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The (hyper)polarizabilities obtained from the two valence bond state model including nonequilibrium solvation
are compared to experiment. Specifically, the values,&f,{0) anduy5,-{0) in different solvents calculated

from the model are compared to experimental measurements for severalpulisholyene molecules in a

range of solvents. The model calculations are in qualitative agreement with the experimental results, but
quantitatively the results are mixed. Implications for the two valence bond state model are discussed.

I. Introduction Paper | presented calculations of the static (zero frequency)

Push-pull polyenes-organic molecules consisting of electron  Polarizabilitiesaz40), :2{0), andy.z{0) for several push
donor and acceptor groups connected by a conjugated carborPull polyene molecules as a function of solvent dielectric

chain—have attracted a great deal of interest because of theironstant. The purpose of the present paper is to compare the
nonlinear optical propertiés® In a recent paper (hereafter predictions of the two VB state model including nonequilibrium

referred to as Paper ), three of us have generalized the two solvation with experimental measurements of the polarizabilities.

valence bond (VB) state mode? frequently used to describe Specifically, we compare the results from the model to those

the nonlinear optical properties of these molecules to include qbt"igned from electric field induced second harmonic genera-
the effects of nonequilibrium solvation. (Other approaches may tion™ (EFISH) meag,urem(;:lnts Qfgfzz{0) and ellipsometry
be found in refs 1814.) The model consists of neutral and Mmeéasurementd of ug%a;40).2* Hereug, a,40), andf3;»{0) are
zwitterionic VB states-the zwitterionic form is obtained from

the adiabatic ground-state dipole moment, and the first- and
the neutral by electron transfer from the donor group to the S€cond-order static polarizabilities, respectively.

acceptor groupthat are mixed to obtain the ground and excited _ 1€ organization of the remainder of this paper is as follows.
electronic states. The VB states also differ in the spatial ordering Th€ €xperimental procedures for measuringa.40) and
of the single and double bonds in the intervening conjugated #a8z240) are described in section 1. A brief summary of the
chain, which can be described by a bond length alternation "€levant features and equations of the two VB state models as
(BLA) coordinate?~1° In the development of the model in Paper developed in Paper | is given in section IIl. The predictions of_
I, Thompson et al. explicitly considered two degrees of the model are compared to experimental measurements in
freedom: the BLA coordinate and a solvent coordinate. Equi- S€ction IV for four push-pull polyene molecules, and the results
librium solvation of the ground electronic state was assumed; &€ discussed. Concluding remarks are given in section V.
however, when the molecule is promoted to the first excited ) .
state, this FranckCondon transition yields the solvent out of - Experimental Section
equilibrium with the excited-state charge distribution. Since  The push-pull polyenic molecules investigated in the present
nonlinear optical properties involve Frane€ondon transition work (see Scheme 1) were prepared by a Knoevenagel
energy gaps, this requires the consideration of nonequilibrium condensatio#t of an activated methylene derivative with an
solvation. aldehyde precursor according to the synthetic methodology
In solution, the zwitterionic state is preferentially stabilized described in ref 23. After column Chromatography on silica ge|
by the solvent relative to the neutral state. The electronic followed by recrystallization, pure compounds were obtained
character of the e|ect|’0nica”y adiabatic grOUnd and excited as assessed by NMR, e|ementary ana|yses' and mass %ectra.
states, obtained from miXing the neutral and zwitterionic VB Electronic absorption spectra were recorded atr@Owith a
states, thereby changes with the solvent polarity. In this way, Beckmann DU 600 spectrophotometer. Solvatochromism was
the solvent polarity can significantly affect the nonlinear optical studied using analytical grade solvents. The nonlinear optical
properties of these molecules. One would accordingly like to properties of each pus-rpu” Compound were investigated ina
be able to prediCt for agiven molecule which solveahd more series of solvents of different p0|arity (i.e., GCltoluene,
generally which environmeHt-will give the largest hyperpo-  dioxane, tetrahydrofurane, CHCand dimethylformamide). We

larizability. have determined the produgigs,.{0) by using the electric field
— induced second harmonic (EFISH) generation experirfiant.
T University of Colorado. . . . .
*Ecole Normale Supeeure. this technique, the solution centrosymmetry is broken by a dc
8 Institut de Physique et Chimie des Migeix de Strasbourg. electric field, which partially aligns the pustpull molecules.
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SCHEME 1 ment according to the two-level model:
(Ay 2 _ A 2)
oN 0d0) = =570 o) (2.3)
2[n] . . .
=4 /1 CN lIl. Theoretical Considerations
' —

