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Some of the most highly active organic electro-optic (EO) materials developed recently rely on the combination
of an EO-active (chromophore-containing) host material (dendrimer or side-chain polymer) and an EO-active
(chromophore) guest. These new binary-chromophore materials exhibit EO coefficients (r33) in the range of
250 to greater than 300 pm/V (currently as high as 450 pm/V). The EO activity of these binary-chromophore
materials is greater the sum of their individual components. The experimentally observed increase in the
nonlinear optical response of two representative classes of EO chromophore-EO dendrimer and EO
chromophore-EO polymer mixtures relative to the response of the isolated components is described
quantitatively herein by a physical model that accounts for cooperativity in the guest-host interactions.

I. Introduction

With the maturation of, and societal reliance on, information
technology has come the need for increased data handling/
processing capability.1 Photonics-based technologies are poised
to meet this coming challenge by delivering a high-performance
and cost-effective means of ultrafast information manipulation
and transfer with lower energy consumption.2-6 The perfor-
mance characteristics of photonic microdevices, such as electro-
optic (EO) modulators, are largely determined by the attributes
of the active materials from which they are constructed. In the
case of optical modulators, whose operation is based on the
linear EO or Pockel’s effect, the first major hurdle to be
overcome is the development of active materials that exhibit
sufficient EO activity to avoid excessive drive voltage
requirements.7-10 In this area, organic materials currently offer
a significant advantage over inorganic competitors.4,11,12Recent
research efforts in the area of organic EO devices have yielded
materials with dramatically enhanced electro-optic coefficients,
r33 (in the range of 250 to greater than 300 pm/V). Two classes
of these materials, binary chromophore-containing dendrimer
glasses and binary chromophore-containing polymers, rely on
synergistic effects between EO active host and guest materi-
als.13,14

It has been observed that introduction of free chromophores
to a dendrimer host containing covalently bound chromophores
significantly increases the nonlinear optical (NLO) response of
the final material as compared to the individual constituents.
Similarly, introduction of free chromophores into a polymer
bearing covalently attached dipolar chromophore-containing
side-chains also results in a significantly improved EO re-
sponse.15 In this communication two binary chromophore
systems are demonstrated. Free chromophore YLD_124 is
introduced into both an EO dendrimer (PSLD_41) and an EO

polymer (DR-1 co-pmma), Figure 1. The cooperativity phe-
nomena observed are described herein by a physical model that
involves energetically favorable organization of electrostatically
bound complexes between the dendrimer and polymer hosts and
the free chromophore guest.

II. Experimental Studies

II.1. Synthesis General.The synthesis and characterization
of dendrimer PSLD_41 and free chromophore YLD_124 has
been covered in detail elsewhere.16,17

II.2. Electro-Optic Property Assessment.Thin-films of the
materials to be tested were fabricated by dissolution of a mixture
of the appropriate proportions of host and guest materials. Into
freshly distilled 1,2-dichloroethane (30 mg sample/345 mg
solvent) was dissolved 8% total solid weight. After agitating
overnight, the solutions were then filtered (0.2µm PTFE,
Whatman) and spin-cast onto half etched ITO coated glass slides
(dendrimer PSLD_41) 850 rpm, polymer) 1100 rpm) to yield
film thicknesses between 1.2-2.0µm. Solvent traces were then
removed in vacuo overnight at 60°C. Poling and reflectance
ellipsometry (r33 measurement) electrodes were then fabricated
by deposition of gold directly atop the films. Film thicknesses
were measured by surface profilometry.

Electro-optic coefficient measurements were performed as
previously reported.18-24 Teng-Man ellipsometry18-24 can be
subject to large errors (both positive and negative) when ITO
is utilized with thin film organic samples. We have minimized
such errors as discussed elsewhere13,23,24and have used modified
attenuated total reflection25 and other techniques more recently
to attempt to improve absolute accuracy of measurements. While
large errors are still possible it is not likely that they affect the
fundamental conclusions of this report. This is particularly
evident from the report of laser-assisted poling of the YLD_124
doped into DR1-co-pmma where photopoling of the DR1 host
chromophores results in a factor of 2.5 increase in the acentric
order of the guest YLD_124 chromophores. This direct observa-
tion of the interconnection of guest and host order provides
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strong support for the observations of this communication. In
the discussion of theory later in this report, we caution against
over interpretation of the quantitative significance of course-
grained theoretical analysis. The potential errors associated with
Teng-Man measurements also argue against over interpretation
of the quantitative significance of interaction potentials derived
from the theoretical analysis of data; however, trends are very
likely reliable and the semiquantitative significance is very likely
highly reliable. At the current time, all measurements of electro-
optic activity and chromophore order pose potential problems,
we are pursuing a multidimensional approach to improve both
experimental and theoretical absolute accuracy in defining
intermolecular electrostatic interactions but the discussion of
this broader effort lies beyond the scope of this communication,
which focused on attempting to identify key potential intermo-
lecular electrostatic interactions and define approximate mag-
nitudes of such interactions in a systematic way.

