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ABSTRACT 

This work involves the design, synthesis, and formulation of organic 

second-order nonlinear optical and photorefractive materials. 

The second-order nonlinear optical work is divided into two sections. 

The flIst section focuses on the design and synthesis of high glass transition 

temperature aromatic polyesters for high temperature nonlinear optical 

applications. The polyesters are based on azo dye derivatives of resorcinol 

and 3,3'-ethylenedioxydiphenol. These diphenols could be polymerized with 

5-t-butylisophthaloyl dichloride usmg mild solution or interfacial 

polycondensation procedures. The incorporation of the t-butyl groups in the 

polymer backbone resulted in a significant increase in glass transition 

temperature and more importantly solubility. The ethylene linkage present in 

the 3,3'-ethylenedioxydiphenol had the effect of lowering the glass transition 

temperature while providing a small increase in solubility. The resulting 

polymers were soluble in common organic solvents and had glass transition 

temperatures ranging from 89 C to 171 C. These polymers will be 

characterized for their second-order nonlinear optical properties in the near 

future. 

The second section on nonlinear optical materials focuses on the 

synthesis and characterization of a model compound for future self

assembling nonlinear optical molecules and polymers. The synthesis of 

dispiro[indane-2,3'-piperazine-6'2"-indane]-2',5'-dione via the direct 

thermolysis and dimerization of methyl-2-amino-indan-2-oate hydrochloride 

was accomplished. The crystal structure of this compound showed the 
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necessary hydrogen bonding needed for the construction of an anisotropic, 

noncentrosymmetric second-order nonlinear optical material. 

The photorefractive work involved the formulation of guest-host 

polymer composites that demonstrated the photorefractive effect. The 

polymer composites are composed of poly(N-vinylcarbazole), 2,4,7-

trinitrofluorenone and a second-order nonlinear optical azo dye. The 

composites could be processed into thick films suitable for photorefractive 

measurements by plasticizing with N-ethylcarbazole. These materials could 

be electric-field poled at room temperature and showed high diffraction 

efficiencies ranging from 1 % to 5%. The photoisomerization of the azo dyes 

to produce a competing diffraction signal was found to be polarization 

sensitive. Thus, the photorefractive effect could be isolated and studied 

independently by selecting the appropriate polarization. The 

photoisomerization can be avoided altogether by tailoring the azo dyes so that 

their absorbance is minimal at the frequency of the laser light. It was possible 

to perform asymmetric two-beam coupling when the photoisomerization was 

minimal. 
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Ie INTRODUCTION 

The study of the interactions of light with matter is a very old science. 

Many years ago scientists began studying the interactions of light with matter 

in an attempt to understand the nature of light. The debate over the nature of 

light dates back to the middle of the seventeenth century. Scientists could not 

agree as to whether light behaved as a corpuscle (particle) or a wave. 

Contradictory experiments supporting both particle and wave theories only 

added fuel to the debate. Finally in the 1930's with the development of 

quantum electrodynamics a theory that included both particle and wave 

behavior was presented. The phenomenon of light propagation is best 

described by the electromagnetic wave theory while the interaction of light 

with matter is a corpuscular phenomenon. 

Now in the 1990's we are studying the properties of matter in response 

to interactions with light. When we think about the interactions of light with 

matter we typically refer to properties such as diffiaction, refraction and 

scattering. These are the interactions that are obvious. We experience these 

types of processes every day when we look in the mirror, look through our 

eye glasses or binoculars, or view a rainbow. All of these things that we take 

for granted are a direct result of the linear response of light with matter. All 

matter displays a linear response to light. The study of linear optics is as old 

as the debate on the nature of light. Most of the present research conducted 

on linear optical materials is in the area of fiber optics and contact lenses. A 

more active area of research in optical materials deals with the study of 

materials that have a nonlinear response to light. 
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The work presented herein focuses on the desi~ synthesis, and 

formulation of materials that have a nonlinear response to light. In particular, 

these materials may be useful for photonic applications requiring the 

Nonlinear Optical phenomena or the Photorefractive Effect. The need for 

such materials arises from the limitations of purely electrical materials. The 

physical properties of organic materials are proving to be more suitable and 

superior to those of inorganic materials. Organic materials surpass many of 

the theoretical and physical limitations of inorganic materials and their future 

is very promising. Organic materials are already beginning to replace 

inorganic materials in both of these areas. NLO and photorefractive materials 

make it possible to use light instead of electricity to process information. It is 

a futuristic but not unrealistic goal for materials with these properties to be 

incorporated into useful devices such as computers. 

The design of new organic materials that exhibit nonlinear optical 

(NLO) properties has received much attention and will continue to grow. The 

design of organic materials that demonstrate the photorefractive effect is a 

very new and promising field of research. This work adds to the body of 

information dealing with second-order nonlinear optical and photorefractive 

materials. 
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ll. POLED AND SELF-ASSEMBLING NLO MATERIALS 

The work presented in this chapter embodies two separate approaches 

to second-order nonlinear optical materials. The fIrst approach uses 

polyesters as means of incorporating donor-acceptor groups into the polymer 

backbone. The objective is to synthesize polyesters with high glass transition 

temperatures, high number densities (concentration) of chromophore and low 

dye aggregation. The second half of this work on NLO materials focuses on 

the synthesis of a model compound for self-aligning monomeric and 

polymeric NLO materials. The objective of this work is to provide a model 

for monomeric and polymeric NLO materials that will not require electric

fIeld poling. These materials should self-align to produce highly ordered 

materials with stable second-order susceptibilities. 

A. mstorical Background 

Nonlinear optics (NLO) is a field of research that was discovered in the 

late nineteenth century. In 1875, Kerr discovered that the index of refraction 

of glass can be perturbed by an electric fIeld. 1,2 A similar response was 

observed by Pockels in inorganic crystals.3 The term nonlinear optics implies 

that it is a completely separate field from linear optics. In actuality, all 

interactions of light with matter are nonlinear to a certain extent. However, 

the linear interaction of light with a material is much more probable than the 

nonlinear interactions. Thus, the nonlinear responses are usually so small that 

they go unnoticed. 

Nonlinear responses are only visible when a very powerful light source 

IS applied. The large electric fields that accompany laser beams are 

sufficiently strong to perturb the electron cloud of a molecule. Lasers can 
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produce electric fields on the order of 1010 V 1m. This is within the range of 

the atomic fields (109 - 1012 Vim) that resist changes in the polarization of 

the electron cloud in a molecule.4 Polarizing the electron clouds of molecules 

to such an extreme produces many oscillating electron clouds that in turn 

produce oscillating electric fields. The molecules can be viewed as many 

harmonic oscillators which produce overtones to the fundamental frequency 

of the laser. The most studied overtones are typically referred to as second 

and third-harmonic generations (SHG and THG). Thus, the interaction of 

light with an efficient nonlinear optical material produces frequencies of light 

that are double and triple (SHG and THG) the fundamental frequency of the 

laser. 

In 1961, Franken and coworkers5 observed the process known as 

frequency doubling (SHG).6 The experiment consisted of exposing a quartz 

crystal to red laser light that was emitted from a ruby laser at 694 nm. The 

light exiting the quartz crystal was observed to be two separate coherent 

frequencies of light. Light exiting with a wavelength of 694 nm constituted 

the linear response of the material while light with a wavelength of 347 nm 

accounted for the second-order nonlinear response of the material. Frequency 

doubling is just one of the many interesting NLO effects. Other NLO effects 

include frequency tripling, wave mixing and electro-optic effects such as 

those discovered by Kerr and Pockels. 

