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We have considered several oxo-bridged dinitroaniline compounds in various dipole configurations. An
extensive semiempirical calculations based on singles configuration interactions (CIS) was performed to
calculate their nonlinear optical properties. While keeping one of the nitroaniline dipole moieties fixed, we
rotate the other nitroaniline molecule along the oxygen-carbon bond to generate a number of dipole
orientations. We also change the position of the donor-acceptor functionalities from ortho and meta to para
and study the variation in the nonlinear optical properties with the twist angle. We find that the best
conformation is where the nitroaniline dipoles are arranged parallel to each other in the same plane. In real
systems steric interaction between the two aromatic rings would force the double molecule to be nonplanar.
We suggest molecular systems where the moieties can be made parallel, thereby exhibiting very high
hyperpolarizabilities. We interpret these results on the basis of dipole-dipole interactions and the ground-
state properties.

1. Introduction

Materials with large second harmonic coefficients are of huge
current interest. Devices made up of these materials are finding
a large number of applications in various disciplines, from lasers
to optical switches and electronics.1

Conjugated organic molecules have a lot of potential to be
used as good nonlinear optical materials.2 These molecules have
delocalizedπ electrons over a large length scale of the molecule,
which can be very easily manipulated by substitution of electron
donating (push) and electron withdrawing (pull) groups around
the aromatic moieties. Apart from structural flexibility, which
allows fine-tuning of chemical structures and properties for the
desired nonlinear optical properties,3-5 the organic materials are
of great technological interest because of their low cost, ease
of fabrication, and integration into devices.

Recently, a series of oxygen-bridged organic dipolar mol-
ecules consisting of benzene rings with different donor and
acceptor groups have been synthesized.6 The nonlinear optical
measurements show a wide variation in magnitudes, depending
on the donor and acceptor strengths and their geometrical
positions. For a proper understanding of the dependence of
nonlinear optical properties on the constituent groups and their
geometrical positions in similar groups of structures, we have
considered a series of nitroaniline systems where two nitroaniline
molecules are connected by a bridged oxygen atom. This oxygen
atom can be considered to be acting as a stitch between two
nitroaniline molecules. Out of a large number of dinitroaniline
configurations, we find that the hyperpolarizability coefficient
is maximum for the systems where the molecular dipoles make
a 0° angle between them and are on the same plane. However,
in reality, these molecular systems are not planar due to steric
interactions. Therefore, to put our predictions into maximum
applicability, we connect the two nitroaniline rings by a covalent
bond. This reduces the nonbonding interaction between the rings

and makes them almost planar, thereby giving rise to desired
nonlinear optical characteristics.

In the next section we briefly discuss a semiclassical theory
based on point dipole interactions. In section 3, we present a
theoretical analysis of the nonlinear optical properties of the
chromophores as a function of a number of dipolar orientations.
This is done using the established ZINDO/CV quantum chemical
formalism. We conclude the paper with a summary of all the
results.

2. Dipolar Model for the Excitonic Level Splitting

For organic dipolar molecules, the lowest optically allowed
energy state is an exciton state, and the interactions between
the excitonic states can be expressed in the direct product basis
of the chromophoric molecular orbitals if the direct overlap
between the chromophoric molecular orbitals is negligible.7-12

This can be realized only at large distances and thus the coupling
between dipolar molecules can be approximated at large
distances by a point dipole model. If two molecular species,m
andn, are the same, the coupling interactions can be written as

whereMB ij is the transition dipole moment from statei to state
j of the monomer molecule andrmn is the distance between the
two molecular centers,m andn. It is to be noted that both the
transition dipole and the distance (rbmn) are vectorial quantities.
Thus the magnitude of the interaction term will depend crucially
on the relative orientations of the dipolar molecules as well as
on the axis joining their centers. We shall give here a purely
quasi-classical vector treatment to this interaction as we assume
electrostatic interaction between the transition moments.13

A number of cases can be analyzed considering the dipolar
molecules in various orientations. We have considered the oxo-
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MB ij‚MB ij

rmn
3

-
3(MB ij‚MB ij)(MB ij.rbmn)

rmn
5

(1)

320 J. Phys. Chem. A2004,108,320-325

10.1021/jp030801z CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/13/2003



bridged dinitroaniline systems as shown in Figure 1. The
chromophores are oriented with an angleφ between the planes
of the molecules and each molecule creates an angleθ with its
molecular axis. Twisting of the C-O-C bridge rotates one of
the molecule (with an angleφ) while fixing the other molecule
on the plane. It then becomes quite simple to derive the dipolar
splitting energy of the lowest energy excitation

whereMgs is the transition dipole from the ground state to the
excited singlet state of the monomer (excitonic state). Hereθ1

is the angle between the polarization axis and the molecular
axis of molecule 1 andθ2 is the same for the second molecule.

