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Introduction

Quantum and statistical mechanical methods have been employed
to optimize the electro-optic activity of organic materials.  Since the
year 2000, electro-optic activity has been improved by nearly an order
of magnitude to walues greater than 300 pm/V. This improvement
has been accomplished while keeping optical loss values to lesathan 2
dE/cm and keeping material glass franzition temperafras to valuas on
the order of 200°C,  Although the molecular first hyperpolarizability
of chromophoras haz baen improved significantly through gnidance
provided by quantum mechanics, the greatest improvement in
macroscopic electro-optic activity has been achieved by optim izing
the product of chromophore mumber density, M, and acentric order
parameter, <cos’@> through use of guidance from statistical
mechanical calculations.  The essential izaie to be addressed is that
of owercoming unwanted ntermolecular electrostatic interactions
driving centrogymmetric ordering of chromophores.

Three general approaches have been pursued in optimizing
acentric order for high chromophore concentrations. The first
involves modification of chromophore shape malking chromophores
more spherical [1]. This concept iz derivative from the realization
that there are two components to the ntermolecular chromophore
dipole-dipole interaction potential, namely, one that favors acentric
order +while the other fawors centric (centrosymmetric) order.
Malcing chromophores more spherical shifts the relative importance of
thase two confributions to yield a better eleciric field poling induced
order.  The second approach involves wusing cowvalvent bond
potentials to nhibit cenfrosymmetric ordering.  This approach has
been typically applied to multi-chromophore-containing dendrimers
{az will be illustrated in this communication) but recently it has alzo
been applied to the investization of multi-chromophore-containing
bundles [2,3]. A third approach has involved doping a second
chromophore into a lattice comprized of single-chromophore-
containing dendrimers, multi-chromophore-contaning dendrimers, or
chromophore -containing dendronized polymers.  The enhanced order
obaerved for thig third caze appears to arize from an “lzing-lattice-
lice™ effect where one type of chromophore affects the order of the
other (and wice werza) in the elactric poling experiment. In this
communication, examples ofthe second and third effect are given,

Intermolecular electrostatic interactions alzo play a significant
role in defining optical loss (as well a3 electro-optic activity,
mechanical properties, and thermal stabilits). Researchera at
Loclheed Martin Corporation [4] have demonstrated that doping
chromophores  into  polymer materials such  az  amorphous
polycarbonate (4Aldrich Chemical) leads to increased optical loss
meanwed at telecommunication wawvelengths, Thiz iz attributed to
two electz (1) Broadening of the interband absorption transition
from increased mhomogeneous broadening arising from poorer
chromophore/polymer  solubility at  increasad  chromophore
concentrations and (2) red-shifting of the nterband transition with
increasing chromophore concentrations associated with the
corresponding increase of the dislectric constant of the composite
material with higher chromophore loading. Doping of dendrimer
materials can lead to much lower optical loss due to dramatic
attermiation of these effects.

In lite marmer, matarial glass transition temperabare and the
thermal stability of electro-optic activity (after the poling field is
turned off) can be affected by intermolecular elecirostatic interactions.

Material zlass transition temperatre can alao be confrolled by
material crogzlinking and a brealcthrough in this regard has been the
utilization of two types of cycloaddition crosslinking interactions,
bazed either on the Diels-Alder/Retro-Diels-4 lder reaction [3] for on
the irreversible crosslinking of the fluorovinyl ether fimetionality [6].
These reactions have facilitated the realization of electro-optic
materials with glage transition temperatires on the order of 200°C,
The Diels-Alder/Retro-Diels-4lder reaction iz also useful in turning
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the processing temperature of electro-optic materials relevant to soft
and nanoimprint lithography [7,8] and to controlling the temperahire
at which electric field poling iz carried out.

A notable advantage of organic electro-optic materials in addition
to a fast response, large electro-optic activity, which facilitates the
production of high bandwidth, low drive wvoltage devices, is their
processability.  In addition to permitting the fabrication of three
dimensional photonic circuits and a wvariety of device structures
ranging from stripline, to caseaded prism, to ring microresonator (and
other resonant devices inclading etalons and photonic bandzap
devices), organic electro-optic materialy can be straightforwardly
incorporated into silicon photonic cirenitry leading to high bandwidth
electro-optic modulation and switching and to optical rectification
{photodetection) [ 9]

Experimental

The materials to be discuszed in this communication are illustrated
in Figare 1. Their synthesiz has been and will be described
alzewhere [10]
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Figure 1. The atructre of the dopant chromophore YLD _124
andthe guest dendritic lattice PSLD_41 are shown,