The advent of lasers and Franken's discovery greatly increased the 

interest of many researchers in NLO. 7 The interest in NLO is driven strongly 

by the technological applications of NLO materials. There are many 

applications for NLO materials such as laser attenuation, optical storage and 
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optical switching to name only a few. 8 There are currently only a few 

applications that have implemented NLO materials. Most notably, NLO 

materials are used extensively in laser attenuation.4 At present, primary laser 

sources that operate at shorter wavelengths than the infrared are expensive 

and difficult to make. Frequency doubling is commonly used to convert 

infrared radiation into visible radiation, and visible radiation into ultraviolet 

radiation. Prior to the development of NLO materials these wavelengths were 

less accessible for lasers. 

While NLO has been a very active area of research over the last 30 

years there is plenty of room for improvement. In particular, improvements 

need to be made in obtaining larger NLO responses, higher stability, and 

increased processability. Much of the recent research shows a trend that is 

increasingly moving from inorganic to organic nonlinear optical materials. 

Organic materials have the potential to produce faster and larger NLO 

responses than inorganic materials. 3 In particular, NLO polymers have 

received much attention because of their processability, thermal stability, and 

mechanical properties. Several of the more recent approaches to organic 

NLO polymers will be described in the section entitled "Macroscopic 

Second-Order NLO Materials". The purpose of this work is to add to the 

body of information dealing with organic NLO materials. 

B. Theoretical Background 

The interaction of light with matter can be described at a microscopic 

and macroscopic leve1.9 The interaction of light with matter at the molecular 

level is described by Equation (1). This equation gives the change in 

dipolarizability (11f.l) with respect to the electric field component (E) of light. 
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The electric field component (E) may also be due to an externally imposed 

electric field as in the Kerr or Pockels effect. The first tenn aE is responsible 

All = 112 -111 = aE + f3EE + rEEE +..... (1) 

for the linear response of molecules when exposed to a light source. The 

term a is very similar to the index of refraction. The terms f3 and r are called 

the first and second molecular hyperpolarizabilities, respectively. These 

terms give rise to the second (X(2») and third-order (X(3») nonlinear optical 

responses of molecules when exposed to a powerful light source such as a 

laser. Consequently, molecules with large f3 values are necessary for a bulk 

material to generate a second-order response. However, incorporating 

molecules with large p values into a material does not guarantee a large 

second-order response. This is due to symmetry requirements that affect the 

response of bulk materials when exposed to light. 

The interaction of light with a bulk material is given by Equation (2). 

This equation relates the change in the polarizability (AP) of a material to the 

AP = P2 -Ii = il) E + Xf2) EE + X(3) EEE+ .... (2) 

electric field component of the light source. (Again, the electric field 

component may be due to an externally imposed electric field as in the Kerr 

or Pockels effects). In this equation, the X(n) terms are constants that defme 

. a materials susceptibility to the electric field of a light source. The term X(1) 

is commonly referred to as the first-order susceptibility, X(2) is the second

order susceptibility and so on. The X(2) term is the macroscopic equivalent of 

f3 in Equation (1). These higher order terms only become significant when 

laser light interacts with the material. Also, the even ordered terms in this 
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equation have symmetry restrictions. This means that for isotropic materials 

or centro symmetric crystals the even ordered terms have susceptibilities that 

equal zero (i.e. X(2) = 0). By isolating the second-order term X(2) and 

+p(2) = l2)(+E)(-E) = X(2) (+E)(-E) =_p(2) (3) 

evaluating it in both the positive and negative directions it becomes clear that 

"1,,<2) must equal zero for +p(2) to equal _p(2). For a noncentrosymmetric 

material +P(2) -:1= _p(2) and a non zero X(2) value is obtained. 

Synthesizing materials with high X(2) values is not a trivial task. First, 

most organic molecules do not crystallize into noncentrosymmetric point 

groups. Second, organic polymers containing chromophores with large 

dipoles (i.e. large f3's) do not readily form anisotropic, noncentrosymmetric 

materials. Finally, chromophores with large 13 values absorb at longer 

wavelengths and reduce the window of wavelengths possible for frequency 

doubling applications. 

1. Structure-Property Relationships for SHG 

In 1970, Davydov and coworkerslO linked molecular charge transfer to 

second-harmonic generation. Molecules capable of charge transfer then 

became the target of systematic studies in an attempt to understand the 

FIGURE 1 p-Nitroaniline 

relationship between structure and large 13 values. The major structural 

requirement is a conjugated system that separates electron donating and 
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electron withdrawing groups. For example, molecules such as p-nitroaniline 

show a large fIrst hyperpolarizability (f3). The magnitude of f3 in these type of 

charge transfer systems is highly dependent on the strength of the donor and 

acceptor groups (TABLE 1 )11. The magnitude of f3 also depends on the 

length (TABLE 2)11,12 and the nature of the conjugated system (TABLE 3)11 

between the donor and acceptor groups. 

TABLE 1 

Effect of Donor-Acceptor Strength on Beta 

Compound f3/1 

xl0-30cm5D/esu 

~c -<Q)-~N 0 N02 

138 A H3C 

NC 

H'C;N~CN 
271 

B H3C H 

H 

s)-<QI-ND, 
358 

C 
~s 

NC 

H'C;NMCN 
846 

D H3C CN 

NC 
H CN 

S 0 1200 

~s 
CN 

E 
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Compounds A through E show the effect of donor and acceptor 

strength on {3. Compounds F through H exhibit higher {3 values than 

compounds A through E as a result of increased conjugation length. (Table 2) 

TABLE 2 

Effect of Conjugation Length on Beta 

Compound {3p, 

x 10-3Ocm5D/esu 

CH,CH",~~~No, 
1090 

F HOC~CH{ 

NC 
CN 

HsC 2650 \ 
N 

I 

G H3C 

NC 

-<O>-tN 
CH,CHz, -Q- ~ 0 4110 

N N CN 
/ 

H CH3CH2 
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Comparing I and K with J and L in TABLE 3 leads to the conclusion 

that triple bonds are not as effective as double bonds. Double bonds also 

appear to be more efficient than aromatic rings. This can be seen by 

comparing L and M. 

TABLE 3 

Nature of Conjugation - Effect on Beta Values 

Compound {3p, 

x 10-30 cm5D/esu 

I 132 

J 
260 

K 262 

Me2N 

L 450 

~c\ 
N 

630 I 
~c 

M 

Using the "rules of thumb" presented above it becomes a relatively trivial task 

to prepare a molecule with a desired {3 value. However, obtaining materials 

with bulk nonlinear responses proportional to the magnitude of {3 is much 

more difficult. The next section presents a few of the methods used for 

obtaining materials with bulk NLO responses. 
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2. Macroscopic Second-Order NLO Materials 

In theory it is possible to relate the bulk second-order susceptibility in a 

composite material (i.e. polymer doped with chromophores) to the molecular 

X(2) ~N/3pEp (4) 

hyperpolarizability (Equation 4).11 Theory predicts that increasing the 

number density N, molecular nonlinear susceptibility /3, molecular dipole 

moment J.1, and the electric field poling strength Ep, will increase the 

nonlinear optical susceptibility. It is important to keep this model in mind 

when designing polymeric materials for second-order nonlinear optical 

properties. As was discussed previously, it is now relatively simple to control 

/3 and J.1 as given in Equation (4). However, controlling the number density 

and the efficiency of poling with respect to the electric field poling strength is 

a different matter. These values are highly dependent on the polymer that 

supports the nonlinear chromophore. They also depend on the method used 

to incorporate the chromophore into the polymer. For example, a polymer 

may support a high concentration of chromophore but not permit efficient 

orientation of the chromophores with the electric field. Or, a polymer may 

align effectively but suffer from a low number density of chromophore. This 

type of compromise is the nonn for nonlinear optical polymers and usually 

produces materials with X(2) values that are too low to be of practical use. 

