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The frequency shift and IR and Raman intensity changes of the characteristic vibrational mode of a push-
pull polyene in polar solvent are described theoretically by using a simple two-state model. Depending on
the electronic structure of the ground state in solution, the characteristic vibrational frequency can be either
red-shifted or blue-shifted as the solvent polarity increases. The IR and Raman intensities are also found to
be greatly influenced by the solvation. Finally, the solvation effects on the vibrational contributions to the
molecular hyperpolarizabilities are briefly discussed.

I. Introduction

Nonlinear optical properties of push-pull polyenes have been
studied extensively in the recent decade because of their
possibilities for photonic and optoelectronic applications.1-20

This type of polyenes consist of electron-donating and -accepting
groups, and a conjugated linker. As has been shown recently,
the strong electron-vibration coupling is an interesting intrinsic
feature of this type of molecules. Also in connection with this
aspect, it was found that there exists a strong IR-active
vibrational mode associated with stretching motions of carbon
atoms. Only this vibrational normal modesso-called effective
conjugation coordinate21 or dimerization coordinate defined as
the in-phase stretching of all CdC bonds and a simultaneous
shrinking of all C-C single bonds of the chainsis strongly
associated with the modulation of the ground-state dipole
moment. This mode will be denoted as Q-mode. Besides the
push-pull polyenes, the Schiff bases, charged polyenes, and
peptide bond do have a common feature, that is to say, their IR
intensities are unusually large.22-29 Recently, these phenomena
were theoretically investigated by Torii and Tasumi by using a
simple two-state model for the electronic structures of these
molecules and performing ab initio molecular orbital calcula-
tions.30 They found that the electronic structure predicted by
the two-state model, often called valence-bond charge-transfer
model in ref 16, is strongly coupled to the vibrational motion,
and discussed this effect by using the charge fluxes.
On the basis of the presence of highly mobile conjugated

π-electrons strongly coupled with the particular nuclear dis-
placement, Zerbi and co-workers18 and Kim et al.19 recently
showed that the vibrational contributions to the molecular
hyperpolarizabilities are quantitatively similar to the electronic
ones. Therefore, it was suggested that the vibrational spec-
troscopies can be directly used to estimate the magnitudes of
the hyperpolarizabilities.
In this paper we focus on how the solvation of a push-pull

polyene modifies the vibrational characteristics, such as vibra-
tional frequency and IR and Raman intensities. Here we closely
follow theories presented by Chen, Lu, and Goddard III.20 They
showed that the solvation effect on the nonlinear optical

properties of push-pull polyenes can be successfully explained
by using the valence-bond charge-transfer (VB-CT) model in
combination with the Marcus theory31 for solvation of electron
donor-acceptor system. Their empirical approaches to obtain-
ing a few parameters needed were accurate enough to reproduce
the experimental results obtained by Marder and co-workers.32

With an emphasis on the self-consistent nature we calculate the
magnitude of the solvation-induced vibrational frequency shift
as well as vibrational intensity changes in IR and Raman.
Furthermore, the vibrational contributions to the molecular
hyperpolarizabilities are also discussed as a function of solvent
polarity.

II. Vibrational Characteristics

It is assumed that the model Hamiltonian describing the
push-pull polyene with the characteristic vibrational mode is
given as

where the electronic energy gap between the two states in an
isolated molecule is denoted asV0 , and t denotes the transfer
integral and was estimated to be 1.184 eV.20 The electronic
structure of the ground state is thus assumed to be given as a
linear combination of the two basis functions denoted as|φVB〉
and|φCT〉. As usual, we assume that the wave function of the
VB state is orthogonal to that of the CT state, i.e.,〈φVB|φCT〉 )
0. The vibrational force constantk was estimated to be 33.55
eV/Å2.20,33 The two equilibrium positions associated with the
VB and CT states are denoted asQVB

0 andQCT
0 , respectively,

and they are given asQVB
0 ) - QCT

0 ) -0.12 Å, so that the
maximum bond length alternation (BLA) is assumed to be 0.12
Å. Finally, the solvation energy difference between the VB
and CT states is denoted as∆Esol ∝ ECT

sol - EVB
sol in eq 1.

