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C. Castiglioni, M. Del Zoppo, and G. Zerbi
Dipartimento di Chimica Industriale e Ingegneria Chimica, Politecnico di Milano, P. L. da Vinci 32, 20133 Milano, ltaly
(Received 26 July 1995; revised manuscript received 7 March)1996

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 hyperpolarizabifty gbtained with traditional experimental
or theoretical methods and the vibratiortat relaxation contribution (8") 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 Ramanintensities. Here we prove that in the case of polyconjugated molecules, the analytic
expressions of3¢ and 8" are functions of the same physical parameters. This implies@hand 8" provide
a measure of the same physical property.

I. INTRODUCTION oped to treat in an analytic and compact way the vibrational
problem of conjugated organic systems. This method offers a
In the past ten years, under the driving force of the in-unified point of view for the interpretation of the vibrational
creasing interest in photonics and optoelectronics applicaspectra(both in frequencies and band intensijied many
tions, many polyconjugated materials with large nonlineardifferent classes of polyconjugated oligomers and polymers.
optical (NLO) response have been synthetiZetllt is a Infrared and Raman frequencies and intensities are also
known fact that the vibrational spectfiafrared and Raman the ingredients which determine the vibratioral relax-
of these compounds show common peculiar characteristication) contributions to molecular hyperpolarizabilities. Using
which can be ascribed to the presence of highly mobile ané simple semiclassical model, we have shown, in the hypoth-
polarizable conjugatedr electrons strongly coupled with esis of doublg§mechanical and electrigaharmonic approxi-
particular nuclear displacements in the vibrational space. Thanation, that the vibrational hyperpolarizabilitieg'( and
above observation forms the basis of a method known ag') can be obtained with the following expressions, in the
effective conjugation coordinatiofECC) theory*® devel-  limit of static applied electric fields:
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were v, are harmonic vibrational frequenciety,/dQ, the  ties have been derived in the past by Flytz3flisand
derivatives of the molecular dipole moment with respect toBishop® on the basis of a completely independent and fully
the normal coordinat®y, da,n/dQy the derivatives of the quantum treatment in the frame of perturbation theory: these
molecular polarizability tensor, and@8,m/9Qy the deriva-  expressions reduce to those given in Edg.and (2) if the
tives of the molecular first hyperpolarizability. As already anharmonic terms are neglected.

discussed in Refs. 7 and 8, the first four terms of &), In previous works;#1%through Eqs(1) and (2) using
which contain hyper-Raman contributions, can be neglectedxperimental spectroscopic data, we have measgteahd
in a number of cases. " for a variety of organic compounds known for their large

Expressions for vibrational molecular hyperpolarizabili- NLO response. The molecules examined belong to different
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chemical classes and were sythesized on the basis of diffea purely nucleafvibrationa) contribution also becomes ar-
ent synthetic strategies aimed at optimizing the NLO redificial. As a result we expect that the two quantitjgereaf-
sponses. Among the compounds with lagyealues we have ter referred to ag'(y") and 8%(®)], which were defined in
measured push-pull polyenes with different end groups anéhe hypothesis of a complete separation, are no longer inde-
chain length®'! aromatic push-pull systems such aspendent. As a consequence it may happen, in some limiting
p-nitroaniline® octupolar compounds such as triamino- cases, that the two quantities coincide.

trinitro-benzeng(TATB), and crystal violeB'° As to com- In what follows we present a simplified model which es-
pounds with largey, we have measured and studied apolartablishes in an analytic form a relation betweghand 8'.
and polar polyene systems and oligothiophelfes. This model proves that the observed similarity betwg@én

The values of3" and y" which we have obtained were and 8" is not casual, but is a consequence of the peculiar
compared with their purely electronic counterp@t and  physics of the systems studied. It will be shown below that

¥8. This study has been made following two completely in-these relevant physical characteristics can be modeled in
dependent routes: terms of very few parameters. Moreover, it can be clearly

