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Abstract The macroscopic solvent effect on static nonlinear
polarizabilities of a number of intramolecular charge-transfer
(ICT) molecules have been studied by using the
self-consistent-reaction field (SCRF) model in the frame-
work of ab initio time-dependent-HF (TDHF) method using
3-21G basis set. The two-state model of static β and <γ>
have been used to obtain their functional dependence on the
ground-state hardness parameter, dipole moment and solva-
tion energy. The methyl substituted 4-quinopyran and other
zwitterionic molecules are found to exhibit strong diminution
of both quadratic and cubic polarizabilities at higher solvent
reaction field due to negative solvatochromic effect. How-
ever, molecules showing positive solvatochromism lead to
strong enhancement of the NLO response on increase in sol-
vent polarity. The evolution pattern of the solvent modulated
static β and <γ> of 4-quinopyran (4QP) obtained for varying
inter-ring torsion angle differ strikingly from that shown by
p-amino p′-nitro biphenyl (ANB).

Keywords Static first- and second-hyperpolarizabilities (β
and <γ>) · 2-state model · Hardness parameter (η) · SCRF
model

1 Introduction

Nonlinear optics (NLO) is an active area of current research.
Substances able to manipulate photonic signals efficiently are
of importance in opto-electronics. Amongst these, the mol-
ecule-based macroscopic π -electron assemblies have been
found to possess many attractive NLO characteristics. More-
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over, the NLO response of these materials originates from
the NLO characteristics of the constituent molecules. Quite
a large number of experimental [1–7] and theoretical stud-
ies [8–20] showed that the NLO properties of charge-trans-
fer (CT) chromophores can be strongly modulated due to its
interaction with the environment. The influence of solvent on
the second- and third-order polarizabilities has usually been
studied by using different continuum solvent models in the
framework of semiempirical and ab initio quantum mechan-
ical methods. Amongst the continuum solvent models the
self-consistent reaction-field (SCRF) model [21–23] and its
extended versions [24,25] have been widely used [10–14] in
the study of the solvatochromic properties, and the linear and
nonlinear optical properties of many CT chromophores with
a fair degree of success. Recently, the polarizable continuum
model (PCM) in the framework of CPHF and time-depen-
dent-HF (TDHF) methods have been used [26] to estimate the
dispersion and repulsion contributions to the NLO properties
of molecules in solutions. However, only very few attempts
[18,27] have been made to study the NLO property of small
push–pull polyenes within PCM.

The earlier theoretical study [28] of the first-hyperpo-
larizability of 4-quinopyran (4QP) in the gas phase predicted
rather strong enhancement of static β upon twisting the rings.
The methyl substituted 4QP having a twisted ring structure
showed higher β values. The enhancement of β occurs as a
result of increased CT interaction in the transition from neu-
tral quinoid to charged benzenoid structure. The presence of
solvent is thus expected to strongly modulate the CT inter-
action and the NLO properties of 4QP. Moreover, the quin-
oid molecules are known [29] to be highly sensitive to the
external electric field to modulate electric response proper-
ties. However, there remains considerable lack of information
regarding the influence of solvent on the NLO properties of
quinoid type of molecules. We, therefore, intend to under-
take a theoretical study of the solvent effect on the static
second- (β) and third-order (γ ) polarizabilities of 4QP (1a–
d) and other related twisted intramolecular charge-transfer
(TICT) molecules (2a–f, in Scheme 1) in a semiquantita-
tive manner. The prototype molecules, p-nitro aniline (PNA)
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Scheme 1 (Selected molecules along with the gas-phase optimized inter-ring torsion angle (θ ) and the dipole moment (µ))

and ANB have also been included for the sake of compar-
ison. The macroscopic solvent effect on the NLO proper-
ties has been calculated by using the SCRF model in the
framework of ab initio MO method. Since the chosen mol-
ecules possess significant ground-state dipole moment and
are not polyene-like, the consideration of spherical cavity
and the dipolar interaction within the SCRF model is exp-
ected to provide meaningful results. The solvents used for
the present study include cyclohexane (ε = 2.0), chloroform
(ε = 4.8), THF (ε = 7.6), dichloromethane (ε = 9.1), ace-
tone (ε = 20.7), acetonitrile (ε = 36.6), DMSO (ε = 46.7)
and water (ε = 78.4). The two-state expressions of the NLO
parameters have been used to find any correlation with the
ground-state dipole moment, hardness parameter and solva-
tion energy in solvents with varying degree of polarity.

