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This project consists of a collaborative synthetic, processing, physical characterization, and 
theoretical program aimed at the rational design, construction, evaluation, and fundamental 
understanding of new types of maximum-performance molecule/polymer-based materials 
exhibiting high second-order (x(2)) optical nonlinearities. Areas of emphasis include poled 
chromophore-functionalized glassy polymers, poled chromophore-embedded crosslinkable 
matrices, chromophoric self-assembled superlattices, the theoretical design and analysis of novel 
chromophores and chromophore environments, theoretical studies of poling dynamics, studies 
of optical damage phenomena, and fabrication of new types of NLO waveguides. Each research 
component of this highly interactive effort builds upon work already in progress as well as upon 
strong on-going collaborations in laser optics and quantum theory. 
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RESEARCH ACCOMPLISHED IN THE PAST CONTRACT PERIOD 

I. Poled Polymers.  Synthesis, Processing, NLO Characterization 

The central goal of this research effort is to build the knowledge base needed to bring second- 
order polymeric NLO materials all the way to useful photonic device technologies. To do so, we 
have closely coupled in-house activities with complementary efforts at IBM, ROITech, and Caltech. 
Our overall approach is modular, to allow efficient interchange/updating of chromophore and /or 
matrix building blocks with each advance in the state-of-the-art. We make extensive use of our in- 
house in situ poling/curing/real-time NLO response instrumentation to optimize poling/curing 
conditions. To neglect such optimization details, in our opinion, incurs the risk of missing important 
processing information. A separate section below outlines new techniques and facilities which will 
enhance our NLO polymer effort and that have recently come online. 

A. Chromophore-Functionalized, Crosslinked Polyhydroxysryrenes. 

Poly(p-hydroxystyrene) (PHS) is a commercially available (including electronic grade), robust 
(Td = 400°C), glassy (Tg = 155°C) polymer that adheres tenaciously to various substrates and has been 
used as a deep-uv photoresist. It can be readily functionalized with a variety of hydroxyl-substituted 
chromophores and subsequently poled and crosslinked to yield glassy, high-Tg, high-x<2)/r thin films. 
A joint Marks-Ratner student, Millicent Firestone, carried out an extensive experimental/theoretical 
study of the NLO temporal characteristics of these materials as a function of macromolecular 
architecture, chromophore chirality, and processing conditions.   The key conclusions, which should be 
general to a great many classes of poled glassy polymers are: 

1. XG)(Ö/r(t) doesn't always track Tg. 

2. Polyfunctional crosslinking agents are far more effective in immobilizing the matrix 
than difunctional agents. 

3. How the crosslinking is carried out (curing schedule) is crucial to optimum stability of 
chromophore alignment. 

4. Stretched exponential and biexponential response decay behaviors are statistically 
indistinguishable. There are good theoretical reasons for this. 

5. The KWW parameters for our materials classify them as Angell "intermediate glasses", 
and are grossly different from those of chromophore-doped guest-host materials. 

6. The KWW/VTF parameters for these PHS-based materials are grossly different from 
those of chromophore-functionalized polyacrylates. 

7. It is possible to model xG> decay subsequent to poling using various modifications of 
the Smoluchowsky formalism. Important conclusions about rotational diffusion and 
macromolecular dynamics can be reached by studying r^/^, as a function of time. 
We conclude that such systems are intrinsically heterogeneous and that glassy and 
rubbery regions coexist. 
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Figure 1. %(2> temporal characteristics in air of a poled, crosslinked, chromophore-functionalized 
poly(p-hydroxystyrene) film. 
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Figure 2. x<2> temporal characteristics in air of a poled, crosslinked, chromophore-functionalized 
poly(p-hydroxystyrne) film. 

These observations led Eric Crumpler (a top-notch African-American graduate student, now 
postdocing at M.I.T.) to introduce higher ß chromophores and polyfunctional crosslinking agents. 
The results are high-Tg (up to 255°C) thin films with excellent NLO response (X33<2) " 36 pm/V at 1064 
nm; r33 » 10 pm/V at 1300 nm) and temporal stability at 100°C in air (Figures 1, 2). Studies of aging at 
100°C as a function of various atmospheres showed that the temporal stability of the response was 
adversely affected by 02 but not by HzO vapor.   Eric also fabricated rib waveguides by RIE. 