(i) We have calculated theoreticab initio infrared and ~ seen that the key feature of the model is the occurrence of
Raman spectra. With these data, using Egjsand(2), we  one relevant structural parametstrongly coupled with the
have evaluated theoretical (0;0,0 andy'(0;0,0,0. The vi-  €lectronic structure of the molecule.
brational hyperpolarizabilities obtained have been compared
with 8%(0;0,0 and ¥%(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 The model we present here describes the case of push-pull
limit of static applied field: indeed, during the calculation, polyenes, a particular class of compounds of great interest
nuclei are not allowed to relax under the action of the exterfor their large,,,values(wherez is in the direction of the
nal static field. charge-transfer axisFor this reason, in the model discussed

(i) Infrared and Raman absolute intensities of the samplesnly one relevant component of tietensor is considered to
have been measured, and experimegtahnd y* have been be nonvanishing; therefore all equations are in the scalar
evaluated with Egs(1) and (2). These values have been form.
compared with experimentg@l® and y€ reported in the litera- From the viewpoint of the vibrational spectra, push-pull
ture. Values of¢ are usually obtained from electric-field- polyenes show very simple Raman spectra, with a typical
induced second-harmonic generati@FISH) experiments pattern common to all polyene systems. The Raman spectra
or from hyper-Rayleigh harmonic light scatterin&lLS) consists of few strong lines due to vibrational modes which
measurements; values of® are obtained from third- involve the stretching of the conjugated CC bonds of the
Harmonic generatiofTHG) experiments. polyenic chain'! These modes are described by the ECC

Notice that all experimenta8® values obtained by EFISH theory*® as an oscillation of the dimerization amplitude of
or HLS are commonly assumed to be purely electronic irthe polyenic chain dynamically coupled with other vibra-
origin, since they are obtained by probing the samples witlional coordinates, e.g., CH waggingbe dimerization am-
lasers in the visible or in the near infrared. From these explitude oscillation is exactly a vibration along the so-called
perimental determinations it is also possible to extrapolateffective conjugation coordinate?, defined as the in phase
the static valuess®(0;0,0 with a simple two-state model stretching of allC=C bonds and a simultaneous shrinking
which allows us to take into account dispersion effects.of all C—C single bonds of the chainlt has been shown
These extrapolated values are the quantities which we conthat, in polyene systenfs, the extremely large Raman cross
pare (when availablg with our vibrational 8'. It is more  sections of the few observed Raman bands can be justified
difficult to obtain a static limit value for®, since the simple by the presence in the normal modes of a large contribution
two-state model is inadequate for the description of the proby the oscillation in the72 direction; this oscillation is re-
cesses involved. However, the¢ values(free from multi-  sponsible for a large redistribution of theelectrons conju-
photon resonancgsbtained with laser at 1;8m are usually gated along the chaifi.e., largeda/d.72). In the case of
considered as good approximations 65i0;0,0,0. push-pull compounds the occurrence of different end groups

All the comparisons we have carried out accordingijo (electron donor and electron acceptpolarizes the delocal-
and (ii) show a surprisingly close similaritgin trends and ized 7 electrons. The lowering of the symmetry also makes
also in absolute valugdetween vibrational and electronic the relevant Raman normal modes strongly active in the in-
hyperpolarizabilities. In Table | some selected examples arfrared. It has been shown that the presence of modes with
shown. The striking similarity between data which are duejarge.7 content(% modes) simultaneously very intense in
at least in principle, to two independent and different pro-the Raman and in the infrareds responsible for the large
cessegnuclear relaxations and electronic excitatipssg- 3" values of push-pull polyends!
gests that a physical reason for this behavior must exist. Since the value of8" is essentially determined by the

In previous papefs:®we have suggested that the origin of contribution to the normal modes by th& oscillation! in
the largeB" and y" values of the systems studied has to beour simplified model we will consideonly onevibrational
traced to the strong electron-phonon coupling which is a perormal mode Q), exactly coincident with the dimerization
culiar characteristic of these molecules. It follows that, sinceamplitude oscillation, i.e.Q=.72. In treating the electrons,
in the presence of large electron-phonon coupling a completere make use of the simple model recently proposed by Lu
separation between nuclear and electronic motions becomes al,'*® developed for the study of the hyperpolarizabilities
guestionable, the separation between a purely electronic arat push-pull polyenes and solvent effe?:?é? The model of

