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The ability of nonlinear optical materials to transmit, process and store information forms the basis of emerging
optoelectronic and photonic technologies. Organic chromophore-containing polymers, in which the refractive index
can be controlled by light or an electric field, are expected to play an important role.

Intense light, such as a laser beam, can change the optical properties
of a nonlinear optical (NLO) material, and these changes will in turn
affect the properties of the light beam as it propagates through the
material. The study of the interaction of light with matter is the
subject of nonlinear optics and embraces remarkable effects such as
second-harmonic generation. For example, focusing an infrared
laser pulse (wavelength 1,064 nm) into a potassium dihydrogen
phosphate crystal can lead to a pulse with a green colour at the
second harmonic (wavelength 532 nm). More generally, the NLO
properties of materials can be used to control the phase, the state of
polarization, or the frequency of light beams. They can be used to
store and restore information optically, or to deflect light beams and
so route optical information between fibre-optic channels. With the
emergence of photonic technologies in areas such as telecommu-
nications where information is coded, transported and routed
optically, there is a strong technological demand for high-perfor-
mance NLO materials1–3. Second-order NLO materials look parti-
cularly promising for photonic applications because they exhibit an
important effect called the linear electro-optic effect in which the
refractive index of the material can be controlled through the
application of an external electric field. This effect can be used to
impress information on an optical carrier signal by modulating its
phase or amplitude with an applied field varying in time and in
amplitude. Such materials can therefore be used for the fabrication
of ultra-fast integrated electro-optical modulators. When combined
with photoconducting properties, this effect can be used to store
information optically by modulating spatially the refractive index of
a photorefractive material: such a material can be used as a data
strorage medium. To optimize the performance of these materials
for photonic applications, a fundamental understanding of the
interrelationship between their chemical and NLO properties is
required.

Nonlinear optical effects arise from nonlinear polarization of
molecules and materials. The ability of the charges in the material to
be displaced by an electric field (such as that associated with light) is
referred to as polarizability. In presence of low-intensity light, the
induced polarization of a molecule is linearly proportional to the
electric field strength of the light. However, in the presence of high-
intensity light, the polarization of the molecule is no longer linear in
the field. The induced polarization of the molecule is thus a
nonlinear function of the field strength E, and can be approximated
by a Taylor series expansion4:

P ¼ aE þ ð1=2!ÞbE2 þ ð1=3!ÞgE3… ð1Þ

where P is the induced polarization, a is the linear polarizability,

and b and g are the first and second hyperpolarizabilities, respec-
tively. Second-order nonlinear optical effects referred to above are a
direct manifestation of nonlinear polarization arising through the
(1/2!) bE2 term of the Taylor series and only occur in molecules that
do not have a centre of symmetry. Organic systems have several
features that may make them important in information technol-
ogies based on NLO materials. In particular, they can show large
nonlinearities, which have ultra-fast responses because the elec-
tronic polarization is nearly instantaneous. Furthermore, polymeric
organic systems offer the possibility of systems that integrate
photonics with existing silicon-based circuitry. Such integration
would be difficult using inorganic nonlinear optical materials. But
for the polymeric materials to exhibit bulk second-order optical
nonlinearities, the non-centrosymmetric nonlinear molecules must
be arranged in the materials in such a manner that the bulk material
also does not have an effective centre of symmetry. We describe
recent advances in the design of molecules with large second-order
optical nonlinearities, and present strategies for improving the
thermal stability of chromophores—an important practical con-
sideration for real applications. Methods for incorporation of these
dyes into electrically poled polymers (to achieve a non-centrosym-
metric orientation of the molecules) with enhanced optical non-
linearity and temporal stability at elevated temperature are then
discussed. The basic criteria for the observation of photorefractivity
is then introduced, as is the evolution of the design strategies that
have already led to high-performance photorefractive materials.