2 Method of calculations

The ground-state geometry of the chosen molecules have
been fully optimized at the RHF/3-21G level in the gas phase
and in solution. Excepting for 1a and 2d (Scheme 1), the
majority of the molecules have nonplanar equilibrium geom-
etry. In the case of 4QP and ANB the geometry of each con-
former has been optimized for different values of inter-ring
torsion angle (θ ). The RHF/3-21G optimized geometry of
the molecules has been used in the single point TDHF/3-21G
calculation of the static quadratic and cubic polarizabilities.
All calculations have been performed with GAMESS pro-
grams [30] using the options ICUT=20, ITOL=30 and INT-
TYP=HONDO to achieve greater accuracy in the calculated
NLO parameters.

The static βvec has been calculated by using the following
expressions [31].

βvec =
√
(β2
x + β2

y + β2
z ), (1)

where βi(i = x, y, z) is given by,

βi = (1/3)
∑

j=x,y,z
(βijj + βjij + βjji)

The static average cubic polarizability, 〈γ 〉 has been calcu-
lated by using the following relation [32],

〈γ 〉 =
(

1

5

)
[γxxxx + γyyyy + γzzzz

+2(γxxyy + γxxzz + γyyzz)]. (2)

The above expressions show thatβvec must be always positive
while the 〈γ 〉 may have positive or negative sign. In the two-
state model, the static linear (α), first-hyperpolarizability (β)
and second-hyperpolarizability (γ ) can be written [33] as
follows:

α = 2(µge)2

�E
, (3)

β =
(

3

2

)
�µ

f0

�E3
, (4)

γ = µ2
ge�µ

2

�E3
− µ4

ge

�E3

= (�µ2 − µ2
ge)3f0

2�E4
, (5)

where �E is the transition energy between the ground (〈g|)
and the lowest lying excited ICT state (〈e|),f0 (= (2/3)�Eµ2

ge)
is the oscillator strength and�µ(= e0{〈e|r|e〉−〈g|r|g〉}, e0=
charge on electron) is the difference between the ground-
and excited-state dipole moment and µge(= e0〈g|r|e〉) is the
electronic transition moment integral. The calculated dipole
moment is expressed in Debye and polarizabilities are pre-
sented in esu units as α (in 10−23), β (in 10−30) and γ (in
10−36).



202 P.K. Nandi et al.

The solvent-modified NLO parameters have been calcu-
lated by using the SCRF model in the framework of TDHF
method in which solvent-modified fully optimized geometry
of the molecules are used. In GAMESS, the version A of the
SCRF model [25] based on the classical Kirkwood–Onsager
theory [21,22] has been implemented. In the reaction-field
(RF) approach, the solute molecule with a permanent dipole
moment (µ) is placed in a spherical cavity of radius (r) in
a dielectric continuum with static dielectric constant ε. The
electric-field of the solute will polarize the surrounding media
and the induced-field also called the reaction-field (R) will
act on the solute.