Let us now analyze a few cases with the variance of angles
θ1, θ2, andφ. We keep one of the molecules fixed so that the
variance ofθ1 remains zero. Because this fixed molecule is
p-nitroaniline in our case,θ1 itself is zero. Now the (θ2, φ) )
(0°, 0°) case corresponds to the ideally planar pna-O-pna
(paranitroaniline oxo bridged with another paranitroaniline), the
case 1 in Figure 1. For the planar pna-O-mna (paranitroaniline
oxo bridged with metanitroaniline) and pna-O-ona (parani-
troaniline oxo bridged with orthonitroaniline), however, theθ2

angle is not well-defined. We determine theθ2 by observing
the angle that the dipole moment vector makes with the
molecular axes for the optimized geometries of the individual
molecules, i.e., 30° and 90° for mna (metanitroaniline) and ona
(orthonitroaniline), respectively. Note that this is an approxi-
matation, because in the presence of the bridged oxygen the
magnitude of this angle would be different. However, we find
that the difference is quite small, and for simplicity we assume
the θ2 values from the individual optimized geometries, i.e.,
(θ2) ) (30°) and (θ2) ) (90°) for pna-O-mna and pna-O-
ona (see cases 2 and 3 in Figure 1), respectively. For cases where
(θ2, φ) ) (0°, 0°)[(90°, 0°)], the electrostatic interaction is
attractive [repulsive] in nature for the lowest excited states. Note
that the transition moments are finite for electric dipole
transitions from the ground state to the state with attractive
electrostatic interaction whereas it is vanishing for the states
with repulsive interaction.

3. Results and Discussions

For a quantitative understanding of the phenomenon in
general, we carry out extensive numerical calculations of the
ground state and the excited states of the oxo-bridged di-nitro-
aniline systems.

We start our calculations by optimizing the geometries of all
the molecules using the semiempirical AM-1 parametrized
Hamiltonian without any symmetry constrains14 available in the
Gaussian-98 set of codes.15 Due to the steric interactions
between the nitroaniline rings, the angle connecting the two rings
(φ) becomes nonzero for the optimized molecules 1, 2, and 3
in Figure 1. The optimized geometry of the pna-O-pna and
the C-C bridged pna-O-pna are shown in Figure 2. Their
bond lengths and bond angles are shown in Table 1. However,
to understand the effects of dipolar orientations on the nonlinear
optical properties, we deliberately put the two rings planar and
perform single-point energy calculations. We then change the
dihedral angle between the two rings by twisting the bond

Figure 1. Structures of the three molecules 1, 2, and 3 considered for
the quantitative estimations. The energies and twist angle (φ) of the
systems are indicated. The first row shows the energies (eV) for parallel
dipoleφ ) 0°. The next is for the optimized geometries. (a), (b), and
(c) are structures of the rigid molecules fixed by the C-C linkages.
Their energies and twist angle (φ) are in the last footnote.

∆E ) 2
Mgs

2

rmn
3

(cosφ - 3 cosθ1 cosθ2) (2)

Figure 2. Optimized geometries of pna-O-pna (Figure 2a) and C-C
bridged pna-O-pna (Figure 2b). The numbers indicate atomic
positions (see Table 1).
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connecting the bridged oxygen and the carbon in one of the
rings. These geometries were used to compute the SCF MO
energies and then the spectroscopic properties using the Zerner’s
INDO method.16 We use the singles CI (CIS), because the first
nonlinear optical coefficients are derived from second-order
perturbation theory involving one-electron excitations. The CIS
approach adopted here has been extensively used in earlier
works and was found to provide excitation energies and dipole
matrix elements in good agreement with experiment.17,18 To
calculate nonlinear optical properties, we use the correction
vector (CV) method, which implicitly assumes all the excitations
to be approximated by a correction vector.19 Given the Hamil-
tonian matrix, the ground-state wave function and the dipole
matrix, all in CI basis, it is straightforward to compute the
dynamic nonlinear optical coefficients. Details of this method
have been published in a number of earlier works.20-22

Before presenting the nonlinear optical coefficients, we first
show the variation of splitting energy (see eq 2) in each case as
a function of dihedral angle or the twist angle. The distance

between the molecular axis,rmn, was obtained from the geometry
of double molecule for the corresponding twist angle, as
discussed in the previous paragraph. Figure 3 (upper portion)
represents the variation of the modulus of the splitting energy
with the variation inφ for the three systems 1, 2, and 3 with
unit Mgs. As can be seen, for molecules 1 and 2, there is almost
no variation in splitting energy, whereas for molecule 3, the
splitting energy decreases as a function of twist angle,φ.
Furthermore, the splitting energy is negative for cases 1 and 2,
whereas it is positive for case 3. However, in all the cases the
absolute value of the splitting energy is quite small.