Design of molecules for nonlinear optics
In the early 1970s Oudar and Chemla suggested that a two-state
model could be used to guide the design of second-order NLO
chromophores5. In this model,

b ~
m2

geðmee 2 mggÞ

E2
ge

� �
ð2Þ

where m and E are the dipole matrix element and transition energy,
respectively, between the ground state (g) and the first strongly
allowed charge-transfer excited state (e). Physically, the introduc-
tion of a (mee 2 mgg) term meant that as the electrons interact with
the oscillating electric field of light, they show a preference to shift
from one direction along the axis of the molecule relative to the
other. Accordingly, molecules for second-order NLO applications
were based simply upon aromatic p-electron systems unsym-
metrically end-capped with electron donating and accepting
groups to impart the directional bias. A prototypical NLO chro-
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mophore was 4-(N,N-dimethylamino)-49-nitrostilbene (DANS),
which is shown below.

In DANS, the two benzene rings and the double bond provide the
conjugated p-system and the polarizable electrons, the dimethyl-
amino group acts as the donor, and the nitro group acts as the
acceptor. This model guided the design of second-order NLO
chromophores for quite some time. However, a simple model has
been proposed recently in which b is correlated with the degree of
ground-state polarization6–8. The degree of ground-state polariza-
tion, that is, the degree of charge separation in the ground state,
depends primarily on the chemical structure (for example, the
structure of the p-conjugated system, or the strength of the
donor and acceptor substituents), but also depends on the sur-
roundings of the molecule (for example, the polarity of the
medium). In donor–acceptor polyenes, this variable is related to a
geometrical parameter, the bond-length alternation (BLA), which is
defined as the average of the difference in length between adjacent
carbon–carbon bonds in a polymethine ((CH)n) chain. Polyenes
have alternating double and single bonds (bond lengths equal to
1.34 Å and 1.45 Å, respectively) and thus show a high degree of BLA
(+0.11 Å). To better understand this correlation, it is helpful to
discuss the wavefunction of the ground state in terms of a linear
combination of the two limiting resonance structures: (1) a neutral
form characterized by a positive BLA, and (2) a charge-separated
form characterized by a negative BLA (as the double and single bond
pattern is now reversed relative to the neutral form) (Fig. 1). For
substituted polyenes with weak donors and acceptors, the neutral
resonance form dominates the ground-state wavefunction, and the
molecule has a high degree of BLA (Fig. 1a, b). With stronger donors
and acceptors, the contribution of the charge-separated resonance
form to the ground state increases, and BLA decreases. When the
two resonance forms contribute equally to the ground-state struc-

ture, the molecule exhibits essentially no BLA. This zero BLA limit is
the so-called cyanine limit, and refers to the common structure of a
cyanine molecule. Such cyanine molecules are known to be correctly
represented by two degenerate resonance forms, resulting in struc-
tures with virtually no BLA (Fig. 1d). Finally, if the charge-separated
form dominates the ground-state wavefunction, the molecule
acquires a reversed BLA pattern (Fig. 1e). In a similar manner, the
p-bond order is also a measure of the double-bond character of a
given carbon–carbon bond and the difference in the p-bond order
between adjacent carbon–carbon bonds is the bond-order alterna-
tion (BOA). A BOA of about −0.55 is calculated for a donor–
acceptor polyene with alternating double and single bonds9. Thus
BOA and BLA are parameters that describe the mixing of the two
resonance forms in the actual ground-state structure of the
molecule7,8.

