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Abstract: This contribution presents a quantum chemical investigation of the nonlinear optical response of charged
centrosymmetric aggregates of the archetypical chromophorep-nitroaniline using an ab initio supermolecular approach.
Localized hole states, responsible for aggregate nonlinearity, are predicted to be more stable than delocalized states.
The calculated aggregate hyperpolarizabilities are consistently larger than in the isolated chromophore, and the
mechanism giving rise to the nonlinearity is essentially “intramolecular” in nature. The aggregate formation is predicted
to stabilize the positive charge and to enhance the nonlinearity. Moreover, the calculations reveal that a (formally)
centrosymmetric charged aggregate can possess a substantial dipole moment the principal axis of which is oriented
perpendicularto the principal hyperpolarizability tensor; the dipole moment arises because electron localization
breaks the charge distribution symmetry. These results explain a number curious features of chromophoric polymer
films which are electric field poled with an “in-plane” electrode geometry.

Introduction

Poled polymer films containing large hyperpolarizability
chromophores1 are attractive candidates as second-order non-
linear optical (NLO) materials in diverse optoelectronic tech-
nologies.2 Poling involves the application of an electric field
to the polymer film which causes partial alignment of the NLO-
active chromophores and induces an acentric microstructure.
Corona poling and contact poling result in optically uniaxial
films which can exhibit large second-order nonlinearities,ø(2),
dominated by theøxxx

(2) tensor term, wherex is the direction
parallel to the applied field (perpendicular to the plane of the
polymer film).1

Recent studies have argued3-6 that a different poling mech-
anism is operative when nonuniform electric fields, in an “in

plane” poling geometry (field in the plane of the film), are
applied to chromophore-doped polymer films. In such cases,
a strong nonlinear optical response is observedperpendicular
to the applied field,øzzz

(2), which is∼1-2 orders of magnitude
larger than the measuredøxxx

(2) response (parallel to the applied
field).6 Moreover, it has been demonstrated on the basis of
linear optical absorption and emission spectroscopy that NLO
dye molecules dispersed in polymer matrices can form ag-
gregates even at low chromophore number densities7 and that
neutral monomeric and dimeric chromophore molecules tend
to align parallel to the electric field in mesomorphic matrices8

(negligible macroscopic alignment is found in isotropic poly-
mers). Studies ofø(2) dependence on poling field show that
the tensor components parallel to the dc field scale linearly with
the magnitude of the field, as expected; however, the orthogonal
component,øzzz

(2), scales exponentially and exhibits I-V behav-
ior typical of charge injection processes in dielectric materials.8

Additionally, the decay oføzzz
(2) after cessation of poling ap-

proximately parallels the discharge current flow, illustrating the
intimate relationship between trapped charge and the optical
nonlinearity normal to the dc field. Additional evidence for
asymmetric charge injection and the creation of a charge gradient
normal to the film plane has been recently provided by
pyroelectric measurements,9 and in the accompanying contribu-
tion,6 creation of charged chromophoric species is demonstrated
by electron spin resonance spectroscopy, revealing the formation
of nitrogen-centered radical cations in poled samples.
In this intriguing context, it is of fundamental interest in

designing and understanding optimized second-order NLO
materials as well as alternative poling geometries to explore
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theoretically the NLO response of charged (open-shell) chro-
mophore aggregates and to relate the calculated hyperpolariz-
abilities,â(-2ω;ω,ω), to those of the corresponding neutral and
charged monomers. In this contribution, we present the first
theoretical analysis, using an ab initio supermolecular ap-
proach,10 of the NLO properties of a positively charged
chromophore aggregate. We focus on centrosymmetric dimers
formed from monomeric units of the archetypical donor-
acceptor chromophore moleculep-nitroaniline (PNA). We
emphasize that the goal of this initial investigation is to probe
the effects of the charge distribution and chromophore aggrega-
tion on â(-2ω;ω,ω). Therefore, the analysis is necessarily
limited to simple PNA model dimers, thus allowing a semi-
quantitative ab initio treatment, which is precluded in the case
of larger dye molecules. These systems are the subject of the
accompanying contribution.6 Importantly, the present results
argue that a simple, dimeric cationic (charge injected) aggregate,
even if centrosymmetric, can exhibit a substantial dipole moment
and second-order response consistent with SHG data for “in-
plane” poled films.6