Eliminating these compromises requires a rational design of these materials 

that allows the tenns in Equation 4 to be independent of one another. 
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There are several ways to construct a nonlinear optical polymer 

composite. Some of the more popular approaches are listed below: 

• Guest / Host composites 

• Comb Polymers 

• Main Chain Polymers 

Each of these approaches has advantages and disadvantages. The 

compromises that were mentioned earlier will become more clear as these 

systems are described in more detail. 

Early work on nonlinear optical polymers focused on guest/host 

composites. 13,14 These systems were relatively easy to make and offer a 

plethora of chromophore/polymer combinations that may be used. Another 

advantage of guestlhost systems is that they are relatively easy to pole. On 

the down side, guest/host composites suffer from low number densities of 

chromophore. Incorporating high concentrations of a very polar chromophore 

into a relatively nonpolar polymer host is often very difficult. If too much 

chromophore is used the result is phase separation and a material with low 

transparency. Even more damaging is the lack of stability of the poled 

chromophores. Once the electric field is removed the molecules have enough 

molecular freedom to reorient to an isotropic mixture. This lack of stability 

renders conventional guestlhost systems useless for device application. The 

stability of guestlhost systems can be improved by adding a crosslinking 

agent to the composite.15,16 Crosslinking the composite decreases the 

molecular freedom of the chromophores by making the entire system less 

mobile. This is an effective way to increase the stability but the number 

density of the chromophore is a problem. In addition, crosslinking the 
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polymer composite may present problems with respect to processability and 

device fabrication. 

In an attempt to solve some of the problems associated with guestlhost 

composites researchers began exploring comb polymers. I7 In comb polymers 

the chromophore is attached to the polymer backbone. Typically a spacer 

FIGURE 2 Comb Polymer 

group is added to increase the ease with which the chromophores may be 

poled. Comb polymers are generally more stable than guestlhost systems. 

The stability is dependent on the glass transition temperature of the polymer 

since the reorientation of the chromophores also involves a deformation of the 

polymer backbone. Polymers with higher T g'S are more stable than those 

with low Tg's. However, there is a price to be paid for this added stability. 

The added stability comes at the expense of the poling efficiency. The 

poling process is more difficult for polymers with high glass transition 

temperatures since deformation of the polymer backbone requires more 

energy. Spacer groups can aid in the poling process by distancing the 

chromophore from the polymer backbone. Is The net effect is to increase the 
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poling efficiency, however, coupled to this gain is a loss of stability. Since 

the chromophores are attached via flexible chains they are influenced less by 

the polymer backbone and can more easily reorient to a lower energy or less 

anisotropic material. The rate of decay for X(2) in these systems is 

proportional to the spacer length and this is one reason for the instability of 

comb systems. 

It has also been suggested that optimum alignment of comb polymers 

may be difficult despite the alkyl spacer groups. This is because the "teeth" 

of the comb polymers can mesh together so that the dipoles from nearby 

chromophores can overlap in a parallel but opposite direction. 19 These 

FIGURE 3 Poling Stability of Comb Polymers 

dipole-dipole interactions may be difficult to overcome by electric-field 

poling. Despite these drawbacks, comb polymers make it possible to obtain 

higher concentrations of chromophore compared to guestlhost systems. This 

increase in number density compensates for some of the losses cause by 

inefficient poling. It is also possible to crosslink these systems to increase the 
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stability of the poled material. 20,21 However, obtaining good poling is the 

main problem and crosslinking only helps to keep chromophores locked in 

their poorly aligned state. 

Main chain NLO polymers utilize the fact that AB type monomers 

polymerize in a head to tail fashion and in this way the dipoles align in the 

same direction within a given chain. Hall and coworkers were the fIrst to 

implement this approach in nonlinear optical polymers. Hall and coworkers 

were able to synthesize soluble copolymers of 4-oxy-a-cinnamate with 

methyl-12-dodecanoate. These polymers were evaluated for their molecular 

hyperpolarizability J1xf3x in solution.22,23 The results of these experiments 

indicated that there was an enhancement of the molecular hyperpolarizability 

as a result of the polymer structure. This enhancement in molecular 

hyperpolarizability increased as the molecular weight of the polymer 

increased. However, these copolymers did not show an analogously large 

second-order (X(2») susceptibility in bulk poling experiments. The 

anomalously low X(2) values are most likely due to chain entanglement which 

does not allow the polymer chains to align with the electric fIeld. In addition, 

neighboring chains would most likely orient themselves in opposite directions 

in the absence of an electric fIeld and this stabilization may be difficult to 

overcome by poling. Nevertheless, if enhancement in molecular 

hyperpolarizability is possible it may provide an important molecular model 

for macroscopic nonlinear materials. 

c. Introduction to Aromatic Polyesters for NLO 

The thermal stability of organic nonlinear optical materials has been a 

limitation since their introduction. The propensity for the chromophores in a 
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polymer to lose their orientation after electric field poling is a significant 

problem with nonlinear optical polymers. This problem is accelerated at 

elevated temperatures and presents a problem with respect to device 

fabrication and operation. Incorporating chromophores into polymers with 

high glass transition temperatures is one way to increase the thennal stability 

of these materials. Crosslinking during the poling process has also been 

shown to be effective. This work relates to the former approach. 

Typically, polymers with high T g'S are difficult to process due to their 

lack of solubility in common organic solvents. The polymers must be soluble 

in common organic solvents in order to process such polymers into optically 

clear thin-films using spin coating techniques. The polymers must also have 

an amorphous structure to minimize optical losses resulting from light 

scattering. This work describes the synthesis of soluble aromatic polyesters 

that contain p-nitrophenylazoresorcinol groups within the polymer backbone. 

The polymers are soluble in common organic solvents, have high T g'S and 

form optically clear films when spin coated on indium-tin oxide (ITO) glass. 

1. Design of Aromatic Polyesters for NLO 

The goals of this work were to obtain polyesters with high glass 

transition temperatures, good solubility in organic solvents, optical clarity and 

controllable optical absorption. We decided to use polyesters that contained 

an azo dye as the chromophore to achieve these goals. The basic design for 

such azo dye containing polyesters is shown in FIGURE 4. The polymer 

structure is unique from main chain and comb polymers. The polymer is not 

fonned via a head to tail polymerization through the donor and acceptor as in 

the case of main chain polymers. This system differs from comb polymers in 
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that only the acceptor group can be considered pendant to the polymer 

backbone. In comb polymers, the donor and the acceptor group are usually 

t~ 
" n 

~N02 
FIGURE 4 Design for Aromatic Polyesters 

pendant to the backbone and attached by a flexible alkyl chain spacer group. 

In this design the donor group is part of the polymer backbone and the 

acceptor groups are attached via a more rigid azo-benzene spacer. 

This design was chosen because polyesters are routinely used as 

temperature resistant engineering thermoplastics and thus have excellent 

mechanical properties. The relatively high glass transition temperatures of 

aromatic polyesters should result in a more permanent nonlinear optical 

response once the chromophores have been aligned by electric field poling. 