To correlate the molecular b with the ground-state polarization
and consequently with BLA, the molecule (CH3)2N–(CH=CH)4–
CHO was examined in the presence of an external static electric
field, F, of varying strength, first using an AM1 hamiltonian7.
Subsequently, it was examined at the semi-empirical ‘intermediate
neglect of differential overlap-configuration interaction’ (INDO-
CI) level, with the evaluation of the molecular polarizabilities
through the ‘sum-over-states’ formulation at the correlated level8.
In addition, similar studies have been performed using various
other approaches and levels of theory10–13 which all arrived at
essentially the same picture. In the INDO-CI study, the ground-
state polarization was adjusted by applying an external static electric
field of varying strength8. b was correlated with the average value of
BOA. On going from the neutral polyene limit to the cyanine limit,
b first increases, peaks in a positive sense for an intermediate
structure, decreases and passes through zero at the cyanine
limit (Fig. 2). From that limit and going to the charge-separated
resonance structure, b continues to decrease and thus becomes
negative, peaks in a negative sense, and then decreases again (in
absolute value) to become smaller in the charge-separated structure.
Evidence for the proposed relationships was derived from a study of
a series of six molecules—that spanned a wide range of ground-
state polarization and therefore BLA—that were examined in
solvents of varying polarity14 by electric-field-induced second-
harmonic generation (EFISH) experiments.
Optimizing b by design. The relative contribution of each limiting
resonance structure to the ground-state structure of a molecule is
related to their relative energies. When the two resonance forms are
very different in energy the ground-state structure will be domi-
nated by the lower-energy form and the molecules will exhibit a
large degree of BLA (Fig. 1a, b). In contrast, if the two structures are
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Figure 1 Illustration of the decrease in bond-length alternation

(BLA; see text) as the two resonance forms contribute more

equally to ground-state structure (a–d). The relative contributionof

the resonance structures are schematically represented by the

sizes of the balloons over the arrows. b, Molecule that neither

gains nor loses aromatic stabilization on charge transfer; c, a

molecule that loses aromatic stabilization on charge transfer; e, a

molecule that gains aromatic stabilization on charge transfer and

for which the sign of BLA is opposite that for the molecules in a–c.
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the same in energy the molecule will exhibit very little BLA (Fig. 1d).
Changing their relative contributions, and therefore the molecular
structure, requires an understanding of the factors that influence the
energies of the two forms. In organic molecules there are, to a first
approximation, two factors that dominate the energetics of the
resonance structures6,7. First, there is a Coulombic term that is
destabilizing when charge is separated (right-hand resonance
structures shown in Fig. 1a, c). Increasing the strength of the
donor and acceptor end groups, and/or placing the molecule in a
more polar solvent can lead to stabilization of the charge-separated
form. There is also an energy consideration associated with the
topology of the molecule6,7. If a molecule has six p-electrons in a
ring, the molecule has an additional resonance stabilization and is
referred to as aromatic. For molecules whose neutral forms are
aromatic, charge separation will interrupt the aromaticity and yield
structures with a higher-energy quinoidal resonance form. This
disruption of the aromaticity results in additional destabilization
due to the loss of aromatic stabilization6, and in such systems the
molecule will be further biased towards the neutral resonance form
(Fig. 1b)6,7. If, on the other hand, the neutral form is quinoidal, then
the molecule will gain aromatic stabilization in the charge-separated
resonance form6,7. This provides a strong driving force for charge
separation. For example, the charge-separated form of the mero-
cyanine (Fig. 1e) dominates the ground-state structure owing to the
fact that it is aromatic. This illustrates that the key to controlling the
ground-state structure is the use of a combination of donor–
acceptor strength and bridge topology to alter the relative energetics
of the two resonance forms.
Exploiting aromaticity. Until recently, most molecules that had
been examined for nonlinear optics, such as donor–acceptor sub-
stituted stilbenes or diphenyl polyenes, had a very large BLA,
typically greater than 0.10 Å. The calculations above, for example,
predict that b is maximized at a value of about 0.04 Å; thus these
molecules with large BLA are not sufficiently polarized to give the
correct BLA needed to maximize b. It was proposed that the high
value of BLA observed in the central polyene bridge of donor–
acceptor substituted stilbenes and related molecules is indicative of
an insufficient contribution of the charge-separated resonance
forms to the ground-state configurations of the molecules, and is
a consequence of the loss of aromatic stabilization in the charge-
separated forms6,7. To circumvent this problem, a strategy was
proposed for the design of donor–acceptor polyenes in which the
loss of aromaticity in one end (here the donor end) on charge
separation would be somewhat offset by a gain in aromaticity in the
opposite end on charge separation. It was predicted6–8 that this
would lead to nearly the correct contribution of the charge-