II.3. UV -vis/NIR Spectroscopy.Thin-film samples were
prepared as above using increased spin rpm to afford thinner
films. UV-visible to near IR absorption spectra were recorded
for samples containing YLD_124 in the EO dendrimer host,
PSLD_41, and also in the EO polymer host, DR-1 co-pmma.

Shown in Figure 2 (left panel) is the UV-vis/NIR absorption
spectrum of free chromophore YLD_124 as a chloroform
solution, and (right panel) PSLD_41 (host), and PSLD_41
containing YLD_124 (guest) at 1.91× 1020 molecules/cc. A
bimodal peak is observed in the spectral region corresponding
to the π-π* charge-transfer band for samples containing

YLD_124. As the loading level of YLD_124 in the PSLD_41
dendrimer is increased this charge-transfer band shoulder is also
seen quite prominently.

Noting that the bimodal band structure appears in the solution
spectrum and the solid-state spectra of YLD_124, it seems
reasonable to assume that much of the observed broadening is
due to a mostly linear combination of the spectral features
associated with PSLD_41 and YLD_124. Some solvatochromic
behavior is also expected when a highly polarizable compound
such as YLD_124 is introduced into a very polar environment
like that of PSLD_41. Therefore, it might be assumed that the
ground-state electronic structure of YLD_124 is not significantly
perturbed by electrostatic complex formation. In order to
qualitatively evaluate this hypothesis, the PSLD_41/YLD_124
spectrum was reproduced mathematically. Mathematical repro-
duction of the spectra was accomplished simply by performing
a linear combination of YLD_124 and PSLD_41 spectral
components. The results are illustrated in Figure 3. It is
suggested by Figure 3 that most of the spectral broadening seen
in the UV-vis spectrum of the binary dendrimer/chromophore
blends can indeed be accounted for by the simple superposition
of the independent spectra of component materials. Therefore,
no unexpected changes in the optical characteristics of the
material are anticipated based solely on mixing. A similar
treatment was performed for the YLD_124/DR-1 co-pmma
composite materials. Representative spectra for the binary blends
of YLD_124 in the DR-1 co-pmma host are shown in Figure
4.

As with the binary blends of YLD_124/PSLD_41 dendrimer,
the YLD_124 guest/DR-1 co-pmma polymer host blends display
a similar pronounced bimodal absorption band corresponding
to YLD_124. Multi-Gaussian analysis can be more easily
applied to the YLD_124/DR-1 co-pmma system due to the
separation of the absorption bands. No line broadening of the
DR1 absorption peak can be observed, which was further
confirmed by Gaussian analysis. These results showed that when
some volume of the DR1PMMA was substituted by YLD 124,
the environment only changed slightly, meaning that DR1PMMA
has good compatibility with YLD 124 (Figure 5).

From the 4-peak Gaussian analysis illustrated in Figure 5,
several points may be concluded. The absorption peak corre-
sponding to DR-1 co-pmma red-shifts only slightly (∼5 nm)
when YLD_124 is introduced. Little line-broadening of the
DR-1 peak is observed. The ratios of the areas of the shoulder
peak and that of the major peak of the YLD_124 band are
approximately equal in the two doped samples. The shoulder
peak red-shifts slightly faster. Due to the overall similar behavior
of the guest chromophore in the dendrimer and polymer
environments, it is suggested that environmental considerations
should be similar in both binary blends allowing for their direct
comparison.

