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and vibrational contribution by a two-state model
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In this work we present a theoretical justification, based on a two-state model, of the recently observed close
resemblance between the molecular first-order hyperpolarizability (be) obtained with traditional experimental
or theoretical methods and the vibrational~or relaxation! contribution (b r) for several classes of polyconju-
gated molecules. The vibrational hyperpolarizabilities have been evaluated according to a semiclassical model
previously presented by the authors in which molecular polarizabilities are expressed in terms of vibrational
~infrared and Raman! intensities. Here we prove that in the case of polyconjugated molecules, the analytic
expressions ofbe andb r are functions of the same physical parameters. This implies thatbe andb r provide
a measure of the same physical property.

I. INTRODUCTION

In the past ten years, under the driving force of the in-
creasing interest in photonics and optoelectronics applica-
tions, many polyconjugated materials with large nonlinear
optical ~NLO! response have been synthetized.1–3 It is a
known fact that the vibrational spectra~infrared and Raman!
of these compounds show common peculiar characteristics
which can be ascribed to the presence of highly mobile and
polarizable conjugatedp electrons strongly coupled with
particular nuclear displacements in the vibrational space. The
above observation forms the basis of a method known as
effective conjugation coordination~ECC! theory,4,5 devel-

oped to treat in an analytic and compact way the vibrational
problem of conjugated organic systems. This method offers a
unified point of view for the interpretation of the vibrational
spectra~both in frequencies and band intensities! of many
different classes of polyconjugated oligomers and polymers.

Infrared and Raman frequencies and intensities are also
the ingredients which determine the vibrational~or relax-
ation! contributions to molecular hyperpolarizabilities. Using
a simple semiclassical model, we have shown, in the hypoth-
esis of double~mechanical and electrical! harmonic approxi-
mation, that the vibrational hyperpolarizabilities (b r and
g r) can be obtained with the following expressions, in the
limit of static applied electric fields:
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werenk are harmonic vibrational frequencies,]mn /]Qk the
derivatives of the molecular dipole moment with respect to
the normal coordinateQk , ]anm /]Qk the derivatives of the
molecular polarizability tensor, and]bnmp/]Qk the deriva-
tives of the molecular first hyperpolarizability. As already
discussed in Refs. 7 and 8, the first four terms of Eq.~2!,
which contain hyper-Raman contributions, can be neglected
in a number of cases.

Expressions for vibrational molecular hyperpolarizabili-

ties have been derived in the past by Flytzanis9~a! and
Bishop9~b! on the basis of a completely independent and fully
quantum treatment in the frame of perturbation theory: these
expressions reduce to those given in Eqs.~1! and ~2! if the
anharmonic terms are neglected.

In previous works,7,8,10,11through Eqs.~1! and ~2! using
experimental spectroscopic data, we have measuredb r and
g r for a variety of organic compounds known for their large
NLO response. The molecules examined belong to different
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chemical classes and were sythesized on the basis of differ-
ent synthetic strategies aimed at optimizing the NLO re-
sponses. Among the compounds with largeb values we have
measured push-pull polyenes with different end groups and
chain length,10,11 aromatic push-pull systems such as
p-nitroaniline,10 octupolar compounds such as triamino-
trinitro-benzene~TATB!, and crystal violet.8,10 As to com-
pounds with largeg, we have measured and studied apolar
and polar polyene systems and oligothiophenes.7,8

The values ofb r and g r which we have obtained were
compared with their purely electronic counterpartbe and
ge. This study has been made following two completely in-
dependent routes:

~i! We have calculated theoreticalab initio infrared and
Raman spectra. With these data, using Eqs.~1! and ~2!, we
have evaluated theoreticalb r~0;0,0! andg r~0;0,0,0!. The vi-
brational hyperpolarizabilities obtained have been compared
with be~0;0,0! and ge~0;0,0,0! computed at the same level
with standard derivative methods. Notice that these last val-
ues can be correctly interpreted as purely electronic in the
limit of static applied field: indeed, during the calculation,
nuclei are not allowed to relax under the action of the exter-
nal static field.