separated form to the ground-state structure that is required to
reach the BLA at which b is maximized. This hypothesis was
confirmed using molecules containing acceptors whose topology
dictates that aromaticity is gained on charge separation, such as 3-
phenyl-5-isoxazolone (Fig. 3, compound 1) or N,N9-diethyl-thio-
barbituric acid (Fig. 3, compound 2)15. These molecules have
large values of b for their lengths. For second-order materials,
which must be non-centrosymmetric as will be discussed in the
following section, it is possible to induce polar order by poling the
sample with an electric field; a large dipole moment, m, in addition
to b is desirable for this technique. It is therefore also useful to
consider the product bm as a molecular figure of merit. In the study
of molecules containing 3-phenyl-5-isoxazolone or N,N9-diethyl-
thio-barbituric acid, bm values greater than 10;000 3 10 2 48 e:s:u:
(measured by EFISH at 1.9 mm) were reported for the first time.
For comparison, bm for DANS (a chromophore often used in
poled polymer applications) is approximately 500 3 10 2 48 e:s:u:
(at 1.9 mm)15.

An alternative approach to increasing the degree of ground-state
polarization and thereby decreasing the magnitude of BLA is to
replace strongly aromatic benzene rings with heteroaromatic rings
that have smaller aromatic stabilization energies. This approach was
successfully implemented16–18 using the low-aromaticity thiazole
and thiophene rings (Fig. 3, compound 3). In particular, it has been
shown17,18 that the replacement of both the benzene rings in DANS
with thiophene rings results in a twofold increase in bm. This
approach has been successfully applied to many systems; one
important feature of this approach is that the heterocyclic analogues
of stilbene compounds not only give rise to large nonlinearities, but
also in many cases have adequate thermal stability for use in
polymers which may have processing conditions well above
200 8C. Thermal stability of chromophores was addressed in
another manner. It was recently shown19 that for many chromo-
phores with amino donors, replacement of the alkyl functionality
on the nitrogen with an aryl group (like phenyl) could improve the
thermal stability dramatically (Fig. 3, compound 4). Moreover, it is
possible to combine the approaches to yield chromophores with
large b and excellent thermal stability20.

Several workers have recently examined compounds in which the
molecule gains aromatic stabilization on charge separation. Such
molecules exhibit negative b because their excited-state dipole
moments are lower than the ground-state dipole moment. As
these molecules have a large degree of charge separation in the
ground state, they tend to have large dipole moments relative to
stilbene-like molecules. A particularly striking example is com-
pound 5 (Fig. 3), for which bm is 2 9;500 3 10 2 48 e:s:u: (at 1.9 mm)
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Figure 2 Plot of b (see text) versus bond-order alternation (BOA; see text) for a

simple donor–acceptor polyene, (CH3)2N–(CH=CH)4–CHO, polarized to increas-

ing extents by application of an external field along the dipole vector of the

molecule.

Figure 3 Structures and numbering scheme for several highly nonlinear second-

order NLO chromophores (see text).
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and m is 45 D21. This is an astonishingly large dipole moment
compared with DANS for which m is15 roughly 7 D.

Thus it has been shown that by careful manipulation of both
donor–acceptor strength and bridge topology it is possible to
produce a range of compounds, from neutral polyene-like mol-
ecules through cyanine-like molecules to highly charge-separated
molecules. Given the flexibility that chemists have in changing the
extent of ground-state polarization and BLA, it is possible to ‘tune’
to the point on the BLA or polarization coordinate where b (or bm)
is optimized for a given length of molecule.