Incorporating the dye into the polymer backbone should help to reduce dye 

aggregation without having to reduce the number density of chromophores. 

The solubility of the polymers in organic solvents can be controlled by 

increasing the hydrocarbon content in both of the monomers. In addition, the 

absorption of the polymers can be easily modified since a variety of electron 

withdrawing groups can be introduced via the diazonium coupling reaction. 

Thus, this design offers a potential route to organo soluble nonlinear optical 



34 

polymers with high glass transition temperatures, high number densities of 

chromophore, good optical clarity and controllable optical absorptions. 

2. Photo-Assisted Electric-Field Poling 

As was previously mentioned NLO polymers with high glass transition 

temperatures maintain their second-order responses for longer periods of time 

than polymer with low glass transition temperatures. However, obtaining 

high X(2) values from high T g polymers is difficult since orienting these 

polymers is more difficult. 

A unique feature of high T g azo dye polymers which was not known to 

us when our polymers were designed has come to our attention. Sekkat and 

Dumont24 have demonstrated that it is possible to pole some azo dye 

containing polymers at room temperature using polarized light and a direct 

current electric field. Sekkat and Dumont have studied the reversible trans

cis-trans photoisomerization of Disperse Red 1 (DR 1) in 

polymethylmethacrylate thin films. They have found that the 

photoisomerization process is strongly polarization sensitive and that in the 

presence of an electric field the molecules can orient effectively at room 

temperature. In the absence of an electric field the angular distribution of the 

azo dye molecules is anisotropic, however, the average dipole moment of the 

distribution remains zero. Consequently, the second-order nonlinear 

susceptibility X(2) is also zero. In the presence of an applied field the angular 

redistribution can orient with respect to the electric field to produce a material 

that is both anisotropic and noncentrosymmetric. 

Photo-assisted poling is a possibility for the high T g polyesters that 

have been proposed. This poling process would be more mild and may 
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provide superior orientation than thermal poling procedures. In any case, the 

photo-assisted poling procedure is an option that originally was not 

recognized when our materials were designed but may be valuable for our 

and many other high Tg azo dye containing polymers. 

3. Synthesis of Soluble Polyesters for NLO 

The synthesis of aromatic polyesters of this type can be accomplished 

by solution polymerization or interfacial polymerization. The reaction 

proceeds through the standard polycondensation reaction between a diphenol 

and a diacid chloride. The procedure used to perform the solution 

HO 
OH 0 0 J \LI(}--J- 1) 2 equiv 'lEA 

+a~a • 
CH~J2' 0 to 2s"C 

SCHEME 1 Polycondensation of Diphenols with Diacid Chlorides 

polymerizations was adapted from a published procedure for the 

polymerization of phenolphthalein with either isophthaloyl or terephthaloyl 

chloride (SCHEME 1).25 The procedure used to perform the interfacial 

polymerizations was adapted from the same literature. 

The diphenols that were chosen to be used for nonlinear optical 

polymers are shown below in FIGURE 5. Compound (I) is a commercially 

available azo dye. The other azo dyes (II) and (III) are not commercially 

available, however, the parent diphenol (3,3'-ethylenedioxydiphenol) is 

commercially available and the azo dyes can be obtained by a diazonium 
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coupling reaction with p-nitrobenzenediazonium tetrafluoroborate. The p

nitrophenylazoresorcinol (I) can also be synthesized by this route using 

resorcinol and the diazonium salt. The optical absorption in the resulting 

polymers can be controlled by the choice of diazonium salt used for the 

diazonium coupling reaction. For this work only the p-nitrobenzene 

diazonium tetrafluoroborate was used since the predicted optical absorption 

for the resulting polymers was desirable. The parent diphenols of the azo dye 

derivatives were also polymerized for comparison so that the effect of the azo 

dye on solubility could be determined. 

The diphenols in FIGURE 5 offer a range of chromophore 

concentration. In addition, the ethylene bridge in monomers (II) and (III) is 

expected to provide increased solubility. The polymers produced from 

monomer (I) will have two esters that will provide electron donation. The 

polymers produced from (II) and (III) will have an ester and an ether group 

that will provide greater electron donation. Monomers (II) and (III) are 

expected to produce polymers with a Amax of longer wavelength than the 

polymers produced from monomer (I) due to the more electron donating ether 

group. Thus, this set of monomers should produce polymers with different 

"-max values, solubilities, glass transition temperatures and number densities 

of chromophore. 
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FIGURE 5 Proposed Diphenols for NLO Polyesters 
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The diacid chlorides that were used are shown below in FIGURE 6. 

Monomers (IV) and (VI) are commercially available as the diacid chloride. 

Monomer (V) is available only as the diacid and must be converted to the 

o 

CI CI CI 

(IV) (V) (VI) 

FIGURE 6 Diacid Chlorides for NLO Polyesters 

diacid chloride. The choice of diacid chloride is expected to have a large 

effect on the solubilities and the glass transition temperatures of the resulting 

polymers. 

4. Results and Discussion 

a) Synthesis of NLO Polyesters 

The synthesis of polyesters containing azo dye groups was possible 

using either solution or interfacial polymerization conditions. The molecular 

weights obtained by both procedures were essentially the same. The 

structures of the polymers that were synthesized are shown in FIGURE 7. 
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Ia : Rl= -H Rt=-H 

Ib :Rl= -N=N-<Q)-N02 Rt=-H 

Ie: R1= -N=N-<Q)-N02 Rt= -tBurYL 

2a:Rl=-H R2=-H R3=-H 

2b :Rl=-H Rt=-H Rr-tBUTYL 

2e : R1=-N=N-<Q)-N02 Rt= -H ~=-H 

n 2d: Rl=-N=N-<Q)-N02 Rt= -H R3= -tBUTYL 

2e : Rl= -N=N-<Q)-N02 R:t= Rl R3= -tBurYL 

2f: Rl= -N=N-<Q)-N02 Rt=-H 

2g: R1=-N=N-<Q)-N02 Rt= Rl 

FIGURE 7 Aromatic Polyesters for NLO 
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The molecular weights and solubilities for the solution polymerizations 

of these polymers are shown in TABLE 4. The molecular weights were 

detennined by size exclusion chromatography with THF as the solvent. 

TABLE 4 

Solubility and Molecular Weights of Aromatic Polyesters for NLO 

Polymer3 CHCl3 

la -
Ib -
Ie + 

Id -
Ie -
2a + 

2b + 

2c -

2d + 

2e + 

2f -
2g -

THF DMF Toluene 

-

-
+ 

-
-
+ 

+ 

-
+ 

+ 

-
-

- -
- -
+ + 

- -
- -
+ + 

+ + 

- -
+ + 

+ + 

- -

- -
a 5wt% solution at room temperature 

+ soluble, - not soluble 
NA : molecular weight was not determined 

Mn Mw 

NA NA 

NA NA 

10,000 23,000 

NA NA 

NA NA 

2,500 5,500 

3,400 6,500 

NA NA 

5,100 10,000 

6500 15,000 

NA NA 

NA NA 

TABLE 4 shows that soluble polyesters containing the p

nitrophenylazoresorcinol group could only be synthesized when 5-t-
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butylisophthaloyl chloride (V) was used as the monomer (Ic, 2b, 2d and 2e). 