The electronic ground-state wave function is then given asψg

) (1- f)1/2φVB + f 1/2φCT where the fraction (weighting factor)
of the CT state in the ground state is represented byf. The CT

H ) [1/2k(Q- QVB
0 )2 -t

-t V0 + 1/2k(Q-QCT
0 )2 + ∆Esol] (1)
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character,f, which is a function of the vibrational coordinate as
well as the solvent polarity, is

where

The adiabatic potential energy surface of the ground state is

Now the equilibrium vibrational coordinate in the ground state
will be denoted asQ0, and it is determined by putting the first
derivative ofEg(Q) with respect toQ equal to zero. In ref 16
it was shown thatQ0(BLA) is related to the CT character asQ0

) QVB
0 - f(QVB

0 - QCT
0 ). It should be noted that the BLA,Q0,

is an implicit function of η(ε). Based on this model, the
permanent dipole moment of the ground state is given asMg )
fµCT, whereµCT is the dipole moment of CT state,µCT ) qeRDA.
q andRDA are the effective charge and distance between the
donor and acceptor.
A. Vibrational Properties without Solvent. Before we take

into account of the solvation-induced effects on various proper-
ties, it turns out to be useful to examine the BLA dependencies
of vibrational force constant, and infrared and Raman intensities.
From the Hamiltonian with∆Esol) 0, one can obtain the energy
of the ground state and find the vibrational force constant

As can be seen in eq 5, the force constant differs fromk
when the electronic structure is neither VB nor CT state. In
Figure 1a, we plotk0/k with respect to BLA. It is noted that
the force constant is minimum when the BLA equals zero. This
is understandable since the force constant should be minimum
when the bond order is minimum.

We next focus on the IR intensity of Q-mode, which is
proportional to the square of (∂Mg,z/∂Q)0:

In Figure 1b, the IR intensity is plotted with respect to BLA.
As BLA approaches to zero, the relative IR intensity increases.
This is because the resonance structure of molecules having
BLA zero exhibits a large modulation of the dipole moment by
the oscillating Q-mode. Second, the Raman intensity is
proportional to the square of (∂Rzz/∂Q)0:

In Figure 1b, the Raman intensity is plotted with respect to BLA,
and we find that the Raman intensity becomes maximum atQ0

= (0.05 Å.
Based on the theoretical results, eqs 5, 6, and 7, with Figure

1, it is possible to draw the following conclusions:34

(i) Case 1. BLA< 0: Type I. This is the case when the
donor and acceptor strengths are relatively weak so that the
ground state resembles VB state more than CT state. Then, as
BLA increases, the vibrational frequency decreases (red shift),
IR intensity increases, and Raman intensity increases or
decreases depending on the precise BLA.
(ii) Case 2. BLA> 0: Type II. This is the case when the

donor and acceptor strengths are sufficiently large so that the
ground state resembles CT state. Then, as BLA increases,
vibrational frequency increases (blue shift), IR intensity de-
creases, and Raman intensity increases or decreases depending
on BLA.
B. Solvation Effects on Vibrational Properties. Now the

solvation is taken into account in the model Hamiltonian. For
the sake of simplicity, the solvation energy of the fictitious VB
state is assumed to be negligibly small in comparison to that of
the CT state containing fully separated charges. Although there
exist various levels of theoretical methods of calculating
solvation energy, we shall use the simplest method which was
originally applied to the electron-transfer problem by Marcus.31