From molecules to bulk materials
As noted earlier, second-order NLO effects occur only in molecules
lacking a centre of symmetry. Likewise, a bulk material comprised of
nonlinear molecules must also lack a centre of symmetry if the
molecular b is to lead to a macroscopic nonlinearity1,2. For electro-
optic applications, and for some photorefractive applications, the
polymers must also show orientational stability. Thus, once the
chromophores are orientated in the polymer such that the material
is non-centrosymmetric (as will be described below), it is necessary
that the orientational distribution of the chromophores cannot be
allowed to randomize over time, even at elevated temperatures, or
the second-order nonlinearity will decay. In contrast to electro-
optic applications, many photorefractive applications do not
require long-term orientational stability. Accordingly, we will
describe some of the advances made for: (1) achieving stable
orientational order for electro-optic polymers; and (2) optimizing
the efficiency of photorefractive materials where orientational
stability is not an issue. Many materials issues are common to
both applications. For example, the materials must have low optical
losses from either absorption or scattering, and they must be
environmentally and photochemically stable if they are to be of

practical use. Furthermore, if the materials are to be incorporated
into devices it is necessary that they can be processed. Thus the task
of designing useful materials requires an understanding of the
interplay and trade-offs among these various parameters which
are ultimately defined by the specific application.
Electro-optic polymers. The method most widely used to impart
non-centrosymmetry in non-crystalline systems is the poled-poly-
mer approach22,23. If dipolar NLO species are dissolved in a polymer
and subjected to a large electric field at or above the temperature at
which the polymer becomes rubbery (called its glass transition
temperature, Tg), the interaction of the dipole with the field causes
the dipolar species to orientate, to a certain extent, in the direction
of the applied field. If the polymer is cooled back to the glassy state
with the field applied, then the field-induced non-centrosymmetric
orientation can be frozen in place, yielding a material with a second-
order optical nonlinearity24. However, this thermodynamically
unstable orientation quickly decays in low-Tg polymers such as
poly(methylmethacrylate), resulting in a greatly reduced nonlinear-
ity. When an electric field is applied to such a poled polymer, the
index of refraction of the material will change. This sensitivity of
the material to having its index of refraction changed by application
of an external electric field is characterized by its so-called electro-
optic coefficient (r33). For many years it had been suggested that
electro-optic polymers could show values of r33 much bigger
than that of a technologically important crystal, lithium niobate.
Recently, using a highly nonlinear molecule (compound 6 in Fig. 3)
in polycarbonate (an intermediate-Tg polymer), it was shown25

that a very large r33 of 55 pm V−1 measured at 1.3 mm was
achievable. This is nearly twice the value for lithium niobate,
30.8 pm V−1. But the 6-containing polymer had only moderate
thermal stability, and so here we focus on more recent designs
that more effectively lock the orientated molecules in place, even
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Figure 4 a, High-temperature NLO side-chain aromatic polyimides

synthesized by using a post-Mitsunobu reaction to graft NLO

chromophores onto hydroxyl-containing precursor polyimides. b,

Exceptionally thermally stable NLO side-chain aromatic polyimides

made by using a ‘donor-embedded’ approach containing no flexible

connectors or tethers to the NLO chromophores. c, Heavily cross-

linked three-dimensional NLO polyacrylates synthesized by ‘double-

ended’ crosslinking of the hydroxyl-containing precursor polyacry-

lates during high-electric-field poling process.
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at elevated temperatures, and that incorporate highly nonlinear
molecules.