~ii ! Infrared and Raman absolute intensities of the samples
have been measured, and experimentalb r andg r have been
evaluated with Eqs.~1! and ~2!. These values have been
compared with experimentalbe andge reported in the litera-
ture. Values ofbe are usually obtained from electric-field-
induced second-harmonic generation~EFISH! experiments
or from hyper-Rayleigh harmonic light scattering~HLS!
measurements; values ofge are obtained from third-
Harmonic generation~THG! experiments.

Notice that all experimentalbe values obtained by EFISH
or HLS are commonly assumed to be purely electronic in
origin, since they are obtained by probing the samples with
lasers in the visible or in the near infrared. From these ex-
perimental determinations it is also possible to extrapolate
the static valuesbe~0;0,0! with a simple two-state model
which allows us to take into account dispersion effects.
These extrapolated values are the quantities which we com-
pare ~when available! with our vibrationalb r . It is more
difficult to obtain a static limit value forge, since the simple
two-state model is inadequate for the description of the pro-
cesses involved. However, thege values~free from multi-
photon resonances! obtained with laser at 1.9mm are usually
considered as good approximations forge~0;0,0,0!.

All the comparisons we have carried out according to~i!
and ~ii ! show a surprisingly close similarity~in trends and
also in absolute values! between vibrational and electronic
hyperpolarizabilities. In Table I some selected examples are
shown. The striking similarity between data which are due,
at least in principle, to two independent and different pro-
cesses~nuclear relaxations and electronic excitations! sug-
gests that a physical reason for this behavior must exist.

In previous papers8,10we have suggested that the origin of
the largeb r andg r values of the systems studied has to be
traced to the strong electron-phonon coupling which is a pe-
culiar characteristic of these molecules. It follows that, since
in the presence of large electron-phonon coupling a complete
separation between nuclear and electronic motions becomes
questionable, the separation between a purely electronic and

a purely nuclear~vibrational! contribution also becomes ar-
tificial. As a result we expect that the two quantities@hereaf-
ter referred to asb r(g r) andbe(ge)#, which were defined in
the hypothesis of a complete separation, are no longer inde-
pendent. As a consequence it may happen, in some limiting
cases, that the two quantities coincide.

In what follows we present a simplified model which es-
tablishes in an analytic form a relation betweenbe andb r .
This model proves that the observed similarity betweenbe

and b r is not casual, but is a consequence of the peculiar
physics of the systems studied. It will be shown below that
these relevant physical characteristics can be modeled in
terms of very few parameters. Moreover, it can be clearly
seen that the key feature of the model is the occurrence of
one relevant structural parameterstrongly coupled with the
electronic structure of the molecule.

II. MODEL

The model we present here describes the case of push-pull
polyenes, a particular class of compounds of great interest
for their largebzzzvalues~wherez is in the direction of the
charge-transfer axis!. For this reason, in the model discussed
only one relevant component of theb tensor is considered to
be nonvanishing; therefore all equations are in the scalar
form.

From the viewpoint of the vibrational spectra, push-pull
polyenes show very simple Raman spectra, with a typical
pattern common to all polyene systems. The Raman spectra
consists of few strong lines due to vibrational modes which
involve the stretching of the conjugated CC bonds of the
polyenic chain.11 These modes are described by the ECC
theory4,5 as an oscillation of the dimerization amplitude of
the polyenic chain dynamically coupled with other vibra-
tional coordinates, e.g., CH waggings~the dimerization am-
plitude oscillation is exactly a vibration along the so-called
effective conjugation coordinateR, defined as the in phase
stretching of allCvC bonds and a simultaneous shrinking
of all CuC single bonds of the chain!. It has been shown
that, in polyene systems,4,5 the extremely large Raman cross
sections of the few observed Raman bands can be justified
by the presence in the normal modes of a large contribution
by the oscillation in theR direction; this oscillation is re-
sponsible for a large redistribution of thep electrons conju-
gated along the chain~i.e., large]a/]R!. In the case of
push-pull compounds the occurrence of different end groups
~electron donor and electron acceptor! polarizes the delocal-
izedp electrons. The lowering of the symmetry also makes
the relevant Raman normal modes strongly active in the in-
frared. It has been shown that the presence of modes with
largeR content~R modes,! simultaneously very intense in
the Raman and in the infrared, is responsible for the large
b r values of push-pull polyenes.8,11