In the lower panel of Figure 3, we plot the total ground-state
dipole momentµG (in Debye) for these three systems as a
function of angleφ. We find that though the dipole moment
decreases with increase inφ for cases 1 and 2, it increases for
case 3. This can be easily understood by considering the
combined effects of ground-state dipoles in each cases. If the
two dipoles are parallel and in the same plane, the in-phase
combination of the resultant dipole is the sum of the two
individual dipoles. For the pna-O-ona (case 3), the two dipoles
are pointing almost perpendicular to each other when they are
in the same plane (φ ) 0° limit). Thus their in-phase combina-
tion gives a very small net total dipole moment,µG. However,
as φ increases from zero, the angle between the two dipoles
reduces, increasing the in-phase combination of the total dipole
moment (or equivalently, reducing the out-of-phase combina-
tion). Thus theµG increases with increasingφ for pna-O-
ona. However, for pna-O-pna (case 1) and for pna-O-mna
(case 2), theφ ) 0° configuration is the most favorable
orientation in terms of their total ground-state dipole moment.
As φ increases from zero, the monomer dipoles rather oppose
each other, the in-phase combination of which reduces theµG.

To firmly establish the above qualitative discussions, we
present in Figure 4, the relative phases of the constituent
molecules forming the dimer for the pna-O-pna cases. The
ground and the lowest optically excited states are shown for
pna-O-pna parallel dipoles (φ ) 0°), the optimized geometry,
and the rigid molecule with C-C linkage (structurea in Figure
1). The ground state (HOMO level) is an even-parity combina-
tion of the atomic orbitals from the individual rings, whereas
for the LUMO level (the lowest optically active single excita-
tion), the combination is out-of-phase or antisymmetric. From
the figures, it is quite clear that with an increase inφ, the

TABLE 1: Optimized Geometry Parametersa

bond length (Å) angle (deg)

pna-O-pna
C2-O1 1.388 C17-O1-C2 117.2
C17-O1 1.386 C2-C13-C9 120.7
C17-C28 1.416 C13-C9-C8 118.9
C28-C24 1.407 C9-C8-C7 119.8
C24-C23 1.384 C8-C7-C3 121.6
C23-C22 1.418 C7-C3-C2 119.5
C22-C18 1.423 C3-C2-C13 119.5
C18-C17 1.392 C3-N4-O5 119.6
C2-C13 1.398 C3-N4-O6 118.4
C13-C9 1.418 C13-C9-N4 120.3
C9-C8 1.423 C2-01-C17 117.2
C8-C7 1.379 C17-C28-C24 120.4
C7-C3 1.401 C28-C24-C23 118.9
C9-N10 1.374 C24-C23-C22 120.3
C3-N4 1.479 C23-C22-C18 120.7
N4-O5 1.201 C22-C18-C17 119.2
N4-O6 1.203 C18-C17-C28 120.5
C24-N25 1.376 C18-N19-O20 118.3
C18-N19 1.479 C18-N19-O21 119.8
N19-O20 1.204 C24-C23-N25 120.7
N19-O21 1.201 C28-C23-N25 120.5

pna-O-pna, C-C Bridged
C2-O1 1.398 C2-O1-C16 105.4
C16-O1 1.397 C16-C27-C23 118.4
C16-C17 1.395 C27-C23-C22 117.4
C17-C21 1.412 C23-C22-C21 122.5
C21-C22 1.382 C22-C21-C17 121.0
C22-C23 1.427 C21-C17-C16 116.8
C23-C27 1.409 C17-C16-C27 123.5
C27-C16 1.432 C2-C3-C7 116.8
C2-C3 1.395 C3-C7-C8 120.8
C3-C7 1.411 C7-C8-C9 122.7
C7-C8 1.383 C8-C9-C13 117.3
C8-C9 1.427 C9-C13-C2 118.4
C9-C13 1.410 C13-C2-C3 117.3
C13-C27 1.459 C8-C9-N10 122.8
C23-N24 1.386 C13-C9-N10 119.9
C17-N18 1.476 O5-N4-O6 122.3
N18-O19 1.198 O20-N18-O19 122.3
N18-O20 1.205 C16-C17-N18 120.5
C3-N4 1.476 C21-C17-N18 122.7
C9-N10 1.386 C7-C3-N4 120.5
N19-O21 1.201 C2-C3-N4 122.7
N4-O6 1.205 H12-N10-H11 114.1
N4-O5 1.198 H26-N24-H25 113.8

a Bond length (in angstroms), angles (in degrees) for the pna-O-
pna and pna-O-pna bridged by C-C bond (see Figure 2 for the
configuration structures).