Researchers have adopted two approaches to improve the long-
term stability of molecular orientation in poled polymers. First,
several groups have used very high-Tg polymers as host matrices.
The rationale is that if the Tg of the polymer is roughly 150 to 200 8C
above the ultimate operating temperature, decay of the orientation
would be negligible over the device lifetime. This was first demon-
strated with a commercial polyimide and NLO chromophore26, and
more recently with highly nonlinear heteroaromatic chromo-
phores27–29. A.K.-Y.J. and co-workers have developed classes of
chromophores based on thiophene conjugated units substituted
with donor and acceptor groups. The chromophore was stable to
both imidization (30 min at 200 8C) and poling (10 min at 220 8C)27.
The polymer showed long-term stability at elevated temperatures of
120 8C (150 8C) for more than 30 days, with the electro-optic
coefficient maintained at 80% (60%) of its initial value. Similar
molecules were incorporated as guests in polyquinoline thin films29.
After poling, the electro-optic coefficient remained stable at
26 pm V−1 at 80 8C for more than 80 days.

The motion of chromophores in polymer matrices might be
further restricted if the chromophore were covalently attached at
one or more sites to the polymer (Fig. 4a). Accordingly, several
groups have explored chromophores attached covalently to
polyimides either in the main chain or as a side chain. This

approach can lead to polymers with exceptional thermal stability.
A.K.-Y.J. and co-workers have recently reported a two-step synthesis
of NLO side-chain aromatic polyimides30. The advantages of
this procedure include the ease of controlling the loading level
of the chromophore and of adjusting the polymer backbone
rigidity30.

It seems that the ultimate achievable stability is related to the
inherent flexibility of the polymer backbone and the degree of
freedom in the linkage between the chromophore and the polymer
(that is, whether the chromophore is attached in the main chain or
in a side chain). Thus systems with rigid backbones and short rigid
linkers will tend to have the highest Tg and also the best temporal
stability. Also, if the rigidity leads to improved temporal stability, it
may lead to some degree of crystallinity which can result in
significant optical losses due to scattering. Recently the preparation
was reported of a soluble NLO substituted polyimide derivative
containing this type of diaryl amino donor head embedded in a
polyimide main chain31,32. The resulting polymer is characterized by
an extraordinary stability of the induced polar order, due partially to
a high Tg (,350 8C) of the system (Fig. 4b). But it is not surprising
that in this polymer, even before poling, optical losses due to
scattering were relatively large.

As might be expected, the continuous increases of the rigidity and
Tg of poled polymers imposes constraints on the selection of
suitable chromophores that can survive the high-temperature
poling and processing conditions. To circumvent this problem, an
alternative approach would be to develop a lower-Tg material which
contains reactive functional groups on the chromophore or the
polymer backbone, can be processed into optical-quality thin films,
and can then be poled and crosslinked simultaneously at higher
temperatures to ‘lock’ the chromophores and polymer in place to
achieve better control over the poling-induced polar order. Care
must be taken to ensure that the densification of the lattice is not
effected before a reasonable degree of polar order is introduced by
electric field poling. Initially, the crosslinking approach for making
electro-optic materials was exploited by Marks and co-workers33

and an IBM group34 using chromophore-containing poly( p-hydro-
xystyrene) and chromophore-embedded epoxy as thermosetting
matrices. The resulting crosslinked films are impervious to organic
solvents and possess good orientational stability at ambient tem-
perature. In addition to the epoxy resins, a number of new
approaches including the modified polyurethanes35,36 and
polyimides37,38 have been used to further enhance orientational
stability of the poled polymers at temperatures ranging from 85
to 150 8C. Dalton et al.39 have recently made important advances in
poled materials by use of a ‘double-ended’ crosslinking approach in
which the chromophores containing reactive functionalities are at
both donor and acceptor ends. Sufficiently different reactive func-
tionalities allow a two-step process selectively to polymerize the
precursor polymer first, and then perform the hardening step
during the curing/poling process (Fig. 4c). The group has reported39