In fact, all of the polymers that did not use 5-t-butylisophthaloyl chloride (V) 

as the monomer were insoluble in common organic solvents with the 

exception of the 3,3'-ethylenedioxydiphenol-isophthaloyl chloride 

polymer (2a). This system presumably shows increased solubility due to the 

flexible ethylene linkage connecting the resorcinol units. However, it was not 

possible to obtain a soluble azo dye derivative of this polymer (2c). By using 

3, 3 '-ethylenedioxydiphenol with 5-t-butylisophthaloyl chloride instead of 

isophthaloyl chloride, it was possible to synthesize a soluble mono-azo dye 

polymer (2d) and the di-azo dye polymer (2e). 

The insolubility of the mono and di-azo monomenc diphenols 

«II) and (III)) was problematic with respect to their synthesis, purification 

and polymerization. The monomers were difficult to purify by 

chromatography since they were not soluble in an eluent suitable for 

separation. Recrystallization of these monomers was also unsuccessful. In 

addition, monomer (II) must be obtained by reacting a large excess of 3,3'

ethylenedioxydiphenol with the diazonium salt to avoid obtaining a significant 

quantity of monomer (III) as a reaction product. The difficult purification 

makes this synthesis route even less desirable. Consequently, the monomers 

were synthesized in situ and then polymerized with the diacid chloride. 

The in situ derivatization followed by polymerization is not without 

consequence. The polymers produced are less well defmed than if a purified 

monomer were used. The reasons for this are three fold. First, the 

derivatization reaction may not proceed in 100% yield. Second, the 

derivatization can take place at the ortho position as well as at the preferred 
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para position which can lead to more than one product. Third, synthesizing 

mono-azo derivatives is difficult since the diphenol is bifunctional and a large 

excess of diphenol can not be used in this instance. 

Quantitatively reacting one equivalent of diazonium salt with one 

equivalent of diphenol produces a statistical mixture of unsubstituted, 

monosubstituted and disubstituted products. If two equivalents of diazonium 

salt is used, one would expect the di-p-nitrophenylazo-3,3'-ethylenedioxy

diphenol (III) monomer to be formed with some mono-substituted product (II) 

present if the reaction was not quantitative. In addition, for both cases it is 

possible for the reaction to take place at the ortho position which increases 

the number of products even further. (Diazonium coupling reactions usually 

take place almost exclusively at the para position unless it is blocked). This 

results in a less well-defmed polymer. This lack of regularity in the polymer 

backbone may actually be an advantage with respect to the solubility of the 

polymer. On the other hand, it makes the polymer structure difficult to 

characterize and may adversely effect the physical properties of the polymer 

(i.e. lower the T g). Nevertheless, this method provides an easy route to these 

polymers so that solubility which is of first importance can be investigated. 

b) Glass Transition Temperatures 

The glass transition temperatures were determined for those polymers 

which were soluble in common organic solvents. The T g'S were determined 

by DSC using the transitions from the third heating to insure reproducibility 

of the observed glass transition temperatures. The polymer samples were 

evaluated from 50°C to 250°C with a heating rate of 40 °C/min. The T g'S 

for the soluble polyesters are given in Table 5. 
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TABLE 5 

Glass transition Temperatures of Polyesters for NLO 

Polymer Mn Mw T~ 

lc 10,000 23,000 171°C 

2a 2,500 5,500 82°C 

2b 3,400 6,500 97°C 

2d 5,100 10,000 89°C 

2e 6,500 15,000 158°C 

The poly(p-nitrophenylazoresorcinol-t-butylisophthaloyl) ester (1 c) had 

a high glass transition temperature of 171°C. A high glass transition 

temperature is consistent with the all aromatic polyester structure. The 

polyesters fonned using the 3,31-ethylenedioxydiphenol show more clearly the 

effects of the t-butyl group and the azo dye on the glass transition temperature 

of the polymer. Comparing 1 c to 2e shows the effect of the ethylene spacer 

on the glass transition temperature. The polymer structures for polymers 1 c, 

2a, 2b, 2d and 2e are given in FIGURE 8. 

The effect of the t-butyl group on the glass transition temperature can 

be seen by comparing the T glS of polymers 2a and 2b. The incorporation of 

the t-butyl group into the polymer backbone increases the Tg from 82°C to 

97 °C. Adding one equivalent of azo dye results in a lowering of the glass 

transition temperature from 97°C to 89 °C. The low T g is attributed to the 

randomness of the repeat unit. As discussed earlier, the repeat unit for 

polymer 2d is not the idealized structure as drawn in FIGURE 8. Instead, 
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there are random sections of unsubstituted, monosubstituted and disubstituted 

diphenol units within the polymer backbone. (1 H NMR indicates the 

presence of unsubstituted diphenol in the polymer backbone.) This should 

result in a decrease in the glass transition temperature since the azo dye 

groups are acting like an impurity in the polymer backbone. Polymer 2e 

shows that the T g increases dramatically when two equivalents of azo dye are 

incorporated into the polymer. In this case each repeat unit contains at least 

one p-nitrophenylazo group. (This can be determined by IH NMR.) 

Comparing polymer 2e with polymer 2b shows that the T g increases from 

97°C to 158°C. One would expect the T g to increase in this case since the 

rigidity of the polymer backbone is increased when the azo dye is introduced. 

The high T g observed is consistent with the high T g of 171°C for polymer 

lc. Comparing 2e with Ic shows the effect of the ethylene spacer on the 

glass transition temperature. As expected, the T g is lowered when the 

flexible spacer is incorporated into the polymer backbone. 
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FIGURE 8 Effect of Structure on Glass transition Temperature 
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c) UV Measurements 

The potentially NLO active polymers I c, 2d, and 2e were 

characterized by UV spectroscopy using dichloromethane as the solvent. 

Polymer 2c had a Amax of 346 nm. Polymers 2d and 2e had nearly equivalent 

O.B 

0.6 

J « 0.4 

0.2 

200 

UV Spectra for NLO Polyesters 

1na.=346 om 
-D- AZDlWlORCINOL (Ie) 
-0-EDDP-M>NOAZD (2d) 
--EDDN)IA2J) (20) 

400 

Wavelength (nm) 

500 

FIGURE 9 UV Absorption Spectra of Polyesters for NLO 

Amax'S of 376 nm and 373 nm, respectively. Polymer Ic shows a more well 

behaved absorption spectrum. The absorption centered at 346 nm is more 

narrow than the maximum absorption band for polymers 2d and 2e. This is 

presumed to be a result of the monomer purity. The p-nitrophenylazo 

resorcinol used to fonn polymer I c has a Amax of 432 nm which becomes 

blue-shifted when the electron donors are converted from hydroxy groups to 
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ester groups during the polymerization. The UV "cut-oiP' for polymer lc is 

approximately 414 run. There is a weak absorption band beyond 414 run that 

goes to zero at approximately 530 run. This absorption band is presumably 

due to end groups that contain hydroxy donor groups or it is possibly due to 

charge-transfer complexes forming between chromophores. The absorption is 

weak enough that it should not present a problem for frequency doubled light 

generated by many diode lasers. 