Based on VB-CT-S model,20 the solvation energy difference
was obtained as

whererD , rA, andRDA denote the effective radii of the donor,
acceptor, and the distance between the donor and acceptor,
respectively. q is the effective charge developed in the donor
and acceptor in the CT state.ε is the static dielectric constant
of the solvent.
In order to find the optimizedf in solution, one can use the

iteration procedure self-consistently. (1) First, calculatef of a
given push-pull polyene without solvent. (2) Use the calculated
f to evaluate∆Esol given in eq 8. (3) Inserting∆Esol into the
model Hamiltonian gives a newf. (4) Iterate the steps (2) and
(3) until the CT characterf converges to the optimumf*. This
self-consistent approach was used in ref 20 to study the
solvation-induced changes of molecular hyperpolarizabilities of
1,1-dicyano-6-(dibutylamine)hexatriene. Here we shall use the

Figure 1. (a) Ratio,k0/k, as a function of BLA. (b) Normalized IR
and Raman intensities,|(∂Mg,z/∂Q)0|2 and |(∂Rzz/∂Q)0|.2

f(ε) ≡ 1
2

-
kδQ+ η(ε)

2({kδQ+ η(ε)}2 + 4t2)1/2
(2)

δ ≡ QVB
0 - QCT

0

η(ε) ≡ V0 + ∆Esol (3)

Eg(Q) ) 1/2[V0 + 1/2k(Q- QVB
0 )2 + 1/2k(Q- QCT

0 )2 +

∆Esol] - 1/2[{kδQ+ η(ε)}2 + 4t2]1/2 (4)

k0 )
∂
2Eg(Q)

∂
2Q
|Q)Q0

) k- 2k2δ2t2

[(kδQ0 + V0)
2 + 4t2]3/2

(5)

(∂Mg,z

∂Q )
0

) ( ∂f∂Q)
0

µCT ) -
2t2kδµCT

[(kδQ0 + V0)
2 + 4t2]3/2

(6)

(∂Rzz

∂Q )
0

) 2t2µCT
2[ ∂∂Q( 1

∆(Q)3)]0 ) -
6t2µCT

2(kδQ0 + V0)kδ

[(kδQ0 + V0)
2 + 4t2]5/2

(7)

∆Esol ) - e2

4πε0
(1- ε

-1) fq2 ( 1
2rD

+ 1
2rA

- 1
RDA) (8)
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same parameters to demonstrate that the vibrational frequency
shift and intensity are greatly changed as the solvent polarity
increases.
Depending of the sign of BLA, we separately considered two

types, type I and type II as mentioned above, that are also
associated with the cases ofV0 > 0 andV0 < 0, respectively.
For example, 1,1-dicyano-6-(dibutylamine)hexatriene belongs
to type I. In this case, the ground-state equilibrium coordinate
Q0, which is the bond length alternation (BLA), is negative (note
that QVB

0 ) -0.12 Å), and in Figure 2a we plotQ0 as a
function of the solvent dielectric constant,ε. As the solvent
polarity increases, the BLA increases. This can be understood
by noting that the CT-state is preferentially stabilized by the
polar solvent. In case of the type II molecules, the BLA also
increases as solvent polarity increases (see Figure 3a). Here
the same parameters except thatV0 ) - 0.833 eV are used to
demonstrate the general patterns. Note that the first hyperpo-
larizabilities of type I molecules are usually positive, whereas
those of type II molecules are negative. Therefore, it is now
possible to predict the sign of the first hyperpolarizability by

measuring IR spectra of a given push-pull polyene in various
polar solvents. Although not shown, the BLA coordinate is
almost linearly proportional to (1- ε -1) so that it is suggested
that one could plot various vibrational properties, such as
vibrational frequency, and IR and Raman intensities, as a
function of (1- ε-1) instead.
We now consider the force constant of the characteristic

vibrational mode, which is found to be

where the solvation-induced shift of the force constant,∆k(ε),
is

The characteristic vibrational frequency is therefore shifted,
when the push-pull polyene is solvated, as