Since the value ofb r is essentially determined by the
contribution to the normal modes by theR oscillation,7 in
our simplified model we will consideronly onevibrational
normal mode (Q), exactly coincident with the dimerization
amplitude oscillation, i.e.,Q[R. In treating the electrons,
we make use of the simple model recently proposed by Lu
et al.,13~a! developed for the study of the hyperpolarizabilities
of push-pull polyenes and solvent effects.14~b! The model of
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Lu et al.starts from the observation that the first hyperpolar-
izability of these systems is well described by a perturbative
development which considers only two relevant electronic
states: the ground state and only one excited state. These two
states are obtained by a suitable linear combination of two
wave functions representing two ideal electronic configura-
tions of the molecule~canonical structures!. The basis func-
tions areCVB , which corresponds to an ideal apolar, poly-
enelike structure, andCCT, corresponding to a zwitterionic
structure where one electron is completely transferred from
the donor to the acceptor group. Notice that the nuclear
structures~geometries! which correspond to these ideal ca-
nonical forms are two chains both with alternated single and
double bonds; the difference between the two structures is
represented by the phase of the bond alternation which is
completely reversed in going from the polyenic to the zwit-
terionic form.

The ground and excited states of the molecule are repre-
sented by two wave functions which are the linear combina-
tions ofCVB andCCT obtained from the diagonalization of
the Hamiltonian matrix:

H5UEVB 2t

2t ECT
U,

where EVB5^CVBuHuC VB&, ECT5^CCTuHuC CT&, and
t5^CVBuHuC CT&.

In general, if one introduces a parameterf , which de-
scribes the amount of charge transfer~weight ofCCT in the
ground state, it is possible to write

Cg5~12 f !1/2CVB1 f 1/2CCT, ~3!

and, using the orthogonality relationship betweenCe and
Cg ,

Ce5 f 1/2CVB2~12 f !1/2CCT. ~4!

It follows that f determines the molecular dipole moment in
the ground and in the excited states@see Eqs.~12! and~13!#.
The value off depends on the characteristics of the system,
i.e., the donor and/or acceptor strength and the degree of
dimerization of the conjugated chain.

TABLE I. Comparison betweenb andb r values for some selected organic molecules obtained both theoretically~with ab initio 3–21-G
basis set! and experimentally.b values are in units of 10230 esu.

molecule b r
m~3–21 G! bm~3–21 G! b r

m ~exp! bm ~exp!

10.67 9.55 5.3 10a

28.24 30.96 24b

8.27 11.08

50 46c

11.6 10.2 10.2 3.8d

34.7 32.0 34.6 39.8d

50.9 42.1d

aFrom EFISH experiments, Ref. 1.
bbyyy .
cFrom HLS experiments: Ref. 13.
dFrom EFISH experiments: Ref. 12.
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It is then possible to modulate the value off either by
changing the end groups or the degree of bond alternation
~the BOA parameter in the treatment of Ref. 13!. If we recall
that a change in BOA corresponds to moving the nuclei
along theR coordinate, i.e., along the only normal coordi-
nateQ, it turns out thatf is modulated byQ. This observa-
tion is even clearer if one considers that in going from a
polyenic structure (f50) to a zwitterionic one (f51), the
bond alternation continuously changes from formA to C,
going through the undimerized, cyaninelike structureB:

The nuclear structures in the ground and excited states
~described by the equilibrium value ofR! are those which
correspond to the minima of the potential curves relative to
Cg andCe . From the diagonalization of the Hamiltonian
two potential curves@Eg(Q) andEe(Q)# which depend para-
metrically on theQ coordinate are obtained. The minima
Qg
eq andQe

eq determine the exact percentage of the charge-
transfer character in the ground@ f (Qg

eq)# and excited states
@12 f (Qe

eq)# in their respective equilibrium geometries.
Following Ref. 13, we describe the dependence ofEVB

and ECT from Q in a harmonic form, with an equal force
constantk:

EVB5 1
2k~Q2QVB

0 !, ~5!

ECT5
1
2k~Q2QCT

0 !1V0. ~6!

QVB
0 andQCT

0 represent the equilibrium geometry of the two
ideal canonical structures, andV0 the energy difference be-
tween the two canonical structure in their respective equilib-
rium nuclear configurations.

In Fig. 1 are reported the plots of the two ‘‘ideal’’ poten-
tial wells EVB andECT, and the ‘‘real’’ potential wells (Eg
andEe) which result from the interaction betweenCVB and
CCT through the termt of the Hamiltonian: the choice of the

parameterst, V0, k, QVB
0 , andQCT

0 has been made according
to the data reported in Ref. 13~a!. The form of the two po-
tential wells (Eg andEe) depends strongly on the choice of
the parameterst andV0 which characterize the molecule.

III. CORRESPONDENCE BETWEEN b r AND be

We now have all the ingredients necessary to the deriva-
tion of the analytic expressions for bothb r andbe according
to our simplified model. The well-known two-state expres-
sion forbe is given by14

be56~DMe2guMgeu2!/Eg
2 . ~7!

From Eq.~2!, the diagonal component of theb r tensor is
given by

b r53/~4p2nQ
2 !~]a/]Q!~]m/]Q!. ~8!

It is possible to write the Raman term]a/]Q in terms of
electronic observables by making use of Ting’s formalism,15

restricted to the case of a two-state model:

]a/]Q5~8p2nQ
2 !~DQeguMgeu2!/Eg

2 . ~9!

Expressions similar to Eq.~9! have already been used by
Yaron and Silbey16 to discuss the role of the vibrational con-
tribution to the second-order hyperpolarizability of normal
trans-polyenes. Inserting Eq.~9! into Eq. ~8!, we obtain

b r56~]m/]Q!~DQeguMgeu2!/Eg
2 . ~10!

A comparison between Eq .~10! and ~7! indicates thatbe is
equal tob r if the equation

DMeq5~]m/]Q!~DQeg! ~11!

is satisfied.
In other words,b r is a good approximation ofbe, if the

quantity @(]m/]Q)(DQeg)# is a good approximation of the
change of the molecule dipole moment in going from the
ground to the electronic excited state. Notice that in the ex-
pression forbe @Eq. ~7!# the variation of the molecular dipole
moment between the excited and ground states corresponds
to thedirect transition, without relaxation of the nuclei in the
excited state: i.e.,DMeg5Me(Qg

eq)2Mg(Qg
eq).

Using expressions~4! and~5! for the electronic wavefunc-
tion, we can write

Mg5 fmCT, ~12!

Me5~12 f !mCT, ~13!

where mCT is the dipole moment associated withCCT,
mCT5^C CTuM uCCT&.

As previously discussed, the value off may be modulated
by changing the BOA parameter, i.e., by moving the nuclei
alongQ([R!. Thus a special point exists along theQ axis
~which we indicate asQ0), where the value off is such that

Mg5Me . Q
0 obviously corresponds to the choice:f5 1

2 .
@see Eqs.~12! and ~13!#.