Polymers 2d and 2e have very similar absorption spectra as one would 

predict. Both polymers show a broad absorption band that is red-shifted 

relative to polymer 1 c. This red-shift is attributed to the increase in electron 

donating strength in these polymers. (i.e. ester-ester (Ic) vs. ester-ether (2d) 

and (2e)) The UV "cut-oiPs" for these polymers are not as sharp as in 

polymer 1 c. The broadness of the absorption is attributed to absorptions 

corresponding to ortho and para substitution in the polymer backbone. (i.e. 

the p-nitrophenylazo group can be either ortho or para to the electron 

donating ester group in the polymer backbone) The absorption band 

extending to 530 nm absorbs more strongly in these polymers than in polymer 

Ic. Aga~ this absorption "tail" may be due to charge-transfer complexes or 

unreacted end groups. The latter may be the more logical choice since this 

band absorbs most strongly for polymer 2d which is the lowest molecular 

weight polymer and least strongly for polymer 1 c which is the highest 

molecular weight polymer. In addition, all of the polymers formed optically 

clear films when spin-coated on ITO (Indium-tin oxide) glass. This would 

not be the case if a significant amount of dye aggregation was taking place. 

The absorption in the 400 to 530 run range for polymer 2d and 2e is strong 



48 

enough to cause problems with frequency doubled light generated by many 

diode lasers. The strong absorption in the 450 to 530 nm range (end group or 

charge transfer absorption) is more troubling since even frequency doubled 

light generated by a 1060 run YAG laser would result in a significant amount 

of absorption. 

d) NLO Measurements 

The potentially NLO active polymers 1 c, 2d and 2e are being evaluated 

for second-order nonlinear optical responses. Currently, there are no second

order nonlinear optical data available for these polymers. 

5. Summary 

Potentially NLO active polyesters with high glass transition 

temperatures were synthesized under mild condensation and interfacial 

polymerization conditions. The polyesters were soluble in common organic 

solvents and could be spin-coated onto ITO glass to produce optically clear 

films. The optical absorption was sharp and well defmed for the polyester 

formed from the purified p-nitrophenylazoresorcinol and 5-t-butylisophthaloyl 

dichloride monomers. The UV cut-off wavelength for this polymer was 414 

nm which is conducive for frequency doubling of laser diodes. The glass 

transition temperature of this polymer was 171°C. Molecular weight for this 

polymer typically ranged from 10,000 to 20,000 g/mol. 

The polyesters produced from the 3,3'-ethylenedioxydiphenol that was 

derivatized with one or two equivalents p-nitrobenzenediazonium 

tetrafluoroborate showed broader, less defmed UV absorption spectra. This 

is a result of using a mixture of monomeric compounds in the polymerization 
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reaction and possibly end group absorptions attributed to relatively low 

molecular weights. The UV cut-off wavelength for these polymers was well 

beyond the design goal of 400 nm. These polymers are therefore not useful 

for frequency doubling of laser diodes. 

The solubility of these polyesters was greatly increased by the 

incorporation of a t-butyl group in the polymer backbone. The incorporation 

of an ethylene linkage into the polymer backbone did not increase the 

solubility as significantly as the t-butyl group. In addition, incorporation of 

the t-butyl group produced polymers with correspondingly higher glass 

transition temperatures. On the other hand, the ethylene linkage produced 

polymers with correspondingly lower glass transition temperatures. The glass 

transition temperatures of the polymers were significantly increased by the 

incorporation of azo dyes in a regular fashion into the polymer structure. 

When the azo dye was introduced more randomly into the polymer structure 

the result was a decrease in the glass transition temperature. 

6. Future Research Directions 

The are several avenues that can be pursued in the development of 

future NLO polyesters based on the resorcinol molecule. First, the 

incorporation of different electron withdrawing groups should be investigated. 

For example, p-cyanobenzene diazonium tetrafluoroborate could be coupled 

to resorcinol. The "-max of the p-cyanophenylazoresorcinol molecule would 

be shifted to shorter wavelength than the p-nitrophenylazoresorcinol 

molecule. This would result in polyesters with UV cut-off wavelengths 

below 400 nm. Also, one could incorporate electron withdrawing groups that 

are not synthetically dead such as various sulfone groups. In addition to 
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providing the possibility for further chemical reactions these groups are 

known to provide excellent optical clarity. 

Second, the synthesis of pure azo dye derivatives of 3,3'

ethylenedioxydiphenol should be performed. As was previously discussed, 

chromatography and recrystallization of these compounds is difficult. To 

address the chromatography issue, it should be possible to make silyl ether 

derivatives of the NLO active diphenols. The silyl ether derivatives should be 

more soluble in common organic solvents. The monomers could then be 

passed through a column with less difficulty than the parent NLO active 

diphenols. The pure silyl ether monomers could then be desilylated or 

possibly polymerized directly under the appropriate conditions. 

Third, efforts should be made to improve the molecular weights of 

these polymers. Higher molecular weights typically improve the quality of 

spin-coated films. In addition, higher molecular weights should improve 

other physical properties including glass transition temperatures. Thus, 

different polymerization conditions should be investigated to determine the 

optimum conditions for high molecular weights. Improvements in monomer 

synthesis and purification may also help in producing polymers of higher 

molecular weight. 

Finally, attempts should be made to obtain NLO measurements on 

these polymers. These polymers need to demonstrate efficient second

harmonic generation to warrant a large scale investigation of these types of 

polymers. Also, photo-assisted poling techniques should be investigated as a 

means of orienting these high Tg polyesters. 
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D. Self-Assembling Nonlinear Optical Materials 

1. Background on Self-Assembling NLO Materials 

As discussed earlier there are several drawbacks to poled nonlinear 

optical polymers. First, the stability of poled chromophores is usually low. 

Second, it is often difficult to increase the stability of poled systems without 

making the systems more difficult to pole. Finally, the alignment that is 

achieved by poling techniques is often not fully optimized which results in 

materials that show anomalously low bulk second-order nonlinearities. These 

considerations have created much interest in monomeric and polymeric 

systems that will self-align in the absence of an electric field. 

Monomeric and polymeric materials that self-assemble such that the 

dipoles of the chromophores are all aligned in the same direction would be 

very desirable for NLO applications. These types of materials would be 

inherently more stable than poled systems since the order is a direct result of 

the intrinsic molecular or macromolecular structure. The efficiency of the 

alignment in these materials would be very high and readily achieved since 

the energy of the ordered material should be lower than that of the disordered 

material. In addition, a material that self-aligns is more desirable for device 

fabrication since it might reorder spontaneously if it becomes partially 

disordered at the high temperatures used in the fabrication process. By 

comparison, poled materials must be crosslinked to achieve thermal stability. 

Crosslinking a material is less desirable since it makes the material more 

difficult to process. Thus, the design and synthesis of self-assembling / self

aligning materials should produce materials with larger, more stable second

order nonlinearities that are more suitable for device fabrication. 
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2. Design of Self-Assembling NLO Materials 

Constructing a material such that all the dipole moments are aligned in 

the same direction requires additional interactions that compensate for the 

increase in dipole-dipole interactions. For example, hydrophobic-hydrophilic 

interactions (forces) have been used to orient donor-acceptor molecules in 

Langmuir-Blodgett filmS.26 Nature has shown that highly organized 

macroscopic materials can be constructed using hydrogen bonding (i.e. DNA, 

RNA, etc.). In much the same way hydrogen bonding27 can be used to 

assemble highly organized materials for nonlinear optical applications. It is 

our belief that hydrogen bonding between diketopiperazine rings can be used 

as a means of assembling donor-acceptor groups to form a 

noncentrosymmetric material. The materials could be monomeric, oligomeric 

or polymeric. 