Figure 3. (Upper panel) variation of the magnitude of the splitting
energy (eV) as a function of the dihedral angle for the three systems 1
(b), 2 (9), and 3 ([). (Lower panel) variation of the ground-state dipole
momentµG (Debye), as a function of the dihedral angle for the same
three systems.
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magnitude ofµG as well as the electric transition dipoles would
reduce. In the MO picture, the electric field connects the ground
state to a state with exactly opposite parity. The transition dipole
strength will be a maximum for the case where the change in
parity is complete (even to odd) on going from the HOMO to
LUMO. Because the HOMO level forφ ) 0° pna-O-pna has
the best in-phase combination (phase difference is zero), the
µG is highest for this case. On the other hand, for the optimized
pna-O-pna geometry, the phase difference is 43.4°, which
accounts for the smallµG in this case. For the rigid geometry,
however, the phase combination in the HOMO level is almost
symmetric (phase difference∼1.8), together with a notable
contribution from the C-C bond although the dipoles are very
close to being parallel. The phase difference in the HOMO level
together with the parity difference between the HOMO and the
LUMO level would account for the EFISHâ values found in
various geometries, discussed later.

The bridged oxygen atom does not play any significant role
in determining the nonlinear optical coefficients. It basically
controls the distance between the two nitroaniline dipoles. Due
to its high electronegativity, it just increases the total dipole
moment of the dimeric systems (it increases roughly 1 D purely
because of oxygen) to the same extent for all values of the
dihedral angle,φ. Thus, even though our semiclassical theory
of dipole-dipole interaction does not take into account the
electronic properties of the bridged O atom, we find that the
qualitative trend in splitting energy as a function of the angleφ

is almost the same with those obtained from CIS calculations
for the di-nitroaniline systems.

For the calculations of the optical coefficients, we have used
1064 nm (1.17 eV) as the excitation frequency of the oscillating
electric field which corresponds to the frequency of the Nd:
YAG lasers used in experiments. We plot the variation in EFISH
(electric field induced second harmonic) coefficients with the
angleφ in Figure 5. The trend is very similar to that for the
ground-state dipole moment in Figure 3. To be precise, the

magnitude of EFISH coefficient decreases with an increase in
the torsional angle for the pna-O-pna and for the pna-O-
mna, whereas for the pna-O-ona, the magnitude of the same
increases. Within the framework of the two-state model, the
second harmonic generation (SHG) response can be written as23

wherepω12 is the excitation energy,f is the oscillator strength,
∆µ12 is the difference between the dipole moments of the ground
and the excited state, andω specifies the excitation frequency
of the oscillating electric field. This simple expression tells us
thatâ will increase (decrease) ifω12 is small (large) andµ and
f are large (small).

The EFISH coefficients shown in Figure 5 are the product
of dipole moment (µ) and the SHG coefficients (â). â is
computed as the tumbling average quantity, defined asâ )
1/3(âxyy + âyyx + âyxy). From Figure 3 (upper panel), it is clear
that for pna-O-pna and for pna-O-mna, the energy differ-
ence between the ground and the one-photon state remains
almost constant as a function of the torsional angle,φ. Thus,
for these two systems, there is a very negligible effect of splitting
energy on the magnitude ofâ. This suggests that theâ values
can be tuned to a large extent according to the ground-state
dipole moment, if the oscillator strength is appreciable. This is
precisely the EFISH coefficients trend observed for systems 1
and 2, as a function ofφ. For pna-O-ona, however, the EFISH
coefficient increases with the increase in the angleφ. Interest-
ingly, for this case, with the variation ofφ, the increase in the
ground-state dipole is not much; the reduction in energy gap
between the ground state and the one-photon state decides the
trend for the EFISH coefficients.

We shall ask the question now as to how is it possible to
achieve such high EFISH coefficients with desired dipole
orientations in optimized oxo-bridged dinitroaniline systems.
The highest EFISH coefficients (494.4× 10-30 esu) are obtained
for pna-O-pna with zero dihedral angle. Such a high value of
EFISH coefficient cannot be realized for the real molecular
system, as the optimized geometries of the dinitroaniline
molecules discussed above are not planar due to steric repul-
sions. Therefore, our best suggestion is to connect the oxo-
bridged rings by a carbon-carbon bond in the meta position.
Optimizations of the structures, (a) and (b) in Figure 1, by the

Figure 4. AM1-derived HOMO and LUMO molecular orbitals for
(first row) the parallel dipoles (φ ) 0°) for pna-O-pna, (second row)
the optimized geometries, and (third row) rigid pna-O-pna connected
by a C-C linkage. The shading represents the phase of the wave
functions. The arrows indicate the directions of the dipole moments.