Another feature ofQ0 is that it represents a chain configu-
ration where the energies associated with the two canonical

FIG. 1. Intramolecular potential wells (Eg andEe) relative to
the two relevant electronic states of a push-pull polyene.EVB and
ECT ~thin lines! are the harmonic potentials relative to the two ca-
nonical ‘‘ideal’’ structures~see text!. The plots are obtained with
the following parameters:k533.55 eV/Å2, Q VB

0 520.12 Å,
QCT
0 50.12 Å,V051 eV, andt51 eV.
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forms are identical, i.e.,EVB(Q
0)5E CT(Q

0). This can be
easily proven by calculating the energy gap atQ0:

Egap~Q
0!5Ee~Q

0!2Eg~Q
0!5^Ce~Q

0!uHuCe~Q
0!&

2^Cg~Q
0!uHuCg~Q

0!&52t, ~14!

whereCe(Q
0) andCg(Q

0) are the eigenfunction of Eqs.~3!
and ~4! with f5 1

2.
Since the general forms forEe andEg are

Ee5
1
2 ~EVB1ECT!1 1

2 @~ECT2EVB!214t2#1/2, ~15!

Eg5
1
2 ~EVB1ECT!2 1

2 @~ECT2EVB!214t2#1/2, ~16!

we also obtain

Egap5@~ECT2EVB!214t2#1/2. ~17!

By equating Eqs. ~14! and ~17!, we obtain
EVB(Q

0)5ECT(Q
0). @In Fig. 1,Q0 is exactly the intersec-

tion between the two parabolasEVB(Q) andECT(Q).]
From Eq.~17!, recalling Eqs.~5! and~6!, it is possible to

obtain the explicit expression forQ0:

Q05V0/@k~QCT
0 2QVB

0 !#1 1
2 ~QCT

0 1QVB
0 !, ~18!

which reduces to the first term with a proper choice of the
origin of theQ axis: that is, as the mean position between the
two limiting ideal structures [12(Q CT

0 1QVB
0 )[0].

We can now expand the molecular dipole moment~in the
ground and excited states! aroundQ0:

Mg~Q!5Mg~Q
0!1~]Mg /]Q!Q0~Q2Q0!1•••, ~19!

Me~Q!5Me~Q
0!1~]Me /]Q!Q0~Q2Q0!1•••. ~20!

If the hypothesis of electrical harmonicity holds in the range
of reasonableQ values, Eqs.~19! and ~20! can be truncated
after the first two terms, and we can drop the indexQ0 in the
derivatives of the dipole. Making use of Eqs.~12! and ~13!,
we can also write

]Mg/]Q5] f /]QmCT[2]Me /]Q. ~21!

Since, following the definition ofQ0, Mg(Q
0)5Me(Q

0),
combining Eqs.~19!, ~20!, and~21! we obtain

DMeg~Qg
eq!5Me~Qg

eq!2Mg~Qg
eq!

52~] f /]Q!mCT~Q
02Qg

eq!52~]Mg /]Q!DQ0g,

~22!

or, using the symbols which appear in Eq.~10!,

DMeg~Qg
eq!52~]m/]Q!DQ0g. ~228!

Inserting this expression into Eq.~7!, one obtains

be512~]m/]Q!~DQ0guMgeu2!/Eg
2 , ~23!

which coincides with the expression forb r @Eq. ~10!# pro-
vided that 2DQ0g5DQeg. A more detailed discussion on
this coincidence is reported in the next paragraph.

A first look at Eq.~23! immediately shows an extremely
important result, namely that the ingredients which deter-
minebe are the same as those which determineb r . This is a

consequence of the fact that the extent of charge transfer in
the electronic structure of the molecule can be modulated
both by direct excitation of the electrons and by nuclear dis-
placements along theQ direction. In the model this property
is reflected by the dependence off from the parameterQ.

IV. DISCUSSION

According to the result presented above, in all the cases
where the physical situation is well described in terms of a
two state model based on VB and CT canonical wave func-
tion, b r is certainly a meaningful projection~in the vibra-
tional space! of the electronic hyperpolarizability.