II.4. VASE Analysis of Linear Optical Properties. Real
and imaginary contributions to the complex refractive index
(Figure 6),nc ) n + ik, were determined by variable angle
spectroscopic ellipsometry (VASE) using a Woollam VASE
operating in the wavelength range of 310-1550 nm (0.8-4.0
eV). Data points were recorded at incidence angles of 65, 70,
and 75 degrees. The pseudodielectric functions were fit using
the nonlinear Levenberg-Marquardt algorithm using com-
mercial WVASE32 software, also from J.A. Woollam Co. Inc.
From thin-film VASE measurements the refractive indices atλ
) 1310 nm were determined to be dominated by contribution
from the real part for all materials considered herein. The
refractive indices for pure dendrimer PSLD_41 and YLD_124/

Figure 1. Molecular structure of (a) the free chromophore (denoted
YLD_124) and dendrimer (denoted PSLD_41) system (b) the free
chromophore and side-chain polymer (denoted DR-1 co-pmma) system.
The dendrimer and polymer molecules contain built-in chromophore
fragments (denoted DR-1 for polymer).
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DR-1 polymer atλ ) 1310 nm (r33 measurement wavelength)
were determined to be 1.73 and 1.76, respectively. These values
were subsequently used for r33 determination. The same analysis
was performed forN ) 1.71× 1020 molecules/cc YLD_124
in DR-1 co-pmma. The results are illustrated in Figure 7. The
refractive index for this material atλ ) 1310 nm was determined
to be 1.65.

In addition to refractive index measurements, dielectric
constants for the materials discussed were also evaluated using
a parallel plate capacitance measurement. For the YLD_124 in
PLSD_41,〈ε〉 ) 5.31 and in DR-1 co-pmma〈ε〉 ) 3.89.

II.5. Poling Efficiencies.Poling efficiencies, EO coefficients
as a function of poling voltage (r33/E), were determined for a
series of number densities of YLD_124 when loaded into
different host materials. Several samples of each composition
were poled under increasing poling voltage and the resulting
r33 values plotted againstE. The linear fit was taken asr33/E.
First, samples of pure tri-chromophore dendrimer, PSLD_41,
and DR-1 co-pmma (Aldrich 570427) were fabricated and poled
for reference. The poling efficiency for PSLD_41, with a fixed
number densityN ) 4.6 × 1020 molecules/cc of chromophore
fragments, was determined asr33/E ) 1.04 (nm/V)2, and for
DR-1 co-pmma (N ) 4.75× 1020) asr33/E ≈ 0.07 (nm/V)2.16

Also for reference, several compositions having increased

number density of YLD_124 in APC (Poly[bisphenol A
carbonate-co-4,4′-(3,3,5-trimethylcyclohexyl-idene)diphenol car-
bonate]), an inert host standard, were prepared and evaluated.
Next, free chromophore YLD_124 was introduced into both the
DR-1 co-pmma polymer and into the dendrimer at increasing
intervals of number density. Samples of each composition were
then cast and tested as detailed above. The referencer33/E values
determined for pure PSLD_41 and DR-1 co-pmma were then
weighted by number density,N, and then subtracted from the
values obtained for each respective composition. The results
are plotted in Figure 8. With respective host EO material
contributions removed, it is clear from Figure 8 that YLD_124
displays very different EO properties depending on host
environment. Shown here,N represents the number density of
YLD_124 only, and does not include the active density of the
two host materials. The YLD_124 in APC series is shown in
blue. When the YLD_124 guest is loaded at comparableN,
approximately 1.7× 1020 molecules/cc (25% YLD_124 by
weight, N depending on density), into APC, DR-1 co-pmma,
and dendrimer PSLD_41,r33/E values were found to be 1.09,
1.61, and 2.85 (nm/V)2 (( 15%) respectively. Optimumr33

Figure 2. left; absorption spectrum of YLD_124 as a chloroform solution, right; absorption spectra of PSLD_41 dendrimer thin-film and PSLD_41
with 1.91× 1020 molecules/cc loading of YLD_124.

Figure 3. Mathematical reproduction of the UV-vis spectrum of
YLD_124 in a PSLD_41 dendrimer host.

Figure 4. UV-vis absorption spectra of DR-1 co-pmma (red solid
line), 1.03× 1020 molecules/cc YLD_124 in DR-1 co-pmma (blue
dotted line), and 1.71× 1020 molecules/cc YLD_124 in DR-1 co-pmma
(green dotted line).
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values obtained at thisN in the different hosts were 110, 160,
and 215 pm/V respectively. As is apparent from the plot, higher
loading leads to increasedr33/E but also increases conductivity,

leading to decreased experimental reproducibility. At the highest
loading level explored for the dendrimer/chromophore (YLD_124/
PSLD_41) binary glass,r33 values greater than 285 pm/V could
be observed. In order to explain the observed guest-host
cooperativity phenomena, we developed the following physical
model, which was further supported by atomistic molecular
dynamics and electronic structure calculations. The model
presented here suggests that electrostatic (dipole-dipole) in-
teractions favor the formation of slipped pairing/grouping of
mismatched dipoles into electrostatic complexes.