R = gµ, (6)

where g, is Onsager constant which is given by g = (2/r3)
f (ε). In Eq. (6) µ corresponds to the dipole moment of sol-
ute in the gas phase. If the solvent is assumed to be fully
equilibrated then f (ε) = (ε− 1)/(2ε+ 1). However, in this
approximation, the solvent RF will be almost insensitive to
change in solvent polarity at higher dielectric region where
f (ε) tends to be a constant (0.5). In the MO theory the sol-
ute–solvent interaction is taken into account by incorporating
a perturbation term V in the Hamiltonian (H0) of the isolated
solute molecule, that is, H = (H0 + V ) where

V = −
(

1

2

)
µ · R

= −
(

1

r3

)
f (ε)µ〈ψ |µ|ψ〉

= −kf (ε)µµg. (7)

Using this interaction Hamiltonian the pertinent Schrodinger
equation can be solved in the framework of the time-depen-
dent Hartree–Fock theory to obtain the solvent modified MOs
and energies. The total energy of solute in the presence of the
RF is then given by

E = E0 − 1/2gµ2
g. (8)

In Eq. (8) E0 is the gas-phase energy of the solute and the
second term represents the electrostatic energy of solvation
in the ground state. µg represents the corresponding solvent-
corrected dipole moment of solute.

Regarding the choice of cavity radius (r) there are two
conventions generally found in the literature. In one case r is
taken as half the distance between the leftmost and rightmost
atoms of the molecule plus the van der Waals radii of the two
atoms. Alternatively r can also be estimated from the molar
mass (M) and density (d) of the solute as follows:

r = 0.7346

(
M

d

)1/3

. (9)

It has been found [13] that the value of r obtained by using
Eq. (9) is about 60–70% of the cavity radius including van
der Waals radii. For a given solvent the RF corresponding
to larger r is found to be about 24% of that associated with
smaller r . In the present study two different values of r have
been used for each molecule in SCRF calculations. The RF

associated with the smaller and higher values of r will be
referred to as higher (HRF) and lower (LRF) reaction fields,
respectively. The cavity radius used in HRF calculation is
taken as half the distance between the leftmost and rightmost
atoms of the solute. This radius has been found to lie within
60–64% of that used in LRF.

For the single excitation, HOMO (φi) → LUMO (φj ) in
the closed-shell single determinant, the corresponding verti-
cal transition energy (�E) is given by

�E = εj − εi + (2Kij − Jij ) = 2η + A, (10)

where η refers to the molecular hardness parameter which is
equal to half of the HOMO–LUMO energy difference [34],
and the constant A corresponds to the difference of the ex-
change and repulsion integrals which is usually negative and
quite large. In our recent studies [35,36] it has been shown
that the two-state model of β (Eq. (4)) using η in place of�E
can satisfactorily correlate with static βvec in donor–acceptor
substituted heterocycles and sesquifulvalene molecules. The
hardness parameter has been found to follow linear correla-
tion with the bond length alteration (BLA) parameter. The
smaller BLA and η correspond to stronger CT interaction.

The solvent modified energy of the ground (Eg) and exc-
ited state (Ee) of the solute, assuming the complete equili-
bration of solvent can be written as

Eg = E0
g − 1

2

(
2

r3

)
f (ε)µ2

g (11)

Ee = E0
e − 1

2

(
2

r3

)
f (ε)µ2

e (12)

The transition energy (�E) estimated by subtracting Eq. (11)
from Eq. (12) corresponds to the vertical excitation energy
which in conjunction with the approximation, µe = aµg (a
being a positive factor) can be expressed as

�E(ε) = �E0 − 1

2

(
2

r3

)
f (ε)µ2

g(a
2 − 1)

= �E0 + Egs (a
2 − 1), (13)

where �E0(= �E(ε = 1)) is the gas-phase transition ene-
rgy and Eg

s = −1/2(2/r3)f (ε)µ2
g is the ground-state solva-

tion energy of solute. For a given molecule the factor a can be
taken as nearly constant in different polar solvents, and can
be expressed as the ratio of the dipole moment and square
root of solvation energy of the two states as follows:

a2 = µ2
e

µ2
g

= Ees

E
g
s

(14)

Two distinct kinds of solvent effects on�E (ε) can be antic-
ipated, red-shifting for a > 1 and blue-shifting for a < 1.