A comparison between Eqs.~23! and ~10! shows that the
similarity observed betweenb r andbe can be justified in an
analytical form. It is also evident that this similarity can be
observed only for a specific class of compounds whose elec-
tronic structure can be modulated by nuclear displacements.
This is evident looking at Eq.~11!, which states that the
same state of polarization described byMe (Qg

eq) can be
reached by electronic excitation across the gap as well as by
vibrational excitation (DQeg! in the ground state provided
that DQeg is exactly the path of geometry variation which
describes the transition between the two minima structures of
the ground and of the excited state.

From the discussion above it is concluded that the coin-
cidence between experimentalb r andbe in organic conju-
gated materials is certainly not fortuitous; the measure of
b r can then be proposed as a reliable tool for the character-
ization of the NLO response of organic compounds in all
those cases for which the direct measure of the electronic
observable (be) is difficult or questionable.

To have an idea of the limits of applicability of the vibra-
tional method for the study of NLO responses, we can use
the model discussed in Sec. II. Within this model it is pos-
sible to obtain in an analytical way a relationship which
shows thatb r can be, at best,be/2; this happens when the
equilibrium geometry displacement between ground and ex-
cited states (DQeg) is exactly DQ0g. Indeed, equating to
zero the derivative of the electronic energyEe with respect
to Q one obtains an implicit expression for the equilibrium
geometryQc

eq. Keeping in mind Eqs.~5! and ~6! the defini-
tion of the energy gap given in Eq.~17! one can write

Qe
eq@~QCT

0 2QVB
0 !V0#@k~QCT

0 2QVB
0 !212Eg~Qe

eq#.
~24!

SinceQ05V0/@k(QCT
0 2QVB

0 # @from Eq.~18!, where the ori-
gin is chosen as 05 1

2 (QCT
0 1QVB

0 )] one can immediately see
from Eq. ~24! that Qe

eq coincides withQ0 coincides with
Q0 only if Eg(Qe

eq)>0. SinceEg is by definition @see Eq.
~17!# a positive quantity, Eq.~24! states that the inequality
Qe
eq,Q0 always holds. A particular case where an exact cor-

respondence betweenQ0 andQe
eq is realized, can be found

when the minimum energies of the two canonical forms are
equal, i.e.,V050 @see Eqs.~5! and ~6!#.

In this case we obtain the following.
~a! Q050 @see Eq.~18!#: Q0 coincides with the mean

value between the optimum geometry relative tocVB and
that relative tocCT.
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~b! If we evaluate the derivatives of the potential energy
of the excited and of the ground state,

]Ee /]Q5kQ1 1
2k

2~QCT
0 2QVB

0 !2@k2~QCT
0 2QVB

0 !2Q2

14t2#1/2Q, ~25!

]Eg /]Q5kQ2 1
2k

2~QCT
0 2QVB

0 !2@k2~QCT
0 2QVB

0 !2Q2

14t2#1/2Q, ~26!

we see thatQ505Q0 is a stationary point both for the
ground and for the excited state. In the excited stateQ0 is
always a minimum, since the second derivative ofEe with
respect toQ is always positive inQ50. In the case of the
ground state we can have either a minimum or a maximum
according to the inequalities

CaseA ~minimum!:]2Eg /]Q
2] 0.0⇒t. 1

4k~QCT
0 2QVB

0 !2,

CaseB ~maximum!:]2Eg /]Q
2] 0,0⇒t, 1

4k~QCT
0 2QVB

0 !2.