Theoretical Methods

Calculations were performed using the restricted Hartree-Fock
(RHF) method for the closed-shell states and the unrestricted Hartree-
Fock (UHF) method for the open-shell states. Symmetry-adapted (SA)
and symmetry-broken (SB) UHF calculations were performed in the
case of the charged (PNA)2

+ dimer. In SA calculations, each molecular
orbital (MO) was required to have either g or u inversion symmetry
(C2h symmetry). SB calculations were carried out without any
restriction that each MO is of g or u symmetry (Cs symmetry). The
double-ú Dunning basis set (DZV) was used for all atoms.11 SCF
interaction energies were corrected for basis set superposition error
(BSSE)12 (average value 1.2 kcal/mol), evaluated by using the function
counterpoise of Boys and Bernardi.13 Interaction energies were also
evaluated using second-order Møller-Plesset (MP2) perturbation
theory, which is a size-consistent method.10 The static hyperpolariz-
ability tensor components were computed analytically via electric-field
derivatives of the total energy following a coupled perturbative
Hartree-Fock (CPHF) approach.14 Calculations were performed by
using the HONDO-815 and GAUSSIAN-9216 programs on IBM ES/
9000 and Cray-C90 systems.

Molecular Geometries

Geometrical parameters for calculations on the monomeric
PNAmolecule were taken from the published ab initio optimized
C2V structure.17 In all dimeric structures studied, the molecular
geometries were constructed assuming PNA planar monomers.
Calculations on neutral and charged PNA dimers were per-
formed in a centrosymmetric cofacial (C2h) arrangement, in
which the molecular dipoles (µx is the principal vector compo-
nent) are in an antiparallel arrangement, by varying the

interplanar distance (R) in the range 3.0-5.0 Å (Chart 1). It
will be seen that calculations on the centrosymmetric geometry
are most informative, since they demonstrate that charge
injection (cation radical formation) can generate a structure with
a substantial dipole moment (susceptible to orientation in a
poling field) and hyperpolarizability. In the present investiga-
tion, no effects due to the relaxation of monomer geometries
or to counteranions are considered.

Results and Discussion

Let us first consider the case represented by two monomeric
units of neutral PNA brought together in a centrosymmetric
cofacial conformation. Figure 1 shows the dependence of the
computed interaction energy on the interplanar separation (R
in Chart 1) between the two chromophore molecules. The
potential energy curve indicates a shallow minimum in the
vicinity of 3.8 Å and repulsive interaction energies forR< 3.5
Å. As expected, intermolecular interactions in the neutral
(PNA)2 dimer are mainly governed by dipolar interactions,18

and the dimer MOs can be related to the simple combination
of monomer-related MOs. Of course, due to the centrosym-
metry of the system, a vanishing molecular ground-state dipole
moment and a vanishing second-order nonlinearity are calculated
for such a conformation.
The removal of one electron from the HOMO (22ag) of the

neutral centrosymmetric (PNA)2 dimer (SA calculations;R )
3.5 Å), leads to the formation of a2Ag (PNA)2+ electronic state.
This represents adelocalizedhole state since the loss of the
electron is equally shared by the two PNA units (Figure 2A).
In analogy to the neutral (PNA)2 dimer, ionization results in a
vanishing molecular ground-state dipole moment and second-
order nonlinearity. The removal of one electron from any of
the next three lower frontier (PNA)2 MOs (22au, 14bu, and 14bg,
respectively) similarly results in delocalized (PNA)2

+ states
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Figure 1. Potential energy curves showing SCF interaction energies
for the centrosymmetric (PNA)2, (PNA)2+ (2Ag state), and (PNA)2+ (2A′
state) dimers.