The functional dependence of β on η can be derived using
the static two-state model expression of β (Eq. (4)). While
deriving it has been assumed that the oscillator strength (f0)
of the molecule can be regarded as a constant, independent
of the variation of solvent RF or charge polarization due to
conformation changes or varying electron push–pull groups.
This can be justified if �E or η and 1/α1/2 bear a linear
relationship which can be shown to exist as follows.
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By making use of the expression of oscillator strength,
f0 = (2/3)(µge)2�E and the two-state form ofα = 2(µge)2/
�E (Eq. (3)), the following relation between α and f0 can be
obtained,

f0 = α�E2/3 which using Eq. (10) can be written as

η = cf
1/2
0 (1/α1/2)− A (15)

where c is a constant. In fact, we obtained a linear correlation
between η and 1/α1/2 for different types of push–pull mol-
ecules in the gas phase, and here for the chosen molecules
in different polar solvent. Now the quadratic polarizability in
Eq. (4) can be correlated to the ground-state CT parameters
as

β ∝ (a − 1)µg/(2η)
3 (16)

The calculated β is expected to bear a linear relationship
withµg/(2η)3 provided the factor a remains insensitive to the
ground-state polarization. The slope ofβ versusµg/(2η)3 plot
for solvents with increase in ε should be positive for a > 1
and negative for a < 1 which correspond to the positive and
negative solvatochromic effects, respectively on solute’s CT
transition.

Let us now find the functional dependence ofβ and 〈γ 〉 on
the ground-state solvation energy (Egs )of the solute. Eq. (16)
can also be written as

β = kµg/(�E)
3

β/µg = k/(�E)3

= k[�E0 + Egs (a
2 − 1)]−3(using Eq. (13) )

= k/(�E0)3[1 + Egs (a
2 − 1)/�E0]−3

Expanding the second factor up to the cubic term and rear-
ranging one gets,

β/µg = k/(�E0)3 − {3k(a2 − 1)/(�E0)4}(Egs )
+{6k(a2 − 1)2/(�E0)5}(Egs )2
−{10k(a2 − 1)3/(�E0)6}(Egs )3 (17)

Neglecting all terms beyond the second, the slope of the β/µg

versus (–Eg
s ) plot should be positive for a > 1 and negative

for a < 1.
Using the expressions of f0 and the two-state expression

of α, the dipolar (D) and the negative (N ) terms in Eq. (5)
can be expressed as

γ = 3�µ2f0/2�E
4 − 3αf0/4�E

3

γ = 3(a − 1)2µ2
gf0/2�E

4 − 3cµ2
gf0/4�E

3

γ /µ2
g = k1/�E

4 − k2/�E
3 (18)

where k1 = 3(a − 1)2f0/2 and k2 = 3cf0/4. The constant c
is taken as the proportionality constant between the solvent
modified α and µ2

g . This correlation has been found to exist
for the chosen molecules, and is thereby used to simplify the
two-state expression of γ . Considering the vertical transition

approximation for �E (Eq. (13)) and on expanding �E−n
Eq. (18) can be transformed into the following form.

γ /µ2
g = {k1/(�E

0)4 − k2/(�E
0)3} + {3k2(a

2 − 1)/(�E0)4

−4k1(a
2 − 1)/(�E0)5}Egs

+{10k1(a
2 − 1)2/(�E0)6

−6K2(a
2 − 1)2/(�E0)5}(Egs )2 + · · ·

γ /µ2
g = (d0 − n0)− (d1 − n1)E

g
s

+(d2 − n2)(E
g
s )

2 + · · · (19)

The constants di and ni correspond to the coefficients in the
polynomial expansion of D and N terms in Eg

s . It is to be
noted that excepting d1 and n1 the remaining coefficients are
always positive. d1 and n1 are both positive (negative) for
a > 1(a < 1). The sign of γ depends on the these coeffi-
cients. Considering only the linear term it can be seen that
for a dominant contribution of the dipolar term, the slope in
the γ /µ2

g versus (−Eg
s ) plot should be positive for a > 1 and

negative for a < 1. However, the pattern will be reversed if
the negative term contributes dominantly.