III. Theoretical Modeling

III.1. Model Structure of Electrostatically Favored Guest-
Host Complexes.This simple, extremely course-grained model
presented below is designed to account quantitatively for the
favorable intermolecular electrostatic guest-host interactions
that explain the large increases in EO activity observed in the
binary chromophore organic glasses.26

Each dendrimer molecule contains three imbedded chro-
mophore fragments, Figure 1, and is represented in the model
by the trigonal pyramid shown in Figure 9a. The three-
dimensional atomistic structure of the chromophore-dendrimer
complex depicted in Figure 9a is one of many closely related
structures generated by the simulation detailed above. Each of

Figure 5. Illustration of multi Gaussian analysis of the UV-vis spectra ofN ) 1.71× 1020 molecules/cc YLD_124 in DR-1 co-pmma (left panel)
andN ) 2.0 × 1020 (right panel).

Figure 6. Real,n, and imaginary,ik, parts of the complex refractive
index for PSLD_41 dendrimer (red and blue) andN ) 1.91 × 1020

molecules/cc YLD_124 in PSLD_41 (green and black).

Figure 7. VASE refractive index measurement for 1.91× 1020

molecules/cc YLD_124 in DR-1 co-pmma.

Figure 8. Electro-optic activity,r33/Ep, as a function of chromophore
concentrationN (number density, molecules/cc) of YLD_124 in various
host lattices is shown. Contributions from the host lattice materials are
subtracted as described in the text. The experimental data are
represented by circles of the following color: blue for free chro-
mophores in APC (standard), orange for the chromophore-polymer
(DR-1 co-pmma) mixture, and red for the chromophore-den-
drimer mixture. The solid lines give the corresponding theoretical
results.
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the three edges of the dendrimer pyramid contains a chro-
mophore fragment with the dipole momentµD. Assuming that
the dipole moment is created by charges(µD/dD separated by
distancedD, the apex of the pyramid accumulates the total charge
of 3 µD/dD, and each corner of the triangular base carries the
charge of-µD/dD. The overall system is electro-neutral. The
edges of the dendrimer pyramid form angleθD with the pyramid
axis. The dipole moment of the free chromophore is represented
by charges(µC/dC separated by distancedC. The chromophore
sits along the pyramid axis and is separated from the dendrimer
apex by distancezD. The positive end of the free chromophore
interacts strongly with the negative ends of the chromophore
fragments imbedded into the dendrimer forming a slipped
aggregate complex in which noncentrosymmetric orientation of
the individual constituents is energetically favored.

A pair of dipolar side-chains contained in the linear polymer,
Figure 1, interacts with one molecule of the free chromophore
as represented in Figure 9b. Similar to the dendrimer system,
the dipole moment of each side-chain is assumed to be created
by charges(µP/dP separated by distancedP. The angle between
the side-chains equals to 2θP. In the model, the free chromophore
is located symmetrically between the side-chains, forming angle
θP with each side-chain. The distance between positive ends of
the free chromophore and the polymer side-chains equalszP.
The geometry of the polymer-chromophore complex is such that
the positive end of the chromophore interacts strongly with the
negative ends of the polymer side-chains. This model is thought

to be a realistic reflection of the experimental case owing to
the differences in length and dipole moment magnitude between
the side-chain and guest. Nuclear repulsive (steric) forces can
also be expected to aid in favoring a slipped geometry due to
interactions between the functionalized end groups of YLD_124
and the polymer backbone (DR-1 co-pmma) or the dendrimer
core (PSLD_41).27 These models of guest-host complexes
capture the essential electrostatic interactions that are thought
to be responsible for the enhanced values of the NLO coefficient.
The models are schematic; experimentally, bulk material systems
are expected to contain broad distributions of complex geom-
etries. The analysis given below indicates that only a fraction
of the guest and host molecules need to form the complexes
shown in Figure 9 in order to induce the observed enhancement.
In view of the schematic nature of the developed models, further
analysis is carried out for the case in which the values of the
dipole moments of the free chromophore and the chromophore
fragments imbedded into the dendrimer and the polymer are
the same, i.e.,µC ) µD ) µP ) µ anddC ) dD ) dP ) d. This
assumption is validated by the electronic structure calculations
described above.28 The anglesθD and θP are also determined
on the basis of the atomistic calculations. Since in systems that
have been tested experimentally, the values of these angles are
expected to have a broad distribution, the theoretical results are
given for several angle values representing this distribution. The
distanceszD andzP are determined by optimization of the guest-
host interaction energies.