In this section, we briefly summarize the key features of the
two VB state model including the effects of nonequilibrium
solvation. The reader is referred to Pap€rfor the complete

BugN © S details of the theoretical treatment.
3] The two VB state model for pustpull polyene molecules
= W considers neutral (N) and zwitterionic (Z) states. The neutral
n—1
O

state actually consists of small charge€y, on the electron
donor and acceptor groups to account for a small but finite

Bu;N CN dipole momenf® In the zwitterionic state, the corresponding
chargestQg, are significantly larger. The electronically adia-
P 4{n] batic ground and excited states are obtained as a mixture of the
CN R . )
n—1 neutral and zwitterionic configurations. Thus, the ground-state

wavefunction is given by

Wy=cynt+ 3.1
5[n]
whereyy and yz are the neutral and zwitterionic electronic
wave functions and
The second harmonic interference fringes were recorded, for 1= MIX 22
solutions of increasing concentration, by using the wedge cell Cn= 2 (3.2)
technique at the fundamental wavelengtis 1907 nn?8 From
these measurements, we have derived the valuggfefow), 1+ Mlxeq 112
where (2w) is the component projected along the ground- = 2 (3.3)

state dipole moment of the vector part of fig(2w) tensor?’
To a good approximatiori2w) reduces t@,.{2w) for push-
pull polyenes, and the static componght{0) is related to
pz42w) via the two-level dispersion factor according to

The parameter Ml¥, characterizes the mixture of neutral and
zwitterionic components at equilibrium in the ground state and
thus is a key quantity in the theory. It ranges in value frof
corresponding to a purely neutral ground statet-1g a purely
zwitterionic ground state.
B.A20)  (2.1) The dependence of Ml (and thereby the coefficients
andc;) on the BLA coordinateg, and the solvent coordinate,
where the frequenay/2r corresponds to the optical wavelength s, is explicitly considered. While the definition of the BLA
A and Amax is the wavelength of the maximum of the charge- coordinate depends on the molectleit can generally be
transfer absorption band. We have also determined in thesethought of as the difference in the single and double bond
solvents the productg?a,{0) by using the field induced lengths of the conjugated chain, normalized for the number of
ellipsometric techniqu®® and the EFISH data. The light source bonds? The solvent is described by a nonequilibrium dielectric
was a diode laser operating #t= 785 nm. The variations,  continuum model, and the solvent coordinate describes the slow
induced by a dc electric field, of the transmitted ellipsometric orientational polarization of the solvent (as opposed to the fast
light intensity were recorded for solutions of increasing con- electronic polarization). Both coordinates are considered to be
centration. From these measurements, we have derived theharmonic3#2%-32 The equilibrium values of the coordinates in
values of the sunugda(w') + 2kTf,ugb(w') (where the the ground electronic stateeq and s, are important in
frequencyw'/2t corresponds to the optical wavelength f,, determining the nonlinear optical properties in that they represent
is the local field factor for an optical electric field, aids the the initial conditions in a FranckCondon transition to the
room temperature). The first contribution in this sum arises from excited state. These equilibrium valueggaindsin the ground
the orientational birefringence caused by the linear polarizability state are not, however, the equilibrium values for the excited
anisotropydo(w'), which to a good approximation equals(w") state by the FranckCondon principle; this is the origin of the
for push-pull polyeneg! The second contribution originates  nonequilibrium solvation effects, discussed in some detail in
from the Pockels EO effeét We have evaluated the values of ref 17.
this second term by using the two-level dispersion factor relating ~ The quantity MlXqcharacterizing the electronic structure of