3 Results and discussions

In order to assess the performance of the SCRF model and the
choice of the basis set in the calculation of the solvent modi-
fied NLO parameters we have plotted (Fig. 1a) the calculated
static βvec of PNA against the experimentally available static
β estimated from HRS [14] and EFISH [1] measurements in
different polar solvents. Our calculatedβ values show a fairly
good agreement (R = 0.92 and SD = 0.3−0.4) with both sets
of βexp. Since experimental static βexp are estimated from the
two-state expression of β, the linear plots in Fig. 1a implies
that the lowest excited CT state provides a major contribu-
tion to the quadratic polarizability. The 6-31G* calculated
β values are found to be smaller compared to the 3-21G
and 6-31+G* values. In order to find correlation between η
and �E, we have plotted (Fig. 1b) our calculated solvent-
modified η values against�E corresponding to the available
CT absorption maximum of PNA [1] in different polar sol-
vents. A good linear relationship (R = 0.95 and SD = 0.004)
between η and�E holds for both 3-21G and 6-31+G* basis
sets. Thus molecular hardness parameter can be useful for
qualitatively accounting for the solvent modulation of CT
transition energy (see Eq. (10)). Based on the above-men-
tioned correlations between the calculated and experimental
results, it seems that the SCRF method and the 3-21G basis
set used in the TDHF calculations of NLO parameters would
be able to predict qualitative trends fairly reliably.

Our calculated gas-phase static β (28.8) of ANB agrees
fairly with that (21.7) obtained by others [19]. The variation
of static β of ANB with increasing solvent polarity is shown
in Fig. 2a. The linear plots in Fig. 2a are in good agreement
with Eqs. (16) and (17), and also consistent with earlier work
reported for ANB [19,37]. An exactly similar linear correla-
tion is also found to exist between γ /µ2

g and (−Eg
s ) (Fig. 2d).
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Fig. 1 Plot of calculated a static β obtained at 3-21G (star), 6-31G*
(circle) and 6-31+G* (triangle) against the experimental static β esti-
mated from EFISH [1] and HRS [14] measurements in ε = 2.2, 4.8,
6.02, 7.25, 20.7, 36.71 and 37.5 for PNA b η versus experimental �E
(�) and η versus 1/α1/2 (+) of PNA [1] in ε = 4.8, 6.02, 7.58, 20.7,
32.63 and 36.71. In all figures (excepting Fig.4) the combination of axes
refer to (1) left versus bottom and (2) right versus top

3.1 The solvent modulation of NLO properties of 4QP

The influence of solvent on the first-hyperpolarizability of
4QP is shown in Fig. 2b and c, respectively. The static β
(12.74 in gas phase) is found to be strongly modulated in
polar solvents, especially for HRF. The calculated static β
obtained for LRF and HRF are found to increase with increase
(decrease) in dipole moment (hardness parameter), which is
consistent with Eq. (16). This pattern of variation of β is
exactly similar to that obtained for ANB (Fig. 2a). The linear
relationship between η andα1/2 at different RFs indicates that
oscillator strength remains insensitive to changes in solvent
polarity. The functional dependence of β on the ground-state
solvation energy (Eg

s ) is found (Fig. 2c) to be different for

lower and higher RFs.At LRF the pattern of variation is linear
and is identical to that shown by ANB. However, at HRF, β
varies cubically with Eg

s (3-21G: R2 = 0.99998, SD = 0.005)
and is consistent with Eq. (17). It can be seen that the pattern
of variation does not depend on the basis set. Thus a quin-
oid molecule at lower RF can exhibit close similarity with a
benzenoid molecule in the matter of variation of static β.