Figure 9. Schematic representation and geometric structure of the bound complexes formed by the free chromophore (C) with (a) dendrimer (D)
and (b) polymer fragment (P).
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The presented model is highly idealized and should not be
over-interpreted. Clearly, a statistical distribution of interactions
exists, and the model focuses on only one important type of
interaction.

III.2. Atomistic Studies of the Guest-Host Molecular and
Electronic Structures. In order to support the simplified model
of the guest-host interaction, we have performed atomistic
simulations using classical molecular dynamics (MD) and
semiempirical electronic structure theory.29 The chromophore-
dendrimer and chromophore-polymer complexes shown in
Figure 9 are representatives of a large ensemble of possible
structures seen in MD. A comprehensive characterization of the
ensembles of the structures requires extremely time-consuming
calculations and extends beyond the scope of the present study.
The structures shown in Figure 9 illustrate the models developed
for the quantitative description of the experimental data. As
emphasized in the main text, only 45% of the chromophore-
dendrimer systems and 21% of the chromophore-polymer
systems need to be in conformations similar to those shown in
Figure 9 in order to account quantitatively for the experimental
observations.

The electronic properties of the molecular systems were
investigated using the semiempirical AM1 electronic structure
theory.28,30The free YLD_124 chromophore, Figure 1a, contains
electron donor and acceptor groups, amino and cyano groups
respectively, that create a fairly large value of the dipole moment
(13.8 D). The positive end of the chromophore creates a good
fit inside the dendrimer pyramid, Figure 9a, as well as between
the two polymer side-chains, Figure 9b.

As assumed by the model, Figure 9a, the dendrimer forms a
trigonal pyramid, with the chromophore fragments built into
the pyramid’s legs. The dipole moments of the built in
chromophore are around 10 D, largely independent of whether
or not the secondary dendrons are included in the electronic
structure calculation, Figure 10a,b. The dipole moment of the
isolated chromophore fragment is 10.9 D, and the dipole moment
of the chromophore fragment with the secondary dendrons is
9.0 D. The dendrons create a shield that prevents the highly
unfavorable antiferroelectric interaction between the chro-
mophore fragments.15,22,31,32The dipole moment of the whole
dendrimer in the conformation shown in Figure 9a is 17.0 D.

It is hard to determine unambiguously the angleθD, Figure
9a, between the legs of the dendrimer pyramid and its vertical
axis based on the dendrimer geometric structure, which is quite
complex. Instead, the dendrimer angle can be determined by
comparing the dipole moment over the whole dendrimer and
the vector-added dipole moments of the chromophore fragments.
The values reported above lead toθD ) 57°, supporting the
choice θD ) 60° made in the theoretical analysis of the
experimental data presented in the main text.

The negative ends of the chromophore fragments imbedded
into the polymer side-chains, Figure 10c, interact with the
positive ends of the free-chromophore, as shown in Figure 9b.
The polymer side-chains remain relatively straight, in contrast
to the dendrimer branches, Figure 9a. The value of the angle
between the side chains can be determined directly from the
polymer geometric structure. Regardless of the exact definition
of the direction of each side-chain, the angle is close to 120°,
motivating theθP ) 60° value used in the theoretical analysis
of the experiments discussed in the main text.

The results of the atomistic simulations of the geometric and
electronic structure of the guest-host systems agree with the
experimental data and support the developed theoretical model.
The simulations show that the dendrimer tends to form a
pyramidal structure which attracts the free chromophore. The
latter stabilizes the dendrimer pyramid and makes the polymer
side-chains bend, thereby creating a large macromolecular dipole
moment that is favorable for poling. The angles of the dendrimer
pyramid and polymer side-chain obtained from the atomistic
simulations agree with the value obtained by fitting the
experimental data.