(12 - 4}*max2)(}'2 - }'maxz)
14

B40) =

PzAw") 10 B2{0): the ground state is related to the diabatic g, and the
, ) , electronic coupling between the VB statéshy
A B =2
Bodw') = 3 (1,2 —2 rza: )/Bzzz(o) (2.2) _ Veq
( max) Mlxeq_ - [Veq2 + 4t2]1/2 (34)

Finally, we have derived the values of the produgt,{0) from
that ofug?o.{w") by taking into account the dispersion enhance- The diabatic gap is the difference between the neutral and
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zwitterionic state (free) energies @t= Oeq ands = Sq As
indicated by this equation, Ml andVeq are strongly related

and the relevant quantities in the theory can be expressed in

terms of either variable.

The equilibrium values of MIX an¥ in an arbitrary solvent
of dielectric constar¢ can be expressed in terms of Migand
Veq in a “reference” solvent. The most convenient reference
solvent is that withe = €., for which there is no orientational
polarization. & is the high-frequency, or optical, dielectric
constant.) This choice gives

Ved©) = Ved€n) — A (M) — (g + AIMIX o fe) +

Qz - QN
AMIX . fe.) (3.5)

where 14 and As are the BLA and solvent reorganization
energies’ For a given solvent, eqs 3.4 and 3.5 combine to form
a nonlinear equation which can be iteratively solved to find
MIX e€) andVede).

Thompson et al.

2ucs 2 3/2“c52
0 0)= "5 = (1-MIXH**>  (3.82)
ap
6V 3 3 3 3
B,.{0)= LSCS — “MIX ({1 — MIX . (3.8h)

ap 8t2
where the charge shift dipole momerds = uz — un and the
z-axis is chosen to lie along the dipales We note that, in the
calculation ofugf,,4{0) to compare with experimental measure-
ments, an angle correction factor c@srises, wheré is the
angle between the ground-state and transition dipole moments.
Similarly, in the calculation ofugs?0,{0) to compare with
experimental measurements, an angle correction factor 8 cos
— 1)/2 should be included. However, there is experimental
evidence that these dipoles are almost paréilsh the angle
factor is assumed to be equal to unity h&e.

To summarize, the procedure for calculating the hyperpolar-
izabilities for a given molecule is as follows. The electronic
coupling, t, VB state dipole momentsyy and uz, and the

The relevant parameters entering in the model can be obtaineddiabatic gapVeq in dioxane are obtained from the absorption

from experimental data as follows. The values\, t, un,
anduz in a solvent such as dioxane € 2.209) are derived

from the absorption and electrooptical absorption measure-

ment$2 in low-polarity solvents, as described in ref 8 and 9.
Here uz and un are the dipole moments of the neutral and
zwitterionic states. It is assumed that the electronic coupting,
and the dipole momentsgi; and un are independent of the
solvent!” The ratio Qz + Qn)/(Qz — Qu) is taken to be equal

and electrooptical absorption measurements. (Note that these
guantities are obtained from the experimental data using the
two VB state model.) The-independent factor ifs is obtained

from solvatochromic data as described in detail in Papéy I;

is taken to be 0.966 eWeq(€.) and MIXe{€) are obtained
from the solvatochromic data given the electronic coupling,

as described above. Given this information, eqs 3.4 and 3.5 are
solved self-consistently to find Mlg(e) for a given solute

to the corresponding ratio with the charges replaced by the molecule in a solvent with dielectric constantthe ground-

dipole moments,uz + un)/(uz — un). As described in detail
in Paper |, the unknown factor in the solvent reorganization
energyls can be obtained from solvatochromic data giving the

state dipole momenyg, and the polarizabilitiesy,, and ;.5
are then calculated via eqs 3.7, 3.8a, and 3.8b, respectively.
Paper | showed that the model is capable of reproducing the

absorption energy in different solvents, a procedure that finessesexperimental measurements of the third-order hyperpolarizabil-

any specification of any cavity model for the molecular solute.
The values of MIX and the diabatic gap in the reference solvent,
MIX ef€x) and Veq€w), are obtained from the solvatochromic
data using a linear fit tdEgaf€) Vs (1w — 1le). Egap is the
(free) energy difference between the electronically adiabatic
excited and ground states @y and Sgq,