Chart 1
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which lie higher in energy than the2Ag ground state. However,
by relaxing the requirement that the ionized electron belong to
orbitals either of g or u symmetry (SB calculations), we obtain
a second solution to the UHF equations.19 In particular, the
removal of one electron from the HOMO (44a′) results in a
localized 2A′ (PNA)2+ state20 (Figure 2B). The pronounced
charge localization (∼99% in one PNA unit) in this2A′ state
results in an unsymmetrical charge distribution between the two
PNA units (Figure 2B), close to those evaluated for isolated
neutral and charged PNA molecules (Figure 3), and in a net
dipole moment21 (7.2 D)along the intermolecular (z) axis, and
a smaller value (-3.5 D) along the intramolecular (x) axis (Table
1). Actually, very similar (PNA)2+ dipole moment values are
calculated even using correlated MP2 wave functions (Table
1). These features are suggestive of a nonvanishing second-
order nonlinearity (vide infra). Moreover, the (PNA)2

+ positive
charge is mainly localized (75%) on the>C-NH2 group of
one PNA unit (Figure 2B) and the calculated spin density on
the -NH2 group is 0.36. These findings are in very good
agreement with ESR spectroscopic experiments on in-plane

poled poly(methyl methacrylate) thin films containing dispersed
DANS [4-(N,N-dimethylamino)-4′-nitrostilbene] chromophore
molecules.6 These experiments indicate the formation of a
N(CH3)2-centered cation radical species when the poling field
is applied. These results suggest that the basic picture deduced
from the present calculations holds in far more computationally
demanding DANS aggregates.
MP2 interaction energies of both the delocalized (2Ag) and

the localized (2A′) state of the (PNA)2+ supermolecule indicate
bonded states (interaction energies∼7-16 kcal/mol) in the
physically relevant interplanar separation region of 3.5-4.5 Å
(Table 2). Qualitative (SCF) potential energy curves, in the
larger (3.0 and 5.0 Å) range of interplanar distances, are reported
in Figure 1. They indicate a flat minimum near 3.5 Å in the
case of the delocalized (2Ag) state, which shifts to larger
interplanar distances (∼3.8 Å) on passing to the localized
(PNA)2+ 2A′ state (Figure 1). On the comparison of both SCF
and MP2 interaction energies, it can be inferred that, for
distancese3.5 Å, the delocalized (PNA)2+ state is favored,
while for larger (>3.5 Å) distances, the localized state is more
stable. Thus, at larger interplanar distances, aggregate formation
stabilizes the hole-localized state and the localization is favored
essentially because the drop in energy resulting from delocal-
ization is no longer large enough to dominate the stabilization
derived from charge polarization on a single PNA molecule.
Newton22 observed similar behavior in calculations on mixed
valence binuclear complexes of iron. Analogously to the
(PNA)2 dimer, intermolecular interactions in the localized
(PNA)2+ 2A′ state are mainly governed by dipolar interactions
further reinforced (more so than in the symmetrically charged
dimer) by the larger charge separation. The2A′ MOs can be
related to slightly perturbed, monomer PNA and PNA+ MOs.
Static hyperpolarizability tensor componentsâijk of the

(PNA)2+ dimer (2A′ state) are reported in Table 1 using the
same coordinate system as in Chart 1 and are compared with
corresponding data for the monomeric PNA and PNA+ chro-
mophores. In view of the necessarily semiquantitative nature
of the present calculated hyperpolarizabilities (the prodigious
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Figure 2. SCF charge distribution and ground state dipole moment
for the delocalized2Ag (A) and the localized2A′ (B) states of the
(PNA)2+ dimer (the coordinate system is shown in Chart 1).