The two cases are represented in Fig. 2. In caseA @Fig. 2~a!#
the minima of the ground and the excited states are both
found atQ0 ~undimerized, cyaninelike structure!: it follows

that DMeg (Qg
eq)[DMeg(Q0)[0, i.e., be50, but also

b r50 sinceDQge50. This is a limiting but trivial case.
In caseB @Fig. 2~b!#, DQgeÞ0 andDQg05DQge: this

implies be5b r . The occurrence of two minima in the
ground state, symmetric with respect to the equilibrium ge-
ometry of the excited state, would imply the occurrence of
two, equally stable, molecular structures whoseb is equal in
value but opposite in sign. The result would then be a van-
ishing value of the macroscopic observable (x2): i.e., cases
A andB are in practice indistinguishable.

In general the limiting degenerate case (V050) discussed
above is not to be expected because asymmetric end groups
of push-pull polyenes tend to stabilize one of the two canoni-
cal electronic structures; this impliesV0Þ0. The degenerate
limiting case corresponds to a cyanine structure only recently
obtained in the case of asymmetric push-pull compounds.17

These compounds are very interesting for the study of sol-
vent effects in NLO response and show promising and large
negative-g values.

The more general case with nonvanishingV0 is the case
of interest. According to the discussion above we predict
b rÞ0 with ub r u,ubeu2.

On the contrary, the examination of the results reported in
Table I shows that the agreement is always much better.
Indeed, both the experimental and the theoretical data re-
ported indicate that the projection ofbe on the vibrational
space is in many cases larger than one-half of its value.

This contradictory result can be acribed to two different
sources of error. On one hand it must be remembered that the
NLO measurements are generally affected by large experi-
mental errors and also the quantum chemical ‘‘ab initio’’
values suffer from severe limitations due to basis set restric-
tions and computational approximations. On the other hand,
the model presented is certainly too simple: in particular it is
important to remind that the effect of structure modulation is
contained only in the quadratic dependence ofEVB and
ECT from the normal coordinateQ @Eqs. ~5! and ~6!#. The
interaction integral is instead fixed to a constant value, inde-
pendent fromQ. This is certainly an oversimplification since
the explicit introduction of the electron-phonon interaction in
the Hamiltonian would lead to aQ dependence~at least lin-
ear! of the t integral. In this case it is no longer possible to
write to minimum geometry of the excited state in the form
of Eq. ~24!. Moreover, it is known~18!, at least in the case of
polyenes, that an explicit introduction of vibronic coupling
between ground and excited state will produce an appre-
ciable change in the minimum structure of the excited state.

Finally, another possible weakness in our treatment arises
from the hypothesis that electrical harmonicity@Eqs. ~19!
and ~20!# holds in the range ofQ values considered.

IndeedDQeg ~and DQ0g) certainly exceeds the values
typical of the ‘‘small oscillations’’ hypothesis, generally as-
sumed to justify electrical and mechanical harmonicity in the
classical treatment of vibrational dynamics and intensities.

These observations seem to suggest that our model might
be improved to obtain a more quantitative justification of the
observed coincidence betweenb r andbe.

V. CONCLUSIONS

In this paper a very simple two-state model is presented
for the explanation of the observed similarity between vibra-

FIG. 2. Intramolecular potential wells (Eg andEe) relative to
the two relevant electronic states of a push-pull polyene in the de-
generate case withV050. Case~a! t51 eV. Case~b! t50.1 eV. All
other parameters are fixed at the same values used in the plots of
Fig. 1.
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tional and electronicb values measured for a series of or-
ganic polyconjugated compounds. The model establishes in
an analytical way that the observed correspondence is not
casual, but that the relevant factors which determine the re-
sponse of the electrons (be) are the same which determine
its vibrational counterpart (b r). This is made possible by the
existence of a preferential structural parameter which modu-
lates the electronic structure of the molecule, i.e., by the
existence of an important mechanism of electron-phonon
coupling which determines the physical behavior of such
compounds.

The use of vibrational spectroscopy as an alternative~or

complementary! tool with respect to direct optical measure-
ments of the first molecular hyperpolarizability is then justi-
fied. Further work is in progress for the discussion of the
correspondence between vibrational and electronic second
hyperpolarizabilities.
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