Electro-optic activity was measured by modified aimple reflection or
attenuated total reflection methods as described elsewhere [%,10].  To
improve the reliability of measurements, electro-optic activity is
reported ag the principle electro-optic coefficient, s, divided by the
poling woltage, B, Thus each rs/Ep data point for a given N is
obtained by performing a linear least squares fit of electro-optic optic
activity over arange of poling voltages, ./ sty monitoring of poling
was carried out as deacribed elsewhere [10,11] and included
menitoring of carrent flow during poling,

Results and Discussion

Figure 2 illustrates a critical sunmary of data that includes data
for the basic chromophore of PSLD_124 (an “FTC™ type
chromophore [10, 11 denoted CF3-FTCT dissolved in amorphous
polycarbonate (APC) and a variant of PSLD 124 that does not contain
the Frechet dendrons (a lower generation dendrimer relative to
FSLD_124). Thiz second multi-chromophore-containing dendrimer,
of courge, hag a higher chromophore mumber density.

The data for the CF3-FTC/APC composite material {denotad by
triangles) exhibits a maximum 1s+/Ep value of less than 1 while the
game chromophors in the two dendrimer materials exhibit values of
graeater than 1. Robinson and coworkers [12] have employed
paendo-atomistic Monte Carlo calenlations (that permit entanglement
of dendrimers) to simulate the new resultsreported here for the multi-
chromophore-containing  dendrimers. They show that the
intermolecular chromophore  dipolar  electrostatic  inferactions
experienced by the chromophores in the dendrimer materials is
analogous to the chromophore dipole-dipole interactions that would be
experienced by the zame chromophore embedded in a sphere with a
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Figure 2. Normalized electro-optic activity (ri3 divided by
poling field strength, Ep) i plotted wersuz chromophore number
density for three types of materials. The friangles correspond to a
CF3-FTC type chromophore dissolved in amorphous polycarbonate
(APCY. The agquares correspond to two  different dendrimers
containing the CF3-FTC chromophore.  The diamonds correspond to
doping the YLD _124 chromophore into the PSLD-41 dendrimer (see
Figire 13, To provide a better calibration of the meaning of r33/Ep
valuas, the reader should note that an r33/Ep value of 3 corresponds to
an electro-optic coefficient of 300 pm/V for a 100 wolt/micron poling
field.

a diameter correzponding to the long axiz of the CF3-FTC

chromophore.  In Figre 3, we compare data for the YLD_124
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Figwre 3. Wormalized electro-optic activity (rs; divided by poling
field strength E;) is plotted against chromophore number density, N,
for the YLD _124 chromophore in APC {data denoted by trianglas)
and for the same YLD-124 chromphore doped into the PSLD-41
dendrimer {data denoted by squares).

chromophore doped into APC with the YLD_124 chrom ophore doped
into the P3LD-41 dendrimer. The dramatically erhanced slope
suggests that the acentric order parameter iz significantly enhanced for
the doped dendrimer system. Indeed, in the low concentration
regime showr, the YLD-124 chromophore in APC should correspond
to the independent particle limit (where the chromophore experiences
no nteraction with surrounding chromophores). The greater slope
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obzerved for the YLD_124/PSLD-41 material suggests that
intermolecular electrostatic interactions operational in this material act
to erthance poling-induced order.  Of course, it still remaing to prove
that thiz increaszed slope iz not due to some other factor such as a
different effective dielectric constant. It should also be noted that by
[sing-lattice-likke envirorment we simply mean that the chromophores
sense 4 more restrictive enwvironment than the three-dimensional
environment of a conventional polymer such as APC

Conclusions

Incorporation  of chromephores inte  multi-chromophore-
cottaining dendrimers iz shown to lead to a sighificant erhancement
in elactro-optic activity, Thase results are reasonably well simulated
by paeudo-atomistic Monte Carlo caleulations that permit dendrimers
to interpenetrate (entangle). Calculations also lead to the correct
prediction of material densities. An even greater enhancement in
electro-optic activity iz observed when such dendrimer materials are
doped with a second chromophore.  Thiz latter effect may reflect an
[sing-lattice-type phenomenon where one chromophore impacts the
ordering of'the other and vice versa

Thess two approaches strongly suggest that chromophore mumber
density and acentric order parameter can be dramatically improved
uging dendrimer and doped dendrimer materials relative to what can
be obtained for conventional undoped polymer compogite materials,
Preliminary data also sugzested that improved optical loss may also

apply.
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