Figure 3. SCF charge distribution and ground state dipole moment of
the PNA (A) and PNA+ (B) molecules.
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computational requirements necessitate incomplete basis sets
and neglect of correlation effects),23 we focus on informative
trends rather than on absolute hyperpolarizability values.24 In
analogy to the PNA monomer,âxxx is found to be the principal
tensor component in the2A′ (PNA)2+ dimer. The magnitude
is approximately 2 times larger than in PNA. Theâzzz tensor,
parallel to the intermolecularz axis, is about 1 order of
magnitude smaller thanâxxx. The remaining non-zero tensor
components have smaller values. In analogy to previously
analyzed cofacial eclipsed PNA aggregates,18 these results point
to an “intramolecular” mechanism governing the second-order
nonlinearity in the (PNA)2+ dimer. In the context of “in-plane”
poled polymer film experiments,3-6 the present results provide
support for a picture in which charged aggregate chromophores
are preferentially oriented with the intermolecular (z) axes
(direction of the largest dipole moment)parallel to the poling
field direction, while the charge gradient normal to the applied
field leads to a preferential charge trapping along the intramo-
lecular (x) axes, thus orienting largest second-order nonlinearity

tensor (âxxx) perpendicular to the applied field(Scheme 1), in
good agreement with experiment.3-6

Finally, it is also instructive to note that, in terms of theâxxx
tensor, the second-order nonlinearity of the (PNA)2

+ dimer is
slightly larger than that of the PNA+ monomer. This is because
the second-order response of the (PNA)2

+ dimer along the
intramolecular charge transfer axis (âxxx) results from âxxx
contributions of the interacting PNA and PNA+ fragments. Thus,
the asymmetric (PNA)2+ charge distribution not only stabilizes
the hole formation but also “switches on” the second-order NLO
response and enhances the molecular optical nonlinearity.

Conclusions

The results of this investigation indicate that the formation
of charged centrosymmetric aggregates as would be produced
by charge injection in an “in-plane” poling experiment can lead
to species with substantial dipole moments and microscopic
second-order NLO responses consistently larger and oriented
in a different direction with respect to major axis of the dipole
moment than in isolated, neutral PNA chromophores. Further-
more, for sufficiently large interplanar separation, localized
(PNA)2+ states, which are responsible for the aggregate optical
nonlinearity, are predicted to be more stable than delocalized
states. The mechanism governing the nonlinearity of such
aggregates is still “intramolecular” in nature, resulting in a net
nonlinearity along the molecular charge transfer axis which is
about one order of magnitude larger than that along the
intermolecular axis. The aggregation formation is expected to
stabilize the hole localized state and to enhance the nonlinearity;
nuclear relaxation, which we have not included, should also
enhance the charge localization.
Work is in progress to further investigate the frequency

dependence of NLO response of charged dye aggregates.
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Table 1. SCF-Calculated Dipole Momenta (µ, D) and Static Hyperpolarizability (âijk(-2ω;ω,ω), 10-30 esu) Tensor Components of PNA,
PNA+, and (PNA)2+ (2A′ State)b

molecule µx µy µz âxxx âxyy âyyy âxxz âxzz âzzz

PNA 8.41 (7.3) 0.0 0.0 6.10 -1.03 0.0 0.0 -0.05 0.0
PNA+ 15.6 (11.6) 0.0 0.0 -12.58 -0.65 0.0 0.0 -0.11 0.0
(PNA)2+ -3.5 (-0.9) 0.0 7.2 (6.8) 13.03 -0.30 0.0 -1.26 0.78 -1.83
a Values in parentheses refer to calculated MP2 data.bCoordinate system shown in Chart 1.

Table 2. Calculated MP2 Interaction Energies (kcal/mol) for the
Delocalized (2Ag) and Localized (2A′) States of (PNA)2+ at Various
Interplanar Distances

R (Å) 3.5 3.8 4.5
2Ag 15.4 12.1 6.9
2A′ 14.2 15.9 14.5

Scheme 1
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