Poly(p-hydroxystyrene) is an excellent platform with which to build new families of class B x' (2) 



polymers. Working with Drs. Alex Jen (ROITech) and R. Seth Marder (Caltech), we are now 
introducing the chromophores shown below into PHS polymprs and have been using our real-time 

II 

in situ poling/curing/x<2) instrumentation to optimize poling and crosslinking of these materials. The 
results to date include very large responses.   We are currently working with Drs. Jen and Marder to 
improve the thermal stability of these materials. ROITech is also planning to send a researcher to our 
laboratory to collaborate with us on optimizing the poling protocol for the ROITech poled polymers. 
A confidentiality agreement is in place between ROITech and Northwestern. 

B. Poled Polyimides/Polyureas 

Using simple Michael addition and urea condensation methodologies, we have produced 
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Figure 3. x<2) temporal stability of a poled, crosslinked chromophoric polyimide. 
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Figure 4. x<2> temporal stability of a poled, crosslinked chromophoric polyurea. 
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Figure 5. High temperature %   temporal stability of a poled, crosslinked chromophoric polyimide. 

several classes of ultra-high-Tg materials with excellent NLO temporal stability at 100°C and 250°C 
(Figures 3-5).   Typical NLO parameters after initial decay (of which there is very little) are &3 = 35-50 
pm/V at 1064 run; r^ = 5-7 pm/V at 1300 nm). Importantly, both of these model systems utilize 
readily synthesized or commercially available building blocks. Because of the modularity of the 
synthetic approach, we are now ready to "plug in" high-ß-chromophore modules (see following 
section) that one of the Northwestern NLO chemistry graduate students has developed during an 
internship with Dr. Robert Miller's group at IBM Almaden.  A formal joint study agreement is in place 
between IBM and Northwestern on this project. 

Our interest in the %a) decay dynamics of poled chromophoric polyimides and polyureas 
prompted us to study temporal characteristics as function of aging atmosphere (Figure 6).   As shown 
below, atmospheric/environmental effects on ^2> temporal stability are dramatic, and quite different from the 
poly(hydroxystyrene) results mentioned above. Clearly we need to understand these degradative effects 
better if device stability is to be optimized. 
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Figure 7. Modular approach to high-Tg chromophore polyimides. 

Another modular approach to poled polyimides employs bis(maleimide)/ene reaction 
chemistry which was originally developed by Ciba-Geigy and NASA for ultra-high-temperature/- 
stability aerospace resins. Using commercially available reagents, a prepolymer is synthesized which 
can then be readily hybridized with a variety of hydroxyl-functionalized chromophore modules 
(Figure 7).   Although we are still optimizing poling and curing, preliminary results are very 
encouraging (Tg = 320°C; x» ~ 35 pm/V at 1064 nm; rM ~ 8 pm/V at 1300 nm; see below). 
Importantly, these matrices are ideal for incorporating the latest generation ROITech and 
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Figure 8. x<2> temporal stability of a poled, crosslinked chromophoric polyimide. 

Caltech chromophore modules. This will be undertaken in the coming contract period. 

C. Consequences of Charge Injection and Polymer Aging in Oxidative 
Environments. 

Little is known or agreed upon regarding degradiative processes that second-order NLO 
polymers may undergo during poling and high-temperature service. Consequences may include 



undesirable optical losses at long wavelength.    To better understand these factors, we began with a 
model system (DANS/PMMA) in which there was literature evidence   for charge injection by in- 
plane poling electrodes.  What was detected in our study   was the development of very significant 
absorption in the A > 650 nm region which could be correlated with charge injection. More importantly, the 
long wavelength features (Figure 9) were shown to be NLO-active using in house optical parametric 
amplifier (OPA) instrumentation (see below). Here the x<2) (dotted lines) response at 600 nm derives 
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Figure 9. Linear optical absorption (filled line) and second harmonic response (dotted line) of a 
DANS/PMMA film poled in an in-plane geometry. 

from 1200 nm input radiation, 700 nm from 1400 nm input, 800 nm from 1600 nm input, etc. Note 
also that the SHG response in the 400-500 nm region is much narrower than the linear absorption 
(filled line). This is not typical of the same chromophore poled under less drastic conditions. Clearly, 
the poling has created a new species with optical absorption and NLO-excitable features in the near 
IR. What are these species? Preliminary theoretical studies (see later Section II for more details) have 
focussed on ir radical cation aggregates.       These are the first quantum chemical calculations on open 
shell second-order chromophores (those with unpaired electrons). We find that face-to-face dimeric 
structures (Figure 10) such as (DANS)2

+ have spectral features and NLO response (both magnitude 
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Figure 10. Model for the NLO response of a cation radical dimer in an in-plane poling geometry. 



and polarization) characteristics in remarkable agreement with experiment.    To further verify that 
radical cation species are indeed being created, we were able to correlate the degree of charge injection 
with the concentration (by double integration spin counting techniques) of epr-active radical species 
detectable in samples of the poled films.    The epr spin Hamiltonian parameters are in good 
agreement with literature data for arylamine n radical cations (Figure 11).    The significance of these 
results is many-fold: 
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Figure 11. EPR spectrum of an in-plane poled DANS/PMMA film. 