III.3. Guest-Host Binding Energy.The strongest interaction
between the dendrimer molecule and the free dipolar chro-
mophore occurs when the chromophore approaches the den-
drimer pyramid from the bottom, Figure 9a. The positively
charged end of the chromophore interacts strongly with the three
negatively charged corners of the dendrimer pyramid. Optimiza-
tion of the interaction energyU(z) defined the most favorable
location of the chromophorezopt. For the pyramid anglesθD )
45°, 55°, and 60°, zopt/d ) 1.24, 1.52, and 1.74. Sincezopt is
systematically greater thand, the optimal guest-host interaction
can be achieved even if the dendrimer contains bulky dendron

Figure 10. Molecular structure of (a) the chromophore fragment built into the dendrimer, (b) the chromophore fragment with the secondary
dendrons, and (c) the side-chain chromophore fragment built into the polymer.
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groups, which may prevent the free chromophore from actually
entering inside the dendrimer pyramid, but, at the same time,
steric forces may act to screen the unfavorable antiferroelectric
correlations between adjacent dendrimers, or dendrimer arms.

The binding energy of the complex∆U ) U(zopt) - U(∞)
significantly exceeds the thermal energy, Figure 11. For a
temperatureT ) 400 K, which is typical for poling, chro-
mophore dipole momentµ ) 13 D, and charge separationd )
4 Å, the ratios of the binding and thermal energies equal|∆U|/
kBT ≈ 5(θD ) 60°), 9(θD ) 55°), and 25(θD ) 45). The guest-
host electrostatic interaction is significantly stronger than the
interaction of the dipole moment of an individual chromophore
with the external electric field:µE/kBT ≈ 0.79 for a typical
poling field E ) 100 V/µm. These values show that the
dendrimer-chromophore complex is quite stable both to thermal
fluctuations and in the presence of the poling field. The binding
energy grows rapidly with decreasing dendrimer angleθ, Figure
9a. The energy of binding of the free chromophore to a pair of
dipolar side-chains of the polymer, Figure 9b, is smaller than
that of the dendrimer-chromophore complex by a factor of 2/3.

III.4. Poling of the Guest-Host Mixtures. The above
argument suggests that acentric molecular ordering should be
less energetically disfavored in the binary chromophore materi-
als. Therefore, as the poling field induces dipolar order with
respect to the poling axis, EO dendrimer/chromophore or side-
chain EO polymer/chromophore interactions favoring acentric
order should become stronger. Such an effect could produce a
shallow potential well, stabilizing poling-induced acentric
dipolar order, and shifting the distribution of ordered states
within the bulk material to the right with respect to the applied
poling potential field. This effect should be more pronounced
in the dendrimer than in the side-chain polymer-based binary
system. This is indeed consistent with experimental findings
assuming that correction for the host contribution tor33 can be
cleanly applied. In addition, the dipole moment of the dendrimer
pyramid containing three chromophore fragments with dipole
momentsµ depends on the pyramid angleθD, Figure 9a, and
equals 3µ cos θD. The dipole moment of the dendrimer-
chromophore complex is the sum of the dendrimer and
chromophore dipoles and, therefore, isµD-C ) µ(1 + 3 cos
θD). The chromophore-dendrimer interaction can then also be
expected to decrease the pyramid angleθD in the complex
relative to the isolated dendrimer enhancing the stability of the
complex and enhancing the complex-dipole/poling field interac-
tion. Provided thatθD < 90°, the dipole moment of the complex
is greater than the dipole moment of the free chromophore, and
poling of the EO dendrimer-chromophore mixture will be more
efficient than poling of free chromophores. The dipole moment
of the pair of polymer side-chains separated by angle 2θP, Figure

9b, equals to 2µ cosθP. The dipole moment of the polymer-
chromophore complex isµP-C ) µ(1 + 2 cosθP).

In order to quantify the poling efficiency brought about by
the formation of the predicted stable macromolecular structures,
it is useful to introduce the poling improvement coefficientηi,
definedηC ) 1 for free chromophores. The coefficient equals
ηP-C ) 1 + 2 cosθP for the polymer-chromophore mixture
and ηD-C ) 1 + 3 cos θD for the chromophore-dendrimer
mixture. The poling efficiency is determined by the canonically
averaged value of the cosine of the angleϑ between the system
dipole moment and the applied electric field

whereγi ) ηiµE/(kBT) is the ratio of the poling interaction and
thermal energies,T is temperature,kB is the Boltzmann constant,
and i ) C, P-C, or D-C. The average value of the dipole
moment of a single member of the canonical ensemble is
proportional to the improvement coefficientηi and is equal to
µηi〈cosϑ〉i.