Hereω(ε)1) is the vibrational frequency of an isolated molecule
and it was assumed that the reduced mass does not depend on
the solvent polarity. As can be seen in eq 10, it is observed
that∆k(ε) is always greater than zero, so that the force constant
in solution is always smaller than the estimated valuek) 33.55
eV/Å2. However, whether the frequency shows a red shift or
a blue shift by the solvation is critically dependent on whether
the target molecule belongs to type I or type II. In Figure 2b,
the ratio ω(ε)/ω(ε)1) is plotted for 1,1-dicyano-6-(dibutyl-
amine)hexatriene as a representative example for type I. In this
case, the vibrational frequency is red-shifted. In order to
estimate the magnitude of the frequency shift, assume that the
vibrational frequency,ω(ε)1), is about 1600 cm-1.21 Then the
frequency shift is approximately 35 cm-1 when the dielectric
constant increases from 1 to 50. Next we calculateω(ε)/ω-
(ε)1) for a type II molecule and plot them in Figure 3b. In
contrast, the frequency is blue-shifted by about 80 cm-1. These
tendencies can be understood as follows. As mentioned above,
when the BLA equals zero, the vibrational force constant is
minimum for a given push-pull polyene. Therefore, the
solvation of type I molecule stabilizes the CT state and makes
the BLA increase toward zero. Consequently, the vibrational
frequency is red-shifted. The opposite effect on type II
molecules by solvation should occur.
The ground-state dipole moment derivative with respect to

the characteristic vibrational coordinate is given as, when the
solvation is taken into account

where∆k(ε) was defined in eq 10. In the case of the type I
molecule, the IR intensity increases as the solvent dielectric
constant increases, whereas the opposite result should be
observed for type II molecules (see Figure 2c in comparison
with Figure 3c). Note that the intensity change is, in this case,
about 20-50% so that this tendency should be easily observed
in experiment. These patterns can also be understood by noting

Figure 2. Various properties are plotted for type I molecule, 1,1-
dicyano-6-(dibutylamine)hexatriene. The parameters obtained in ref 20
areV0 ) 0.833 eV,t ) 1.184 eV,RDA )7.30 Å;k ) 33.55 eV/Å2. (a)
BLA vs ε. (b)ω(ε)/ω(ε)1) vsε. (c) IR intensity ratio,|(∂Mg,z(ε)/∂Q)0|2/
|(∂Mg,z(ε)1)/∂Q)0|,2 vs ε. (d) Raman intensity ratio,|(∂Rzz(ε)/∂Q)0|2/
|(∂Rzz(ε)1)/∂Q)0|2, vs ε.

Figure 3. For type II molecule with the same parameters given in
Figure 2 except forV0 ) -0.833 eV. (a) BLA vsε. (b) ω(ε)/ω(ε)1)
vs ε. (c) IR intensity ratio,|(∂Mg,z(ε)/∂Q)0|2/|(∂Mg,z(ε)1)/∂Q)0|2, vs ε.
(d) Raman intensity ratio,|(∂Rzz(ε)/∂Q)0|2/|(∂Rzz(ε)1)/∂Q)0|,2 vs ε.

k(ε) )
∂
2Eg(Q)

∂Q2
|Q)Q0

) k- ∆k(ε) (9)

∆k(ε) ≡ 2k2δ2t2

[(kδQ0 + η(ε))2 + 4t2]3/2
(10)

ω(ε)
ω(ε)1)

) [ k- ∆k(ε)
k- ∆k(ε)1)]1/2 (11)

(∂Mg,z

∂Q )
0

) -(∆k(ε)/k)
µCT

δ
(12)