1. Optical losses in many poled films may be due to radical cation species caused by: 

a. Poling 
b. An oxidative atmosphere/light 
c. Internal, thermally induced redox processes within the chromophore 

2. It is conceivable that high ß values measured by EFISH for some chromophores could 
also be due to it radical cations, and that optical features in the near IR are actually 
being brought into resonance. 

It is imperative that more research be carried out in this area to understand poling/transparency 
degrading mechanisms and their generality. 

D. Fluorinated Axyl Polyether-Based (FLARE) Polymers 

Although polyimides certainly have many attractions both for microelectronic intermetal 
dielectric applications as well as for constructing NLO polymer systems, scientists at Allied-Signal 
Electronic Products have argued that FLARE (fluorinated aryl polyethers)   have a number of unique 
attractions versus polyimides for dielectric applications. These include, 

1. Lower dielectric constants (2.4-2.6 vs. 3.1-3.7) 

2. Comparable or higher thermal/oxidative stability 

3. Lower moisture absorption 

4. Easier processability 



These fluorinated polyethers can be readily synthesized from commercially available reagents 
(perfluorobiphenyl + a bisphenol), and in preliminary results   we find that it is straightforward to 
introduce one of our chromophore modules (Figure 12). In the first experiments, we have obtained an 

NO, Tg = 330°C 

Figure 12. Synthetic approach to chromophoric FLARE polymers. 

NLO-active polymer with Tg = 330°C. Among the realistic possibilities for these types of materials are 
reduced optical losses arising from C-H and O-H stretching overtones in the near IR, lower susceptibility 
to oxidative degradation, lower moisture absorption, and lower dielectric constants. Clearly we want 
to continue work in the fluoropolymer area in the next contract period. 

n. Chromophore Development Experiment and Theory. 

A- IBM-Northwestern Joint Study Agreement 

One of the Northwestern NLO chemistry students, Mark Davey, spent most of the past year at 
IBM Almaden, working with Dr. R. Miller's group. The goal is to combine NU and IBM chromophore 
synthesis and chromophore incorporation expertises to produce unique, high-ß, high thermal stability 
chromophores for incorporation into IBM and NU polyimide matrices. The synthetic effort will be 
followed by joint polymer processing and characterization efforts. The IBM staff has been delighted 
with Mark's progress, and several new and highly efficient approaches to chromophore modules have 
been developed. Some of the structures under study are shown below. Equally important, Mark has 
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IV 

had invaluable exposure to industrial research in a first-rate laboratory setting - an ideal graduate 
student educational experience. Several joint manuscripts are in preparation. 



B. The Theory of High-/3 Chromophores 

As a closely integrated satellite to the poled polymer program, Mark Ratner and the Pi's are 
continuing joint studies by SOS semiempirical formalisms of architecture-hyperpolarizability 
relationships in n electron chromophores.    To increase the computational efficiency of this method, 
we have introduced the correction vector approach,   which greatly reduces the CPU times required to 
analyze the structures and NLO responses of large, high-ß chromophores. The goal is to understand 
chromophore characteristics relevant to improved devices and, ultimately, to design new "super 
chromophores" which should greatly enhance device performance. 

We have analyzed in depth environmental effects on chromophore response as embodied in 
solvation and counterion effects.    This analysis is important because in real-world devices, 
chromophores will be embedded in polymer matrices whereas most calculational schemes predict their 
properties in a vacuum.  We have implemented an accurate and computationally efficient self-consistent 
reaction field model for calculating the effect of a dielectric medium on X^ and ßvec. The agreement 
with experiment is excellent (Figure 13). This technique has also been employed to evaluate the 
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Figure 13. Comparison of calculated and experimental ßvec for a series of n-electron chromophores in 
the gas phase and in two types of polar solvation media. 

validity of the bond length alternation (BLA) molecular response model (see below). Furthermore, we 
are employing these techniques to explore new ideas about generating large ß values: whether 
molecules optically pumped to excited states could exhibit large ß values (analogous to the large x<3) 

enhancement Heeger observed on pumping polyacetylene to an excited state). This work is still in 
progress, however initial studies,   which required considerable code development, show that this idea 
is viable and should be pursued with additional theoretical studies. 