Figure 5. Plot of the EFISH coefficients (10-30 esu× Debye), as a
function of the dihedral angle for the three systems 1 (b), 2 (9), and
3 ([). The input electric field frequency in all cases is 1.17 eV.

âtwo-level )
3e2

2p

ω12 f∆µ12

(ω12
2 - ω2)(ω12

2 - 4ω2)
(3)
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same method described earlier confirm that the nitroaniline rings
are almost planar with the dihedral angleφ very close to zero.
Thus one can make the two dipoles to be parallel to a large
extent by bridging the two rings by a covalent bond. For case
c, however, the optimized geometry is not planar. The rings
themselves twist in the optimized structure of (c). This is due
to the steric repulsion among the closely spaced three groups
(see Figure 1c).

The EFISH coefficients for the optimized geometry of (a) is
471.5× 10-30 esu, close to the parallel (φ ) 0°) pna-O-pna
dipole value. For the pna-O-mna cases, the values for parallel
dipoles (φ ) 0°), and the optimized structure (b) are 307.8×
10-30 and 301.6× 10-30 esu, respectively. Thus we can safely
conclude that the C-C connected dipole provides a better choice
of materials. However, for the pna-O-ona systems, we find
some different results. The values for parallel dipoles (φ ) 0°),
and the optimized structure (c) are 147.7× 10-30 and 77.6×
10-30 esu, respectively. From Figure 5, we see that EFISH
coefficient is lowest for case 3 (Figure 1) when the dihedral
angle is zero and its magnitude increases with an increase inφ.
Thus we expect the optimized structure (c) to give high values
of EFISH coefficients compared to those ofφ ) 0°, case 3
(Figure 1). However, as we see, the magnitude is quite small.
We attribute such a low value of the EFISH coefficient to the
following. The C-C covalent connection would try to keep the
rings planar; however, this would force three groups (two NH2

and one NO2) to come close to each other. This results in strong
steric repulsions, and as a result, the two NH2 groups bend away
from the plane of the benzene rings. Consequently, theπ
electron delocalization length decreases, decreasing the EFISH
coefficient to a large extent.

Our results compare fairly well with the experimental values.
For example, we have calculated theâ for the optimized bis-
(2-amino-4-nitrophenyl) ether, for which the experimentalâ
value from hyper-Rayleigh scattering (HRS) experiments at the
Nd:YAG frequency is 22.0× 10-30 esu,6 whereas our estimate
at the same frequency givesâ ) 16.4× 10-30 esu.

Next we consider the dispersion relation for the first nonlinear
polarizability coefficients (â). Because this needs to be done
for a fixed geometry, we consider the optimized geometries of
C-C connected oxo-bridged dinitroaniline compounds (a), (b),
and (c), as in Figure 1. The dispersion relations forâ are shown
in Figure 6. The magnitude ofâ coefficients increases rapidly
with the increase inω for all three cases. However, for (a) and
(b), the increase ofâ is cubic inω, â ) A + Bω3, and for (c),

it is quadratic,â ) C + Dω2. The lowest one-photon excitation
gap for these molecules are of the order of 4.0 eV, and so we
have carried out theâ computations up toω ∼ 1.8 eV, well
below the resonance frequency. From this, we can safely
conjecture that although the C-C bonded pna-O-pna and
pna-O-mna compounds are good candidates for optical
rectification, the corresponding pna-O-ona is not.

To conclude, we have carried out extensive semiempirical
calculations of nonlinear optical coefficients on a few dipolar
organic molecules in a number of their dipolar configurations.
Although our results are based on semiempirical computations,
the results have been verified with varying number of CIs. We
find that the ground-state dipole moment and the hyperpolar-
izability are governed by the extent ofπ-electron delocalization,
which in turn depends on the structural details of the molecules.
On the basis of our calculations, we have proposed molecular
systems where large magnitudes of first-order hyperpolariz-
abilities can be realized. From a synthesis point of view, these
molecules are rather simple to prepare; analogous systems have
been synthesized with good yield.6 Therefore, we believe that
a synthetic scheme well suited for the best dipolar arrangements
can be fine-tuned to obtain large nonlinear optical properties at
extremely low-energy.
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