Il. MODEL



53 MOLECULAR FIRST HYPERPOLARIZABILITY OF PUSH-PULL ... 13321

TABLE I. Comparison betweeg andg" values for some selected organic molecules obtained both theorefiihyab initio 3—21-G
basis setand experimentally3 values are in units of 10°° esu.

molecule BL(3-21QG B*(3-21 G B (exp B* (exp

H\ /O
I y N 10.67 9.55 5.3 10
(o]
" I
o \o 28.24 30.96 24
o M 8.27 11.08

H—N N—O
N/
HO
CHS\N/GHS
v 50 46°
C‘
o, CH,
| I
CH, o CH,
n=1 11.6 10.2 10.2 38
H
v MeS n=3
w° 34.7 32.0 34.6 398
MeO
50.9 42,7
n=4
8 rom EFISH experiments, Ref. 1.
b
Byyy-
°From HLS experiments: Ref. 13.
9From EFISH experiments: Ref. 12.
Lu et al. starts from the observation that the first hyperpolar- Evg -t
izability of these systems is well described by a perturbative H= t B’
- cT

development which considers only two relevant electronic

states: the ground state and only one excited state. These tW@ere Evg=(¥ve/H|¥ vs), Ecr=(¥crlH[¥cr), and
states are obtained by a suitable linear combination of nNQ:<q,VB|H|q, o). ’ '

wave functions representing two ideal electronic configura- |, general, if one introduces a parameferwhich de-

tions of the moleculécanonical structurgsThe basis func- scribes the amount of charge transferight of W <1 in the
tions areVygz, which corresponds to an ideal apolar, poly- ground state, it is possible to write

enelike structure, an¥ -1, corresponding to a zwitterionic

structure where one electron is comple_tely transferred from \I,g:(l_f)lIZ\I,VB_’_flIZ\I,CT, 3)
the donor to the acceptor group. Notice that the nuclear

structures(geometries which correspond to these ideal ca- and, using the orthogonality relationship betwekg and
nonical forms are two chains both with alternated single andpg,

double bonds; the difference between the two structures is

represented by the phase of the bond alternation which is Y=Y 50— (1) V2P . (4
completely reversed in going from the polyenic to the zwit-
terionic form. It follows thatf determines the molecular dipole moment in

The ground and excited states of the molecule are repréhe ground and in the excited stafsge Eqs(12) and(13)].
sented by two wave functions which are the linear combinaThe value off depends on the characteristics of the system,
tions of ¥,z and ¥~ obtained from the diagonalization of i.e., the donor and/or acceptor strength and the degree of
the Hamiltonian matrix: dimerization of the conjugated chain.
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parameters, V°, k, Q) , andQ2; has been made according
to the data reported in Ref. (6. The form of the two po-
tential wells €4 andE¢) depends strongly on the choice of
the parameters and V° which characterize the molecule.

Ill. CORRESPONDENCE BETWEEN g" AND g¢

We now have all the ingredients necessary to the deriva-
tion of the analytic expressions for bofti and 3¢ according
to our simplified model. The well-known two-state expres-
sion for B¢ is given by*

) <" o3
04 Q. Q° Q (A) Beza(AMe‘9|Mge|2)/E§. (7

From Eq.(2), the diagonal component of th& tensor is
FIG. 1. Intramolecular potential wellsEg and E,) relative to  given by
the two relevant electronic states of a push-pull polydhg, and
Ecr (thin lines are the harmonic potentials relative to the two ca- Brz3/(4w2vé)(0a/&Q)(&M/&Q). (8

nonical “ideal” structures(see text The plots are obtained with ) ) ) )
the following parametersk=33.55 eV/R, Q%gz=-0.12 A, Itis possible to write the Raman teraw/JQ in terms of

Q%,=0.12 A V=1 eV, andt=1 eV. electronic observables by making use of Ting’s formaliSm,
restricted to the case of a two-state model:
It is then possible to modulate the value fofeither by
changing the end groups or the degree of bond alternation Jal9Q=(87*v)(AQeYMI4?)/E2. 9
(the BOA parameter in the treatment of Ref).118 we recall
that a change in BOA corresponds to moving the nucle
along the.72 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