Bond Length Alternation (BLA) concepts for understanding the linear optical properties of 
organic molecules are several decades old," and have recently been insightfully applied to 
understanding molecular NLO response.    Our interest has been to scrutinize theoretically at a very 
high level the basis of this model in depth and to explore the generality in regard to applicable 
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chromophore architectures and solvation/electric field effects. The result is a detailed, in-depth 
analysis that considerably expands what is known about BLA relationships for NLO applications. 
The conclusions for a diverse series of donor-bridge-acceptor-type chromophores are: 

1. The field at which a chromophore geometry attains a cyanine-like structure does not coincide 
with the field at which the first hyperpolarizability goes to zero. A non-negligible asymmetry in the 
BLA pattern, associated with electronegativity differences between the terminal substituents, is 
required to attain the zero-ß limit. At the zero-ß limit, the polarizability exhibits a maximum 
and the second hyperpolarizability exhibits a very large negative value. The variation of all 
the three NLO coefficients is well accounted for by a limited number of low-lying states using 
two- and three-level models. 

2. Applied electric fields produce large chromophore geometric variations and hence large 
variations in the linear and NLO properties. However, analysis of the solvent-dependent 
geometrical, linear, and NLO properties shows that in general the static fields needed to produce 
these electronic and optical variations are unrealistically large. Such variations are not produced by 
even the most polar solvents. 

3. The molecular structure and optical property modifications are highly architecture specific; 
large solvent-dependent changes are observed only in chromophores which are stabilized 
substantially upon charge separation. 

4. Chromophore NLO coefficients are found to match derivatives of the lower order NLO 
coefficients, as expected from formal definitions. However, the computed NLO coefficients 
and the NLO coefficients calculated by taking the derivative of the lower order NLO 
coefficient are quantitatively different. 

5. In the chromophores studied, the optimum geometrical requirement for obtaining NLO 
response is when the conjugated bridge geometry lies between the polyenic and the cyanine- 
like structures. This is because the SHG coefficient is zero near the cyanine-limit while the 
THG coefficient exhibits a large negative value. 

In summary, the use of an applied field to induce variations in chromophore molecular 
geometry and hence to study the changes in linear and NLO properties tends to overestimate the 
effects that would be, in reality, produced by a solvent. 

What is the appropriate strategy for optimizing ß? In a comprehensive study, the first phase 
of which has just been submitted for publication,   we show that ß optimization should focus on the 
interplay between the electron-excessivity and electron-deficiency of the conjugated bridges connecting 
donor and acceptor substituents and on the aromaticity of the bridge. We find, for example, that back- 
donation from the bridges to the donor and acceptor substituents is a crucial factor in determining ß. 
Although these structure-ß effects are clearly evident in the experimental results of several groups, no 
one has fully explored the concepts from a theoretical standpoint. We show in a number of cases that 
uß for several existing families of chromophores (good agreement between theory and experiment) can 
be substantially enhanced by simple changes in the electron excessivity and deficiency of the bridging 
architectures. 

What should be done with this information? In a study in progress on two-dimensional 
chromophores, for example, we show that simple rearrangement of substituents on porphyrin 
skeletons24 leads to dramatic enhancements in NLO response (e.g., uß = 11,000 at hv = 0.1 eV). Taking 
these concepts one step further, we have designed several chromophore structures with calculated 
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non-resonant uß values of 100,000 - 200,000 at hv = 0.1 eV!  At this point, we are considering how we 
might synthesize these structures and whether we should seek patönt coverage! 

C. Metal-Organic and Open Shell Chromophores 

Although metal complexes are sometimes thought of as fragile, copper phthalocyanine can be 
sublimed unchanged at 500°C, can be recovered from concentrated H2S04 unchanged, and is used in 
many types of outdoor paints. Clearly coordination complexes can be very robust. Since metal 
substituents also offer a means to tune NLO response and to bind chromophores to polymer matrices, 
we are involved in a collaborative computational theoretical, synthetic, and measurement chromophore 
development project with groups at U. of Catania, Italy (S. DiBella, I. Fragala) and CNET, France (I. 
Ledoux). Initial work has targeted simple Schiffs base structures such as those shown below. These 
simple, chemically robust complexes have non-resonant ßvec values as high as 2x DANS, Td as high as 

U-°' ^0 

360°C, and exhibit substantial metal tuning of the NLO response. 