III.5. Enhancement of the Electrooptic Coefficient. The
increase of the poling efficiency in the macromolecular systems
relative to the materials composed of individual chromophore
translates to the enhancement of the EO coefficient. The system
composed of isolated chromophores dispersed in an inert
polymer matrix presents the simplest case

where

N is the chromophore concentration (number density), andr ≡
r33. The coefficientR in eq 2 depends on the chromophore NLO
properties, such as molecular first hyperpolarizability. The EO
coefficient of the chromophore-polymer mixture equals

Since the experimental measurements for the pure polymer
shows negligible EO activity, it is assumed that the polymer
contributes little to the EO coefficient. The EO coefficient of
the pure dendrimer system is considered theoretically in refs
11 and 23. The EO coefficient of the dendrimer-chromophore
mixture is described by eq 3, in which the indices P, P-C are
replaced with D, D-C and the coefficient 2 in front with 3.

Provided that the concentration of free chromophoresN does
not exceed the concentration of dendrimer molecules, which is
three times less than the concentration of the imbedded
chromophores, i.e., ifN < ND/3, whereND ) 4.55 × 1020

molecules/cc, all added chromophores can potentially interact
with dendrimers. In reality, only a fraction of free chromophores
may form the complex, and the measured EO coefficient will
be a combination of the EO coefficient created by free
chromophores, dendrimers and dendrimer-chromophore com-
plexes. Similarly, only a fraction of free chromophores may
interact with the polymer in the polymer-chromophore mixture.
Denoting the fraction of the added chromophores that bind to
the polymer and dendrimer bypP andpD, respectively, the EO
coefficients of the polymer-chromophore and dendrimer-chro-
mophore mixtures equal

Figure 11. Binding energyU of the chromophore-dendrimer (solid
line) and chromophore-polymer (dashes) complexes as a function of
the guest-host distancez (see Figure 3). The binding energy is given
relative to the thermal energykBT at the poling temperature of 100°C.
The distancez is scaled to the length of the chromophore dipoled.
The results are presented for the angle between the free and imbedded
chromophores equal toθ ) 55°.

〈cosϑ〉i ) (γi - tanhγi)/(γi tanhγi) (1)

rC ) RfCN (2)

fi )
〈cosϑ〉i (γi

2 + 6) - 2γi

γi
2

rP-C ) R{2[fP-C(cos3 θP - 1.5 cosθP sin2 θP) +

1.5 〈cosϑ〉P-C cosθP sin2 θP] + fP-C}N (3)
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III.6. Theoretical Analysis of the Experimental Data. The
EO coefficients for the chromophores-APC polymer mixture,
chromophore-EO polymer mixture, and chromophores-EO
dendrimer mixture are presented in Figure 8. First, consider free
chromophores in an inert polymer (APC) matrix. The chro-
mophore dipole moment, poling field and temperature areµC

) 13D, E ) 100 V/µm, T ) 400 °K. Comparison with the
experimental data allows us to determine the proportionality
coefficientR ) 39.5 (nm)5/(V2 molecules) used in eqs 2 and 3.

Considering the mixture of YLD_124 chromophores with the
DR-1-co-pmma polymer, we take the polymer angleθP ) 60°,
Figure 9b, which is in agreement with the atomistic calculations.
Then, only 21% of chromophores are required interact with the
polymer,p ) 0.21 in eq 4, in order to account for the observed
factor of 2 enhancement of the EO response of the chromophore-
EO polymer mixture relatives to free chromophores, Figure 8.

The EO dendrimer-chromophore mixture provides the best
NLO response, Figure 8. Assuming that the dendrimer angle in
the complex equalsθD ) 60°, which is supported by the
atomistic study, only 45% of chromophore need to interact with
the dendrimer to account for the enhanced EO response,p )
0.45 in eq 4. The fractions of the guest-host complexes will
be even smaller, if the angle of the dendrimer pyramid and
polymer branches is decreased further by interaction with the
chromophore.