Expressions similar to Eq9) have already been used by
YYaron and Silbe¥f to discuss the role of the vibrational con-
tribution to the second-order hyperpolarizability of normal
atrans-polyenes. Inserting Ed9) into Eq. (8), we obtain

polyenic structure {=0) to a zwitterionic one f(=1), the r_ A0 M9¢2)/E2 1
bond alternation continuously changes from foAmto C, B'=6(0ul9Q)(AQ el g (10
going through the undimerized, cyaninelike structBre A comparison between E@10) and(7) indicates tha{g® is

PN st " equal tog" if the equation

Die i i, 80 D ®]
: n ST, SNONSTN, AM®= (941 9Q)(AQ®9) (11)
"
A B c is satisfied.

The nuclear structures in the ground and excited states !N other wordss' isea good approximation o8°, if the
(described by the equilibrium value of) are those which duantity[(9u/dQ)(AQ*9)] is a good approximation of the

correspond to the minima of the potential curves relative t¢hange of the molecule dipole moment in going from the
¥, and ¥,. From the diagonalization of the Hamiltonian ground to the electronic excited state. Notice that in the ex-

two potential curve§Ey(Q) andE4(Q)] which depend para- pression forg® [Eq. (7)] the.variation of the molecular dipole
metrically on theQ coordinate are obtained. The minima moment between the excited and ground states corresponds

ng and Q2 determine the exact percentage of the chargelo thedirect transition, without relaxation of the nuclei in the

; . eg_ eq el
transfer character in the groufdi(Qg)] and excited states excited state: i.eAM Mo(QgY) —Mo(QF). .
[1—f(QEY] in their respective equilibrium geometries. Using expressiong}) and(5) for the electronic wavefunc-

Following Ref. 13, we describe the dependenceEgg tion, we can write

and Ect from Q in a harmonic form, with an equal force M=fpu (12)
constantk: g FcT

Eve=3k(Q—Q¥), (5) Me=(1=Duer. 13

where uct is the dipole moment associated withr,

ECT:%k(Q_QgT)+VO' 6) per=(¥ crM[¥cr).

QSB and Q(():T represent the equilibrium geometry of the two As previously discussed, the valuefomay be modulated

ideal canonical structures, a? the energy difference be- PY Chang_inq the BOA parameter, i.e., by moving the nuclei
tween the two canonical structure in their respective equilib&0NgQ(=.7). Thus a special point exists along tQeaxis

rium nuclear configurations. (which we indicate ag®), where the value of is such that
In Fig. 1 are reported the plots of the two “ideal” poten- My=M,. QP obviously corresponds to the choice= 3.
tial wells Eyg andEcr, and the “real” potential wells g [see Eqs(12) and(13)].
andE.) which result from the interaction betwedn, g and Another feature oR? is that it represents a chain configu-
V¥ -7 through the ternt of the Hamiltonian: the choice of the ration where the energies associated with the two canonical
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forms are identical, i.e.Eyg(Q°%) =E «1(Q°. This can be
easily proven by calculating the energy ga

Egaf Q°) = Ee(Q°) — E4(Q%) =(We(Q%)|H|¥(Q%)

—(V4(Q[H|T4(Q%)=2t, 14

whereV ¢(Q°) and¥ ,(Q°) are the eigenfunction of Eqé3)
and (4) with f=3.
Since the general forms fd, andEg are

Ee=3(Eva+Ecr) +3[(Ecr—Evg)?+4t4]¥2 (15
Eg=3(Evg+Ecr) — 3[(Ecr—Evg)?+4t2]"%  (16)

we also obtain
Ega=[(Ecr—Eyg)®+4t?]"2 17
By equating Egs. (14 and (17), we obtain

Evs(Q%) =Ecr(QY. [In Fig. 1, Q° is exactly the intersec-
tion between the two parabol&s,g(Q) andE-(Q).]

From Eq.(17), recalling Egs(5) and(6), it is possible to
obtain the explicit expression f@°:

QO =VU[k(QL— QY1+ 3(Q2+Q%%), (18

13323

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 th@ direction. In the model this property

is reflected by the dependencefofrom the paramete®.