The response pattern of second-hyperpolarizability of 4QP
in polar solvents is shown in Fig. 2d. The calculated 〈γ 〉/µ2

g

is found to increase linearly with (−Eg
s ). This remarkably

good linear correlation occurs both at LRF and HRF cases.
The substituted 4QP, 1d at lower RF exhibit (not shown) sim-
ilar trend as obtained for ANB. It is important to note that the
calculated static α for these molecules has been found to vary
quadratically withµg .These results are in fair agreement with
that predicted by Eq. (19).

3.2 The influence of solvent on NLO parameters in TICT
molecules

The calculated static β (η) of 2a–f in the gas phase/solvent
(ε = 46.7 at HRF) are 154.08 (3.755)/39.0 (4.425), 96.71
(3.891)/32.29 (4.563), 57.28 (4.275)/17.19 (4.958), 129.75
(3.456)/86.92 (4.121), 45.51 (3.641)/17.02 (4.235) and 28.18
(4.137)/16.83 (4.528), respectively. The experimental and
other theoretical (SCRF in INDO/S at HRF) studies of sol-
vent effect of 2a also showed [8] a large blue-shifting in the
π–π∗ transition. The solvent dependence of static β and γ
of molecules 2a–f is shown in Fig. 3a–c. It can be seen that
static β decreases with increase in solvent polarity, but the
effect is more pronounced for higher RF. The lowering of β
with increase in dielectric constant occurs primarily due to
the increase in�E since β (Eq. (4)) is more sensitive to�E
rather than µg. Since the molecules, 2a–f are highly polar in
the ground state, the increasingly higher solvation energy in
solvent with large ε causes significant blue-shift in �E (in-
crease in η) which in turn leads to rather significant lowering
in β. This has been reflected in the β/µg versus Eg

s plots
in Fig. 3b which is also in conformity with Eq. (17). The
calculated static 〈γ 〉 also follows a sharp decreasing trend
with increase in ε. The γ /µ2

g versus (−Eg
s ) plots (Fig. 3c)

for the zwitterionic molecules are found to be linear which
is consistent with Eq. (19).

Although not shown here, the similar linear plots (Fig. 3b–
c) have been found for the methyl substituted 4QP (1b–d) for
higher RF. In contrast the pattern at LRF follows an increasing
trend rather similar to that of 4QP (Fig. 2c). With increasing
methyl substitution at the inter-ring sites the ground-state
of 4QP has been found to be increasingly polar which at
higher RF leads to rather strong diminution of both β and
〈γ 〉. It should be mentioned that the inter-ring torsion angle
in methyl substituted 4QPs gradually shifts toward 90◦ with
increase in ε at HRF. The corresponding NLO parameters are
found to attain the lowest value at 90◦. The solvent effect on
1a and 1d shows an opposing trend. The calculated static β
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Fig. 2 Plot of calculated a static β versus µg/(2η)3 (�) and β/µg versus ground-state solvation energy (−Eg
s ) (o), respectively for ANB, b β

versus µg/(2η)3 (triangle) and η versus 1/α1/2 (circle), respectively for 4QP at different RFs, c β/µg versus (−Eg
s ) for 4QP at 3-21G and 6-31G*

basis sets, respectively, d 〈γ 〉/µ2
g versus (−Eg

s ) for ANB (triangle) and 4QP (circle)

of 1a and 1d in gas phase/water (at HRF) are 12.74/96.19 and
62.54/10.28, respectively.

3.3 The difference in the NLO response patterns shown by
quinoid and nonquinoid type chromophores

The evolution pattern of the static linear and nonlinear polar-
izabilities of 4QP calculated for different inter-ring torsion
angles (θ ) (0 – 90◦) in a solvent with ε = 46.7 at LRF and
HRF are shown in Fig. 4a–b. The corresponding evolution
pattern of ANB at a higher RF is also presented in Fig. 4c
for the sake of comparison. It should be mentioned that the
calculated RF is found to increase with θ for 4QP while it
decreases for ANB. Although not shown it has been found
that the evolution pattern of NLO parameters of 4QP at LRF
(Fig. 4a) is almost identical to that obtained for variation in
the NLO response of solvent free 4QP as a function of θ . It
would be worth mentioning that in the lower field case cal-
culated η (not shown in the Figure) has been found to exhibit

a gradually decreasing trend with RF which accounts for the
increasing trend in α and β (Fig. 4a) as expected from their
two-state expressions (Eqs. (3) and (4)). The increasingly
negative γ can similarly be ascribed to the lowering in �E
and increase in α in the dominant N term (Eq. (18)).