_ 2 112
Egap= [Veq + 4 (3.6)
In the calculations, we assume that= 2; see Paper | for a
discussion of this approximation. The final model parameter,
the BLA reorganization energly, is more difficult to obtain.
While it was noted in ref 17 that it can be derived from Stokes

shift measurements in low polarity solvents, such experiments
have not yet been carried out. To proceed then, we assume, a

in Paper |, thatlq = 0.966 eV and is the same for all the
molecules; this is théq value calculated by Chen et al. in ref
4.

The relevant dipole moments and hyperpolarizabilities can
be expressed in terms of MEX (or equivalentlyVeg. The

adiabatic ground-state dipole moment is given in terms of the Hofizz

neutral and zwitterionic dipole moments by

=ﬂz+ﬂN+ﬂz;ﬂN

Uy 2

MIX o (3.7)

The diagonal elements of the static (zero frequency) first-
and second-order polarizabilities in the Taylor series conven-
tion®* are given by®

ity, v, of the particular pushpull polyene molecule considered

in ref 4 as a function of the solvent dielectric constant. It is
important to note the differences between the procedure used
to obtain the parameters for those calculations and that described
above and employed here (which is the same as that used for
the other molecules in Paper 1). Specifically, in ref 4 the
measured value of for the molecule in acetonitrile was used

to fit the value of the charge in the zwitterionic sta®, and

thus the dipole momentz (it was assumedy = 0). The
polarizabilityy was also used to obtain the electronic coupling,

t. Here, we are making a test of the model of ref 17, which is
of a much more stringent character. The dipole moments and
electronic coupling are determined from the absorption and
electrooptical absorption measurements, andxperimental
values of any polarizability are used to determine the parameters

“?‘n the model.

IV. Comparison of Experimental and Calculated
Polarizabilities

A. Results. In this section, we compare thefa,{0) and

{0) values obtained in a variety of solvents from the two
VB state model and experimental measurements. Specifically,
we consider the four pustpull polyenes shown in Scheme 1
with n = 2.

We will consider two primary quantities in the comparisons
between the model calculations and experiments: the magni-
tudes ofug?a,{0) andugS,-{0) and their variation over the range
of solvent dielectric constant.

Figure 1 showss?a,{0) as a function of the solvent dielectric
constante for the molecule[2] and 3[2]. Focusing first on
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. ) . . . Figure 2. ugB::{0) is plotted versus the solvent dielectric constant
Figure 1. ug’0.{0) is plotted versus the solvent dielectric constant  ¢or the () 2[2] and (b) 3[2] molecules. Results are shown for the

for the (a)2[2] and (b) 3[2] molecules. Results are shown for the  theoretical calculations (solid line) and the EFISH experiments (solid
theoretical calculations (solid line) and the ellipsometry experiments cjrcles with error bars).

(solid circles with error bars).
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the overall magnitude, we note that for tB2] molecule the

two VB state model gives significantly lower valuesigfo,~ 3
(0) than the ellipsometry experiments over the entire range of

€. Similarly, the model underestimates the experimental results
for ug?a.{0) for the 3[2] molecule, though the agreement is
somewhat better for the low-polarity solvents.

Turning now to solvent variations, it is seen from Figure 1
that for both the2[2] and 3[2] molecules the model predicts
thatugs?a,{0) increases with solvent dielectric constant. This is
in agreement with the experimental values for3fy molecule;
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the two VB state model also correctly predicts the magnitude 5000 T; : - 7
of the increase ing?a,£0) for this case over the range ef 6000 - - 1
shown. However, for thg[2] molecule, the experimental values 4000 : - . :
of us?0,{0) are the same within the error bars for all the solvents 0 10 20 30 40 50
used, and thus the model overestimates the magnitude of the &
change found in the experiments. Figure 3. Same as Figure 2 but for the @] and (b)5[2] molecules.
The results of the two VB state model calculationgigh,,»
(0) for the 2[2] and 3[2] molecules as a function of solvent In summary, the two VB state model is in agreement with

dielectric constant are shown in Figure 2 along with the values experimental measurements of the absolute magnitudes of
obtained from EFISH experiments. The magnitudeg%,- UgB2240) for two of the molecules2(2] and 4[2]). However,