As noted above, little theoretical (or experimental) work has been carried out on open shell 
chromophores. The motivations here are both to understand the linear optical and NLO response of 
conceivable chromophore oxidative, photolytic, or thermolytic products as well as to screen molecules 
with unusual electronic structures. The correct, chemically-oriented theoretical/computational 

300 
Wavelength (mn) 

Figure 14. Comparison of experimental (filled line) and theoretical (bars) linear optical spectra for the 
complex Co(salophen). 

formalism has been developed to attack such problems, and preliminary results show good agreement 
between calculated and experimental linear optical spectra (Figure 14).    Initial NLO calculations 
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reveal systems in which the open shell structure gives rise to new electronic states and significant 
responses (up to 3x DANS). 

III.       Intrinsically Acentric Self-Assembled Chromophoric Superlattices 

Considering the great challenges inherent in fabricating, processing, electric field poling, and 
stabilizing electro-optic device structures based upon poled glassy polymers, it seems to us not 
inappropriate to investigate long-range, generalizable strategies which do not require poling. For several 
years, we have been investigating approaches to second-order NLO materials based upon molecular 
self-assembly.    Although early work revealed that acentric multilayers with large responses could 
indeed be synthesized, the fabrication process was tedious and the structural regularity modest. We 
have now achieved a break-through in the fabrication   which reduces the process to three simple steps 
(see below): i) coupling layer: dip and rinse, ii) chromophore layer: spin coat and flash evaporate (or 
deposit by CVD), iii) capping layer: dip and rinse.    This procedure allows assembly of one trilayer/- 
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Figure 15. Procedure for the topotactic self-assembly of regular chromophoric superlattices. 

60-90 minutes. By the highly linear scaling of \max> (I2J*(Figure 16), ellipsometric thickness, and x-ray 
reflectivity-derived thickness with the number of trilayers, it is evident that these films have very high 
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Figure 16. Plot of the square root of the second harmonic intensity versus the number of layers (each 
composed of steps i-iii in Figure 15) for the multilayer structure shown in Figure 15. 
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structural regularity. Using the OPA, X33(2) = 210 pm/V (X = 1064 nm; slightly resonant) and = 100 
pm/V ((Jt = 1400 nm; off resonance).    The films are extremely smooth with, for example, an rms 
roughness of 12Ä by AFM for a 10 trilayer, 350 Ä thick film, cannot be rubbed off, are impervious to 
most solvents, and exhibit stable NLO response at 80°C for extended periods. A simple evanescent 
hybrid waveguiding device (poly(methylmethacrylate) guiding layer, 200Ä active layer on float glass) 
emits bright blue light when pumped at 840 nm,   illustrating the microstructural uniformity and 
smoothness of these self-assembled films. In related work, we have studied the microstructures of 
these materials in some detail as a function of coupling layer and chromophore architectures. 
Beyond the immediate NLO applications, we feel that the knowledge base established by these studies 
will be applicable to the construction of numerous other optically functional structures where precise 
spatial positioning and locking into place of functional molecular building blocks is essential. 

IV.       New Instrumentation and Facilities 

The dispersion of %a)/r is invaluable information both for understanding the mechanism of 
molecular and bulk response as well as for obtaining engineering-level information useful for device 
design. Therefore, a "user-friendly" optical parametric amplifier, capable of simultaneously measuring 
6 samples at a time, was constructed at Northwestern.    A large number of samples have been studied 
and the resulting dispersion data have provided valuable input to the theory effort. One of the 
Northwestern physics NLO students, Paul Lundquist, spent the final 6 months of his graduate career 
at Almaden as part of the IBM-Northwestern collaborative program (he is now a postdoctoral student 
at Almaden). Among the results of this interaction was the development of "user-friendly" 
instrumentation for expeditiously and accurately measuring thin film electro-optic coefficients in the 
transmission geometry.    Such an approach allows simultaneous measurement of sample electro-optical, 
linear optical, and SHG properties. Moreover, sample alignment is more straightforward and there is 
less uncertainty in the derivation of r. We have performed these measurements on samples from 
several other AFOSR-supported laboratories. As part of the $110 x 10* remodelling of the 
Technological Institute at Northwestern, both the Marks and Wong groups moved into new 
laboratories. The synthesis, film processing, and NLO film characterization facilities are now first-rate. 

PUBLICATIONS RESULTING FROM AFOSR 
CONTRACT 94-0169 

1. Design and Construction of Molecular Assemblies with Large Second-Order Optical 
Nonlinearities. Quantum Chemical Aspects, D.R. Kanis, M.A. Ratner, and T.J. Marks, Chem. 
Rev.. 94, 195 (1994). 

2. Self-Assembled Chromophoric Thin Film NLO Materials. Effect of Coupling Agent, Surface 
Functionalization, and Ion Exchange Processes on Second Harmonic Generation 
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