At HRF staticβ and γ have been found to exhibit (Fig. 4b)
maxima at θ = 40◦ and 60◦, respectively. The calculated α
shows a monotonically decreasing trend while µg shows an
increasing trend with θ . The appearance of maximum in β
and γ can be explained by using the two-state model. The
increasing trend of β may be ascribed to the dominant contri-
bution ofµg while the lowering in β is expected to occur due
to the blue-shifting in �E (Eq. (16)). Before the occurrence
of maximum of γ , the dipolar term (D) predominates over
the negative term (N) due to sharp rise in µg and lowering in
α (see Eq. (18)). But beyond the maximum the contribution
of D is decreased due to the smaller change in µg.

In the ground state of ANB the inter-ring angle (θ ) has
been found to be 45◦ in the gas phase and 41.2◦ in DMSO.
The evolution pattern of ANB (Fig. 4c) shows qualitatively a
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Fig. 3 Plot of calculated a static β againstµg/(2η)3 for molecules 2a–2f
(Scheme 1) for ε = 4.8 (solid line) and 46.7 (dotted line) for LRF and
HRF, respectively, b static β/µg versus (−Eg

s ) for molecules 2a–2e and
(c) 〈γ 〉/µ2

g versus (−Eg
s ) for molecules 2a–2d and 2f, for ε = 4.8, 7.6,

20.7 and 46.7 at HRF

parallel trend when compared to that of 4QP at LRF (Fig. 4a).
However, an exactly opposing trend is found for variation
with respect to θ . Again the decreasing trend of the polariz-

Fig. 4 Evolution pattern of the ground-state dipole moment and static
polarizabilities as a function of calculated solvent RF (for ε = 46.7)
obtained for each inter-ring twist angle (θ ) for 4QP (θ = 0 – 90◦) at a
LRF and b HRF, and c ANB (θ = 45 – 90◦) at HRF

abilities with θ (Fig. 4c) can be explained by the two-state
model for increase in�E. Indeed, our calculated η has been
found to increase with increase in θ or decrease in RF for
ANB molecule.
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4 Conclusion

The present study considers a number of CT molecules, the
ground-state dipole moments of which are comparable to that
of the prototype PNA andANB molecules. The quadratic and
cubic polarizabilities of the chosen species have been calcu-
lated in the gas phase and in solvents having varying degree
of polarity. The response pattern of the static NLO parameters
have been rationalized by considering the two-state model.
It can be seen that the solvent-modified β and γ of quinoid
molecules (1a–d) reveal remarkably different trends com-
pared to what is shown by molecules (2a–f) in Scheme 1.
The former species at the LRF, are found to exhibit rather
close similarity with the bezenoid chromophore, ANB in the
variation of NLO properties which generally increase with
increase in ε. The enhancement of β and γ in these mol-
ecules primarily arises from the red-shift in �E (decrease
in η). In contrast, molecules, 2a–f exhibit a reverse trend in
the pattern of variations of solvent-modified NLO parameters
which in the present study are found to decrease appreciably.
This may be ascribed to the rather strong negative solva-
tochromic effect as indicated by larger η and µg values in
solvents with higher polarity. Finally, the evolution of NLO
parameters of 4QP with varying inter-ring torsion angle in
DMSO has been compared to that of ANB. Although the
evolution pattern of β and γ of 4QP significantly differ for
LRF and HRF, the corresponding evolution pattern of ANB
is found to be rather independent of the RF.
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