Our design model for monomeric and eventually polymeric materials is 

the NLO active diketopiperazine molecule (FIGURE 10). In this generic 

D 

A 

H 0 
I 
N 

D 

A 

FIGURE 10 Design Model for NLO Diketopiperazines 

molecule D signifies an electron donating group and A represents an electron 

withdrawing group. This generic molecule can be constructed from chiral 

amino acid building blocks (FIGURE 11) Polymeric materials could be 

synthesized by using tetrafunctional amino acids. 
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A 

FIGURE 11 Chiral Amino Acids for Mono and Poly-Diketopiperazines 

The basis for this design model comes from the well-known ability of 

diketopiperazine to hydrogen bond in the crystalline state. For example, 

FIGURE 12 Hydrogen Bonding in Cyc1o(Aib-Aib) 

Cyclo(Aib-Aib) which is formed from a-aminoisobutyric acid has been 

shown to hydrogen bond.28 This molecule is sterically very similar to the 

proposed model compounds. Thus, the proposed model compounds would be 

expected to behave in the same manner (FIGURE 13). 
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o 

o 

FIGURE 13 Hydrogen Bonding forNLO Diketopiperazines 

Despite the more complex appearance of this molecule, it is reasonable 

to assume that it will hydrogen bond. The aromatic rings that contain the 

donor and acceptor groups are orthogonally fused to the diketopiperazine 

ring. Consequently, any steric bulk introduced into the aromatic rings by the 

donor and acceptor groups should not prohibit the formation of hydrogen 

bonds between two molecules. If hydrogen bonding does occur, one would 

expect the diketopiperazine molecules to form hydrogen bonded columns 

with the donor and acceptor groups aligned within each column. This does 

not necessarily mean that the donor and acceptor groups between two 

separate hydrogen bonded columns will have the same orientation. 
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Predicting the directionality of the hydrogen bonded columns in an 

organic crystal is not possible. For example, FIGURE 14 shows all the 

columns with the same directionality. 

FIGURE 14 Hydrogen Bonded Columns with Uniform Directionality 

This would lead to a macroscopic material with all the chromophores aligned 

in the same direction. A material such as this would have a non zero X(2) 

value since it would be noncentrosymmetric. FIGURE 15 on the other hand, 

FIGURE 15 Hydrogen Bonded Column with Alternating Directionality 
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has the columns alternating and this would produce a centro symmetric 

material with a zero X(2) value. In theory these same arguments could be 

extended to oligomeric or polymeric materials. 

There are two major obstacles in this approach to a self-aligning NLO 

material. First, will compounds with this structure hydrogen bond as we 

would predict from analogous diketopiperazine molecules and if so, will the 

directionality of the columns be correct? Second, is it feasible to synthesize 

and resolve chiral amino acids such as the ones we have proposed? (This 

would be especially difficult for the proposed tetrafunctional monomers that 

would be used to make polymers.) This work focuses on the former question. 

To 

o H 

©:X-~"" 
H 0 

"TARGET" 

FIGURE 16 Achiral Amino Acid and Diketopiperazine 

simplify the solution to this question we excluded the donor and acceptor 

groups (FIGURE 16). This allows us to use an achiral amino acid so that a 

classical resolution of enantiomers can be avoided. The prototypical amino 

acid and diketopiperazine are both achiral materials, however, the model 

should provide us with valuable information about the nature of the hydrogen 

bonding in the crystalline state. 
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3. Model compound Synthesis - Diketopiperazine 

The proposed retrosynthetic route to the target diketopiperazine is 

shown in SCHEME 2. The target diketopiperazine could also be obtained by 

SCHEME 2 Retrosynthesis of Achiral Diketopiperazine 

a more direct dimerization process. For example, it is mown that the free 

amine of the ethyl ester of phenylalanine and other amino esters can dimerize 

on standing to give the diketopiperazine (SCHEME 3). Therefore, we should 

also be able to obtain our target diketopiperazine by a similar dimerization 

process. SCHEME 4 shows the dimerization of the amino ester to form the 

target diketopiperazine. 
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SCHEME 3 Dimerization of Ethyl Ester of Phenylalanine 

reyvNH2 
~COOMe 

SCHEME 4 Dimerization of methyl-2-amino-indan-2-oate 
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4. Results and Discussion 

a) Synthesis of Diketopiperazine 

The fIrst step to the target molecule was the synthesis of the Schiff 

base of methyl glycinate (3).29 The reaction between the hydrochloride salt of 

+ -
-NH4 CI 

• 

SCHEME 5 Synthesis of Schiff Base 

(3) 

95% Yield 

methyl glycinate and benzophenone imine proceeded smoothly at room 

temperature with dichloromethane as the solvent. The product could be 

obtained in 95% yield and was a colorless solid with a sharp melting point of 

42.5-43°C. 

The Schiff base (3) was used to perform a cyclization reaction. 

Deprotonation of the Schiff base with two equivalents of sodium

hexamethyldisilizane (NaHMDS) in THF at -78°C followed by the addition 

of the u,u'-dibromo-o-xylene and warming to -10°C resulted in the formation 

of the cyclic product. 30 However, a cleaner (colorless) product could be 

obtained if the reaction was carried out stepwise. This appears to be possible 

because of the large pKa difference between the monoalkylated product and 

the starting material.31 The product could be obtained in >90% crude yield. 

Surprisingly this material was an oil. Therefore, the product was typically 

used without further purifIcation. The crude product was confmned by 1 H 
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NMR and the spectrum was very clean. If further purification is desired the 

product can be passed through a silica gel column; however, lower yields 

were obtained when this was done. Despite the lower yield, purification on 

silica proved to be useful in obtaining a clean methyl-2-amino-indan-2-oate 

hydrochloride from the hydrolysis of the imine. 

o 

~ 
(1) 1 equiv NaHMDS 

(1) "ANION" 
(2) COOL -7SoC 
(3) 1 equiv NaHMDS ,.. 

THF 

''YELLOW ANION" 

Ph 

~=(Ph 
~)-OMe 

o 
"LIGHT YELLOW OIL" 

> 90% Crude Yield 

SCHEME 6 Synthesis of2-N-(diphenylmethylene)-2-methylindanoate 

Hydrolysis of the 2-N-(diphenylmethylene)-2-methylindanoate could 

be accomplished by a variety of hydrolysis procedures. Typically, the 2-N

(diphenylmethylene )-2-methylindanoate was dissolved in ether at 0 °C and 

one equivalent of IN HCI was added dropwise (SCHEME 7).29 The two 

phase hydrolysis reaction was allowed to proceed overnight. The product 
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could be isolated by separating the organic phase from the aqueous phase that 

contains the methyl-2-amino-indan-2-oate hydrochloride (4). The aqueous 

layer could then be lyophilized to give a white solid that melted at 214-217 0 

C. The overall yield for the cyclization reaction and the hydrolysis reaction 

was 70%. The product can be characterized by IH and 13C NMR using 

D20 as the solvent. 

rfjIVNH2.HCI + 

~"Ir-0Me 
o 

(4) 
''AQUEOUS'' 

70% OVERALL YIELD 

o 

©I'© 
"ETHER" 

SCHEME 7 Hydrolysis of2-N-(diphenylmethylene)-2-methylindanoate 

The methyl-2-amino-indan-2-oate hydrochloride (4) could be converted 

to the 2-t-butylcarbamate-2-methyl-indanoate (6) by reaction with di-t

butyldicarbonate. The reaction can be performed usmg a variety of 

OMe 

(4) 

(1) 1 equiv NaHC03 
(2) 1 equiv (BoC)20 

• 
CHCl3'H20 (NaCl), Reflux 

NJL+ 
OMe 

(6) 

SCHEME 8 Protection of methyl-2-amino-indan-2-oate hydrochloride 

procedures that produced good yields. Typically, the reaction was carried out 

using one equivalent of sodium bicarbonate to produce the free amine which 
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then reacted with one equivalent of di-t-butyldicarbonate.32 The product was 

recrystallized from methanol/water to give a colorless solid with a melting 

range of 143-144 °C. The yield for the recrystallized product was 87%. The 

compound was also characterized by chemical analysis, IR, 1 H and 13C 

NMR. 