Optical Properties of a Push-Pull Polyene in Solution J. Phys. Chem. A, Vol. 102, No. 4, 1998705



that the absolute magnitude of (∂Mg,z/∂Q)0 is maximum when
the BLA equals to zero (see Figure 1b). As the solvent polarity
increases for the type I molecule, the BLA increases from
negative to zero so that the IR intensity increases. On the other
hand, the opposite applies to the type II molecules.
Finally, we consider the solvation effect on the Raman

intensity, which is proportional to the square of

In Figures 2d and 3d, the Raman intensities of type I and II
molecules are plotted. These can also be understood by
carefully examining the BLA dependence of Raman intensity
plotted in Figure 1b and by noting the increment of BLA by
the solvation.
It should be mentioned that the results, eqs 7 and 13, are

qualified in the case when thezzcomponent of the polarizability
derivative is dominant over other components. Although most
of the push-pull polyenes belong to this case, if other
components contribute significantly to the polarizability deriva-
tive, they should be properly taken into account.

III. Solvation Effects on Vibrational Contributions to
Molecular Hyperpolarizabilities

As recently discussed by Zerbi and co-workers18 and by Kim
et al.,19 the electronic (first) hyperpolarizability,âe, was found
to be quantitatively similar to the vibrational correspondence,
denoted asâv, measured experimentally. Furthermore, the
vibrational second hyperpolarizability was also shown to be in
quantitative agreement with the electronic one, when a two-
state approximation is invoked.19

A. Solvation Effect on Vibrational First Hyperpolariz-
ability: âv. The vibrational contributions to the molecular first
hyperpolarizability,âv, within the harmonic approximation, is
given as18,34,35

where the harmonic vibrational frequency of thekth mode is
denoted asνk. âzzz

v can be calculated by measuring the IR and
Raman spectra and extracting the information on (∂Mg,z/∂Qk)0
and (∂Rzz/∂Qk)0 from them. Here we use the results obtained
above, eqs 12 and 13, to study the solvation effect onâzzz

v . As
usual, it is assumed that there is only one vibrational mode
relevant in the summation of eq 14.
Inserting eqs 12 and 13 into 14 gives

where the electronic contribution,âzzz
e , and the additional

factor are given as

The relationship betweenâzzz
e andâzzz

v , eq 15, for an isolated

push-pull polyene was obtained in ref 19. Here it is generalized
to the case in solution.
B. Solvation Effect on Vibrational Second Hyperpolar-

izability: γv. The vibrational contribution to the second
hyperpolarizability is18,34,35

Note that the second term in the summation is associated with
the Raman intensity only, Herzberg-Teller terms, whereas the
first term contains both the IR (derivatives ofMg) and hyper-
Raman terms (derivatives ofâ). In order to complete the
calculation ofγzzzz

v experimentally, one should measure IR,
Raman, and hyper-Raman spectra.
We find thatγzzzz

v is related toγzzzz
e as

where the electronic contribution,γzzzz
e , and the factorγj are

defined as

Therefore, the magnitudes of the molecular hyperpolarizabilities
can be approximately estimated from the vibrational spectro-
scopic measurements, by using eqs 15 and 18. Although not
shown in this paper, based on the numerical calculations of
âzzz
v andγzzzz

v as functions of solvent polarity, we find that the
general trends with respect to the solvent polarity are identical
to âzzz

e andγzzzz
e of a push-pull polyene in solution.20

IV. Summary and a Few Concluding Remarks

In this paper, a theoretical description of solvation effects
on the vibrational frequency shift and intensity changes in IR
and Raman was presented by using a simple two-state model.
It was found that the vibrational frequency should be red(blue)-
shifted for type I(II) molecules. The IR and Raman intensities
are strongly influenced by the solvation. Therefore, by com-
bining IR and Raman experiments, it is possible to obtain
detailed information on the electronic structure of a given push-
pull polyene in solution, which in turn can be used in
understanding the optical nonlinearities in solution. Further-
more, it was discussed that the vibrational contributions to the
molecular hyperpolarizabilities are strongly affected by the
solvation. Recently, Zuliani et al.36 carried out experimental
measurements of the first hyperpolarizabilities of several push-
pull polyenes in various polar solvents. A detailed comparison
to these experimental data will be presented elsewhere together
with quantum chemistry calculations.
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