(0) for the 2[2] molecule obtained from the model and from for the other two molecules3[2] and 5[2]) the magnitudes of
EFISH experiments are in quite reasonable agreement. Theuy5,,{0) are overestimated. The magnitudesugta,{0) ob-
experimental variation qiy53,,40) for the2[2] molecule withe tained from the model are lower than those obtained from
predicted by the model also agrees well with that observed in experiments for th€[2] and 3[2] molecules.

the experiments. However, the model predicts significantly A summary statement concerning the variation of the polar-
larger values ofig53,,{0) for the 3[2] molecule than found in izabilities with solvent dielectric constaatis that the model

the experiments. In addition, the change:y$,,{0) with ¢ for predictions are in good qualitative agreement with experimental
the 3[2] molecule obtained from the model is smaller than the measurements. Thus, the model accurately predicts which
experimental result, although it is in the same direction. solvent gives the largest (hyper)polarizability for a given
Figure 3 showsuy3,,{0) for the 4[2] and 5[2] molecules molecule. The quantitative predictions of the model of the
versus. The model predicts the magnitudegsgf,.{0) in good change inugB,,4{0) with ¢ are in good agreement with experi-

agreement with experiment for t§2] molecule but overes-  ment for the2[2] and 5[2] molecules. However, for th8[2]
timates the magnitudes for tf§2] molecule. The variation in and4[2] molecules, the model predicts a weaker variation with
ugB2-40) as a function o for the4[2] molecule obtained from  solvent polarity than found in the EFISH experiments. The
the model appears to be in the same direction as obtained inmodel calculations and ellipsometry measurements find the same
the experiments, but with a smaller magnitude. (The comparison change inugo,{0) with € for the 3[2] molecule, while for the

is not as clear for this molecule due to the large scatter in the 2[2] molecule the model overestimates the change with
experimental polarizabilities.) For tf§2] molecule the change Further Model Test. A further, somewhat more general, test

in ugB:740) with € observed in the model calculations is in good  of the model may be undertaken as follows. A relationship was
qualitative and quantitative agreement with the experimental derived in Paper | between the second-order polarizabjfity,
measurements. and the variation oft with the solvent polarity,
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“9c | Hesye (4.1) and implies a limitation of considering only two VB states and
only one excited electronic state. Additional valence bond
structures as well as contributions from higher excited states
may therefore be necessary for a complete (quantitative)
description of these systems, as noted previotisBpecifically,

VB structures that have charge localized on the conjugated
chairf” may be required for a quantitative description of these
molecules, as well as the possible role of other solute molecule
coordinates. This issue is under study by both theorétiaald
time-dependent spectroscopiimethods. It is important to note
that this implication is found even though we have considered
here molecules with relatively short conjugated chains connect-
ing the electron donor and acceptor groups; the importance of
additional VB structures is expected to increase with the length
of the intervening chain.

. _(aveq)l Jo here indicates that the model may not be adequate in all cases

which holds for the two VB state model. The model can thus
be tested by examining how the changeairwith ¢ and the
magnitude of3 are predicted for a single molecule. That is, if
the model correctly predicts the variation@fwith the solvent
dielectric constant, it should also correctly predict the magnitude
of B, and vice versa. This should be equally true dgto,{0)
andugf:740).

For the2[2] molecule, the model predicts a larger change in
ug?0z40) with e than observed in experiments. However, the
model correctly predicts the magnitude @§3,,{0) for this
molecule. This is an inconsistency. On the other hand, the
variation of u4?0,{0) with solvent polarity obtained from the
model agrees with experiment for tl32] molecule. But the
experimental magnitude oiy3,,{0) is then significantly over-
estimated by the model for this molecule, again producing an
inconsistency.

The fact that the relationship (4.1) is not observed to hold
for the experimental measurements implies a difficulty with the
two VB state model.
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