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" is certainly a meaningful projectiofin the vibra-
tional spacg of the electronic hyperpolarizability.

A comparison between Eq&3) and (10) shows that the
similarity observed betwee" and 8¢ 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 by, (Qg) can be
reached by electronic excitation across the gap as well as by
vibrational excitation AQ*®9 in the ground state provided
that AQ®Y is exactly the path of geometry variation which
describes the transition between the two minima structures of

which reduces to the first term with a proper choice of theyne ground and of the excited state.
origin of theQ axis: that is, as the mean position between the  From the discussion above it is concluded that the coin-

two limiting ideal structures J(Q%;+ Q%) =0].
We can now expand the molecular dipole mom@mthe
ground and excited statearoundQ®:

Mg(Q)=Mg(Q%+(dM¢/dQ)qo(Q—Q%)+---, (19
Me(Q)=Me(Q%) + (M e/dQ)qo(Q— Q%)+ --. (20)

cidence between experiment@l and 8¢ in organic conju-
gated materials is certainly not fortuitous; the measure of
B' 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 g°) is difficult or questionable.

To have an idea of the limits of applicability of the vibra-

If the hypothesis of electrical harmonicity holds in the rangetional method for the study of NLO responses, we can use

of reasonabl& values, Eqs(19) and(20) can be truncated
after the first two terms, and we can drop the in@¥xin the
derivatives of the dipole. Making use of Eq42) and (13),
we can also write

IMgl9Q=0f1IQucr=— M/ dQ. (21)

Since, following the definition 0RQ°%, M4(Q% =M4(Q?),
combining Egs(19), (20), and(21) we obtain

AM®9(QgH=M(Qg) —M4(QgH
=2(3f/0Q) uer(Q°— QgH=2(dMy/dQ)AQ,

(22)
or, using the symbols which appear in Eg0),
AM®YQgH=2(dul9Q)AQ. (22)
Inserting this expression into E7), one obtains
B°=12(dpul 9Q)(AQ%|M9?)/EZ, (23)

which coincides with the expression f@ [Eq. (10)] pro-

the model discussed in Sec. Il. Within this model it is pos-
sible to obtain in an analytical way a relationship which
shows that3" can be, at bes{3®/2; this happens when the
equilibrium geometry displacement between ground and ex-
cited states £Q®9) is exactly AQ. Indeed, equating to
zero the derivative of the electronic energy with respect

to Q one obtains an implicit expression for the equilibrium
geometryQS% Keeping in mind Eqs(5) and (6) the defini-
tion of the energy gap given in EqL7) one can write

QT (Q21— Q) Vol k(Q2r— QUg) 2+ 2E4( QLY. o

SinceQ®=Vy/[k(Q2;— QYs] [from Eq.(18), where the ori-
gin is chosen as 9 (Q2,+QY)] one can immediately see
from Eq. (24) that QS coincides withQ® coincides with

Q% only if E4(Qg)=0. SinceE, is by definition[see Eq.
(17)] a positive quantity, Eq(24) states that the inequality
Q%% QY always holds. A particular case where an exact cor-
respondence betwee®® and QS is realized, can be found
when the minimum energies of the two canonical forms are

vided that 2Q%=AQ®% A more detailed discussion on equal, i.e.Vo=0 [see Egs(5) and(6)].

this coincidence is reported in the next paragraph.

A first look at Eq.(23) immediately shows an extremely

In this case we obtain the following.
(@ Q=0 [see Eq.(18)]: Q° coincides with the mean

important result, namely that the ingredients which detervalue between the optimum geometry relativeigs and

mine B¢ are the same as those which determ@ieThis is a

that relative toycr.



13324 C. CASTIGLIONI, M. Del ZOPPO, AND G. ZERBI 53

a that AM®? (Qg)=AM®¥Q°%)=0, ie., =0, but also
B'=0 sinceAQY%=0. This is a limiting but trivial case.

In caseB [Fig. 2(b)], AQ9+#0 and AQ%=AQ?: this
implies B®=pB". 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 wh@sis equal in
value but opposite in sign. The result would then be a van-
ishing value of the macroscopic observabj€)( i.e., cases
A andB are in practice indistinguishable.