IV. Discussion and Conclusions

The recent discovery that binary chromophore organic glasses
exhibit dramatically enhanced electro-optic response compared
to their more traditional single chromophore analogs has been
reported and examined. Two new classes of EO materials, binary
dendrimer/chromophore and side-chain polymer/chromophore
organic glasses, are demonstrated. The YLD_124 guest chro-
mophore exhibits greatly enhanced EO activity when loaded
into electro-optically active host. This behavior is shown to be
a general phenomenon and can lead to materials capable ofr33

values greater than 280 pm/V as measured by reflection
ellipsometry (and other techniques such as attenuated total
reflection, ATR, measurements). The developed theoretical
model provides a quantitative description of the enhancement
of the EO coefficient in chromophore-EO dendrimer and
chromophore-EO polymer composites relative to that of
conventional composites consisting of the chromophore dis-
solved into passive hosts such APC. The model assumes that
during poling the guest interacts with the host by electrostatic
interaction and forms a stable complex. While the free chro-
mophore and the polymer side-chains are relatively rigid, the
dendrimer dendrons (arms) and the polymer backbone are
flexible and may change their conformation. Detailed charac-
terization of the dendrimer and polymer geometric structures
and their modification by the guest-host interaction requires
further experimental and simulation studies. One can generally
expect that the flexibility of the dendrimer and polymer species
is diminished when they are interacting with the chromophores,
which attract the dendrimer branches and polymer side-chains.
The analysis of the experimental data does not assume that the
geometric structures of all dendrimers, polymers, and their
complexes with the free chromophore are identical. The
formation of a stable guest-host complex is requires only in
45% of the EO dendrimer-chromophore cases and 20% of the

EO polymer-chromophore cases. The results of the atomistic
simulation of the dendrimer and polymer systems support the
proposed model.

The improvement of the poling efficiency of the macromo-
lecular systems with large dipole moments can be seen at low
and moderate concentrations. At large concentration strong
dipole-dipole interactions may dominate the dipole-poling
field interaction, leading to an anti-ferroelectric order and a sharp
decrease of the EO coefficient.22,31-35 The binding energy of
the guest-host complexes significantly exceeds the thermal
energy, indicating that the complexes are stable even at the
elevated temperatures used during poling.

Comparison of the experimental results for the two guest-
host systems shows that the guest-host interaction is more
efficient with dendrimers than with polymers. Indeed, it may
be hard for the free chromophores to interact with more than a
pair of polymer side-chains at a time. At the same time, the
dendrimer molecule contains three dipolar branches which can
efficiently interact with the free chromophore. In addition to
stronger interactions, the molecular environment presented by
the dendrimers can be expected to be more homogeneous. The
chromophore-dendrimer and chromophore-polymer models
developed for the quantitative description of the experimental
data are supported below by the atomistic simulation.

The developed model supported by the atomistic simulations
suggests the molecular origin for the observed cooperativity in
the chromophore-EO dendrimer and chromophore-EO poly-
mer mixtures, and creates a theoretical foundation for the studies
of the enhancement of their NLO properties, and provides
guidelines for optimization of the experimental procedures. This
simple, extremely course-grained model presented here should
not be over-interpreted. The critical observation is that favorable
intermolecular electrostatic guest-host interactions may well
account for the large increases in EO activity observed for binary
chromophore organic glasses. Clearly, a statistical distribution
of interactions exists and the present model is highly idealized
in focusing on only one strong interaction.

Additional experimental evidence exists for favorable guest-
host interactions. Indeed, we are currently carrying out laser-
assisted poling experiments using linearly polarized light applied
to the YLD_124/DR1-co-pmma samples. Linearly polarized
light should drive the DR1 chromophores to 2-dimensional
(Bessel) order. If there are (on average) strong interactions
between guest and host chromophores, the order of the host
(DR1) chromophores should translate into increased order for
the guest (YLD_124) chromophores. Experimentally, factors of
greater than 2 increase in EO activity (tor33/E values of greater
than 4) are observed for the contribution from the YLD_124
chromophores seemingly providing strong support for the above
analysis. The optical power dependence of the observed
enhancement appears consistent with theory but many additional
experiments are underway including use of circularly polarized
light, which is predicted to lead to 1-D (Ising) order for the
DR1 chromophores. Ising order of the host DR1 chromophores
should lead to greater enhancement in guest chromophore order
than observed for 2-D (Bessel) order.32 A detailed account of
the laser-assisted poling experiments will be published elsewhere
together with a quantitative theoretical analysis of the experi-
ments.
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