long-term stability at 90 8C for more than 40 days, with r33 values
ranging from 9 to 17 pm V−1.
Photorefractive polymers. During the past two decades, the design
of NLO chromophores has been mainly aimed at optimizing the
performance of electro-optic polymers. With the recent develop-
ment of highly efficient photorefractive polymers, interest in chro-
mophore design has gained additional momentum and new
design strategies have emerged. Whereas the first photorefractive
polymers40 combined solely electro-optic and photoconducting
properties (as in their inorganic crystalline counterparts such as
LiNbO3), present-day polymers show additional orientational
effects41. These orientational effects are largely responsible for
the high performance of this new class of materials, and have
drastically changed the optimization criteria of chromophores
for incorporation into low-Tg photorefractive polymers. Here
again, the BLA/BOA theory seems to provide a powerful tool
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Figure 5 Illustration of the photorefractive effect. The overlap of two coherent

laser beamscreates a spatially varyingoptical interferencepattern (a). In the high-

intensity regions, charge carriers are generated (b). One type of carrier is

transported and trapped (c), creating an alternating space-charge field (d). The

space-charge field induces a refractive-index grating via the electro-optic effect

(e). This grating (solid curve) is phase-shifted (by Q) with respect to the initial light

distribution (dotted curve).
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for optimizing chromophores for photorefractive applications.
To gain a better understanding of these new design criteria, we
review briefly some of the basic principles of photorefractive
polymers.

The photorefractive effect is based on a combination of photo-
conducting and electro-optic properties, and can lead to high
refractive index variations under the illumination of low-power
lasers (Fig. 5). When two laser beams intersect in such a material,
they create an interference pattern with a strongly nonuniform
distribution of light intensity. Excess charges generated through
optical absorption in the high-intensity regions migrate to the
regions of low intensity, leading to charge separation and the
build-up of an internal electric field. Because the material is
electro-optic, the internal electric field changes internally the
refractive index of the material. As a result, the initial light
distribution is optically encrypted in the form of a refractive-
index pattern in the material. Owing to trapping of the carriers,
the internal space-charge field and the corresponding refractive-
index grating have a lifetime ranging from nanoseconds to several
years depending on the photorefractive material. Thus photore-
fractive materials are suitable for the recording and storage of
optically encoded information such as holograms. In addition,
photorefractive materials are reconfigurable: recording of optical
information can be performed in real time. The redistribution of
photogenerated charges follows any changes occurring in the optical
wavefront during recording. Hence photorefractive materials are
not only suitable for optical storage but also show particular
promise for real-time optical processing applications42. During
the past thirty years, the photorefractive effect has been studied
mainly in inorganic crystals that are difficult to produce and to
process. In these traditional photorefractive materials, the refrac-
tive-index modulation arises only from the space-charge field acting
on the electro-optic (Pockels) effect of the materials. Thus the
molecular figure of merit developed for early photorefractive poly-
mers, such as the first photorefractive polymer developed at IBM40,
was related to bm/Mr as discussed above for purely electro-optic
polymers (where Mr is the relative molecular mass). In contrast,

highly efficient photorefractive polymers, such as the plasticized
polyvinyl carbazole based polymers incorporating 2,5-dimethyl-4-
( p-phenyl-azo)anisole (DMNPAA) developed at the University of
Arizona41, have a low Tg and exhibit an orientational contribution to
the refractive-index modulation. The so-called orientational
enhancement effect43 is due to the ability of the chromophores to
orientate at room temperature under the influence of the total
electric field which is the superposition of the internal modulated
field and the externally applied field. As a result, in steady state after
photorefractive hologram formation, the molecules no longer have
a uniform orientation but can have an orientation that is spatially
modulated both in magnitude and in direction. That periodic
orientation of the chromophores doubles the effect of the electro-
optic contribution and, more importantly, leads to a modulated
birefringence that significantly enhances the total refractive-index
modulation43. This effect occurs, however, only in polymers with a
Tg below, or close to, the operating temperature. For such photo-
refractive polymers, a possible molecular figure of a merit is
AðTÞDam2 þ bm (where Da is the difference between the molecule’s
polarizability along its molecular axis versus smaller off-axis con-
tributions, and A(T) is the scaling factor 2/9kTwhere k is Boltzman’s
constant and the temperature T is 300 K)44. Thus in designing
molecules, not only do the values of the dipole moment and the
hyperpolarizability play a role, but so too does the polarizability
anisotropy, Da, of the molecule.