In general the limiting degenerate cad®€0) 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 impli@€+ 0. The degenerate
___/0-4/ 04 QA limiting case corresponds to a cyanine structure only recently

obtained in the case of asymmetric push-pull compodhds.
b These compounds are very interesting for the study of sol-
vent effects in NLO response and show promising and large
negativey values.
The more general case with nonvanishMyis the case
of interest. According to the discussion above we predict
B'+0 with | 8'|<|8¢|2.
On the contrary, the examination of the results reported in
Table | shows that the agreement is always much better.
Indeed, both the experimental and the theoretical data re-
ported indicate that the projection @ on the vibrational
space is in many cases larger than one-half of its value.
This contradictory result can be acribed to two different
~0.4 -0.2 02 04 "o 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 chemicab ‘“initio”

FIG. 2. Intramolecular potential wellsE and E,) relative to  values suffer from severe limitations due to basis set restric-
the two relevant electronic states of a push-pull polyene in the detions and computational approximations. On the other hand,
generate case witi’=0. Casda) t=1 eV. Casdb) t=0.1eV. Al  the model presented is certainly too simple: in particular it is
other parameters are fixed at the same values used in the plots phportant to remind that the effect of structure modulation is
Fig. 1. contained only in the quadratic dependenceEjf; and

Ect from the normal coordinat® [Egs. (5) and (6)]. The
(b) If we evaluate the derivatives of the potential energyinteraction integral is instead fixed to a constant value, inde-

of the excited and of the ground state, pendent fronQ. This is certainly an oversimplification since
the explicit introduction of the electron-phonon interaction in
IEe/9Q=KQ+ 3kA(Q2r— QUp) I k*(Qer— Q¥p)?Q? the Hamiltonian would lead to @ dependencéat least lin-
L a2]ieg (25) eap of thet integral. In this case it is no longer possible to
' write to minimum geometry of the excited state in the form
3 L0200 0 2012, ~0 0 ‘22 of Eq. (24). Moreover, it is knowr(18), at least in the case of

9E4/9Q=kQ—7k“(Qcr—Qup) Tk (Qcr—Qus)Q polyenes, that an explicit introduction of vibronic coupling

+42]42Q, (26) between ground and excited state will produce an appre-

ciable change in the minimum structure of the excited state.
we see thatQ=0=QC is a stationary point both for the Finally, another possible weakness in our treatment arises
ground and for the excited state. In the excited s@feis  from the hypothesis that electrical harmonic[tzgs. (19)
always a minimum, since the second derivativeEgfwith ~ and(20)] holds in the range o values considered.
respect toQ is always positive iQ=0. In the case of the  IndeedAQ®? (and AQ) certainly exceeds the values

ground state we can have either a minimum or a maximuntypical of the “small oscillations™ hypothesis, generally as-

according to the inequalities sumed to justify electrical and mechanical harmonicity in the
classical treatment of vibrational dynamics and intensities.

Case A (minimum):azEg/ﬁQ2]0>0:>t>%k(QgT_ Q%) These observations seem to suggest that our model might

be improved to obtain a more quantitative justification of the

: 2 2 11,0 o .,  Observed coincidence betwegh and B°.

Case B (maximum:d°Ey/dQ%] g<0=1t<7kK(Qc1— Qyp)*.

The two cases are represented in Fig. 2. In dafEig. 2(a)] V. CONCLUSIONS

the minima of the ground and the excited states are both In this paper a very simple two-state model is presented

found atQ® (undimerized, cyaninelike structyret follows  for the explanation of the observed similarity between vibra-
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tional and electronig8 values measured for a series of or- complementarytool with respect to direct optical measure-

ganic polyconjugated compounds. The model establishes iments of the first molecular hyperpolarizability is then justi-

an analytical way that the observed correspondence is ndied. Further work is in progress for the discussion of the

casual, but that the relevant factors which determine the recorrespondence between vibrational and electronic second

sponse of the electronsf) are the same which determine hyperpolarizabilities.

its vibrational counterpartg’). This is made possible by the

existence of a preferential structural parameter which modu-

Iat_es the electronic structure of theT molecule, i.e., by the ACKNOWLEDGMENTS
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