. MChem. Phys. Lettl994 231, 216.

(42) Gouterman, M. IriThe Porphyrins Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. lll, Chapter 1.

(43) Clark, R. J. H.; Dines, T. Adv. IR Raman Spectrosd982 9,
282.

(44) Stein, P.; Brown, J.; Spiro, T. @hem. Phys1977, 25, 237.