The ability of the BLA/BOA theory to help in tailoring these three
molecular constants is extremely important for the design of
optimized photorefractive polymers. We have analysed calculations
performed on the molecule (CH3)2N–(CH=CH)4CHO in the
presence of an external field, where the field is used to modulate
the ground-state polarization and concomitantly BOA as described
above; we have plotted A(T)Dam2 and bm as a function of BOA (Fig.
6)44. In the region where A(T)Dam2 and bm are peaked, the
magnitude of A(T)Dam2 is over 80 times higher than that of bm.
As a result, the contribution of the bm term is almost negligible and
AðTÞDam2 þ bm < AðTÞDam2 for this molecule. Thus these calcula-
tions showed44 that linear polymethine molecules should be opti-
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Figure 6 Plot of A(T)∆am2 and bm (see text) versus bond-order alternation (BOA)

for (CH3)2N–(CH=CH)4–CHO.

Figure 7 Comparison of low-Tg photorefractive (PR) polymers, illustrating the

various components that impart photoconductivity, plasticization, sensitization

and orientational nonlinearity. Tg is the glass transition temperature.
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mized for photorefractive applications when they are polarized
somewhat beyond the cyanine limit44. Based on these results, we
synthesized the polyene molecule 2-N,N-dihexylamino-7-dicyano-
methylidenyl-3,4,5,6,10-pentahydronaphthalene (DHADC-MPN)
(Fig. 7). The molecule was used as a dopant molecule in mixtures
of polyvinyl carbazole and ethylcarbazole that act as the photo-
conducting matrix (Fig. 7). The photorefractive properties
were tested by four-wave mixing and two-beam coupling experi-
ments. In four-wave mixing experiments, maximum diffraction
was observed in 105-mm-thick samples at an applied field of
30 V mm−1 at 633 nm, corresponding to an improvement of Dn
by a factor of four compared to previous DMNPAA-based polymers
(Fig. 7) with 50 wt% chromophore loading. In addition, the
DHADC-MPN-based samples remain homogeneous and thus
retain their excellent optical properties over long periods of time.

Overall, the most efficient photorefractive polymers to date are
plasticized guest/host systems. However, as for purely electro-optic
polymers, there is a strong need for photorefractive polymers with a
high Tg. Such polymers are poled and have stable electro-optic
properties, but they do not show the orientational enhancement
effect discussed above. These materials will be of use for long-term
holographic data storage. Thus their optimization is similar to that
of purely electro-optic polymers; recent progress in developing
chromophores with bm . 10;000 3 10 2 48 e:s:u: (at 1.9 mm) will
probably provide new opportunities for the fabrication of efficient,
high-Tg photorefractive polymers.

Into the marketplace
The field of organic NLO has advanced rapidly in the past five years.
Large steps have been made in understanding the origins of the NLO
response, and optimizing both molecular and polymeric electro-
optic and photorefractive responses. Opto-electronic devices based
on polymeric materials are starting to become commercially avail-
able. The low cost and ease of processing offered by polymers make
them extremely competitive with inorganic systems. Examples of
organic devices already in the market place are the thermo-optic
switches (which face several of the same technological issues as the
electro-optic polymers) offered by Akzo-Nobel. The materials
requirements for electro-optic applications are rather more severe.
However, questions of stability have been addressed, and it seems
that systems with an adequate combination of transparency, ther-
mal stability and optical nonlinearities now exist for certain appli-
cations. Although problems related to scale-up of materials
synthesis, device fabrication and system integration still exist,
TACAN Corporation (Carlsbad, CA) has recently announced that
they are incorporating a polymeric electro-optic modulator into a
commercial transmission system to test field applications. In the
area of organic photorefractive polymers, useful devices have been
demonstrated42, and advances in materials show no signs of reach-
ing a plateau. M
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