The 2-t-butylcarbamate-2-methyl-indanoate (6) was synthesized for the 

purpose of obtaining the t-Boc-indanoic acid (7) that could be used in a 

peptide coupling reaction with the amino ester hydrochloride (4). However, 

protecting the methyl-2-amino-indan-2-oate hydrochloride (4) as the N-t

butyl-carbamate is an excellent way of indirectly purifying the amino ester. 

The 2-t-butylcarbamate-2-methyl-indanoate (6) was purified by 

recrystallization or chromatography on silica gel. The pure 2-t-

H 0 H 0 

rar-vI.--Jl--o-IBu 160.'80·~ rar-vNH, __ ~N-~ 
~)-oCH3 ~')-ocH3 ~)-
000 

(6) + ===<9) + CO2 (9) (5) 

SCHEME 9 Thermolysis of 2-t-butylcarbamate-2-methylindanoate 

butylcarbamate-2-methyl-indanoate (6) was deprotected using trifluoroacetic 

acid to give the trifluoroacetate salt or thermally to give the free amino ester. 

Since the free amino esters of many amino acids are known to dimerize 

readily, we thought thermolysis of the protected ester would produce the free 

amino ester which could then form the dimerized product. Heating the 2-t

butylcarbamate-2-methyl-indanoate (6) between 180-190 °C produced the 

evolution of gas bubbles that were presumed to be the formation of 
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isobutylene and carbon dioxide. It was assumed that the free amino ester was 

left behind; however, the colorless liquid never resolidified to produce the 

higher melting diketopiperazine (5). This was consistent with attempts to 

dimerize the free amino ester obtained by the basification of the methyl-2-

amino-indan-2-oate hydrochloride (4). Apparently, the free amino methyl 

ester of this compound does not readily dimerize. Even at 80°C, the free 

amino ester did not dimerize when left overnight. 

The 2-t-butylcarbamate-2-methyl-indanoate (6) can be easily converted 

to the t-Boc acid (7) by hydrolysis of the ester with 1.5 equivalents of LiOR 

in 10: 1 methanoVwater solution. The hydrolysis reaction proceeds slowly 

r(YVHJL+ 
~Tr-oMe 

o 
(6) 

(1) 1 equiv UOH 

• r(YVJL+ 
~Tr-0H 

o 
(7) 

" Quantitative" 

SCHEME 10 Hydrolysis of 2-t-butylcarbamate-2-methylindanoate 

overnight and the product can be isolated by acidification with ammonium 

chloride and then extraction with ethyl acetate. The product is a colorless 

solid that has a melting point range of 170-172 DC. The yield for the reaction 

is quantitative. The absence of the ester was obvious by 1 H NMR and 13C 

NMR. The IR spectrum indicated the presence of a carboxylic acid carbonyl 

and an OR stretch. This compound was synthesized so that it could be 

coupled to the amino ester using a peptide coupling agent. The dipeptide 
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could then be deprotected using trifluoroacetic acid and the ring closed under 

basic conditions.33 However, this route was never pursued since the 

diketopiperazine (5) had already been obtained by direct thermolysis of the 

amino ester hydrochloride (4). 

Interestingly, heating the t-Boc acid (7) just above the melting point 

results in deprotection to produce the zwitterionic amino acid (8). This 

reaction most likely proceeds through an internally acid catalyzed 

deprotection mechanism. The reaction proceeds rapidly to produce the higher 

melting zwitterionic solid from the colorless liquid. The amino acid was 

determined to be very pure by chemical analysis. 1 H NMR indicated that the 

protecting group was no longer present. Analysis by mass spectrometry also 

H 0 

~OtBu 
OH 

(7) 
o 

(8) 

SCHEME 11 Thermolysis of 2-t-butylcarbamate-2-indanoic acid 

supported the formation of the amino acid. A pseudo molecular ion peak at 

132 rnIe was found for the amino acid which has a molecular weight of 

177 g/mol. This corresponds to the characteristic loss of C02 by amino acids 

when subjected to mass spectrometry. 

An attempt was made to dimerize the amino acid (8) using a peptide 

coupling agent34 under dilute conditions in dichloromethane. The thought was 

that the amino acid would cyclize rather than polymerize under these 
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conditions. We also believed that cyc1ization would be preferred because of 

the gem dimethyl effect. Unfortunately, this attempt failed due to the 

insolubility of the amino acid in dichloromethane. 

o 0 

(1)~d 0 
(2) 1 equiv TEA 

• 

(8) 

SCHEME 12 Coupling of2-amino-2-indanoic acid 

The methyl-2-amino-indan-2-oate hydrochloride (4) could be dimerized 

directly to the diketopiperazine (5) by thermolysis and recrystallization. 

Heating the methyl-2-amino-indan-2-oate hydrochloride just above its melting 

point resulted in resolidification to form a new solid that steadily decomposed 

6t'V
NNHH~2.HCI 

~1r0Me 
(4) 0 

mp-214oC 

o H 

©Ot~ 
I 
H 0 

(5) 
26% Yield 

" Recrystallize from Acetic Acid 

SCHEME 13 Thermolysis ofmethyl-2-amino-indan-2-oate hydrochloride 

above 280°C and fmally melted completely above 310°C. Recrystallization 

of the new solid from acetic acid yielded the desired diketopiperazine. The 
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diketopiperazine (5) formed colorless rectangular crystals that had a melting 

range of 322-324 °C. The melting point is several degrees higher than that of 

the diketopiperazine formed from (L)-phenylalanine (mp ~ 315-316 °C).35 

The melting point of 322-324 °C appears to be reasonable given that our 

diketopiperazine should be a more rigid molecule because of the spiro fused 

ring system. Analysis by mass spectrometry showed a large molecular ion 

peak at 318 rnJe which is the molecular weight of the desired 

diketopiperazine. 1 H and 13C NMR both supported the proposed structure. 

The IR spectrum confmned the presence of an amide bond. A crystal 

structure was obtained and it too supported the preposed structure. 

b) Crystal Structure of Diketopiperazine 

Crystals suitable for structural analysis were prepared by 

recrystallization from acetic acid and sulfolane. The diketopiperazine (5) 

formed colorless rectangular crystals. A crystal having the approximate 

dimensions of 0.12 x 0.17 x 0.50 mm was mounted and analyzed~6 

There are several interesting features present in the diketopiperazine 

crystal structure. Initially, we anticipated that the six member 

diketopiperazine ring would be relatively flat. The crystal structure proved 

this to be untrue. The six member diketopiperazine is not flat and has a 

"boat" configuration. The "boat" configuration was surprising since the 

"chair" configuration is usually more favored. This may become significant 

when donor and acceptor groups are incorporated into the diketopiperazine 

molecule. Assuming that the "boat" configuration were present in the NLO 

active derivatives of the diketopiperazine, the dipoles would not be 

completely parallel to one another which is the optimum alignment. 
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STRUCTURE 1 shows the extent of the ring puckering present in the 

diketopiperazine molecule. 

The five member rings present in the diketopiperazine molecule are 

also puckered so that an "envelope" configuration IS 

observed (STRUCTURE 2). This puckering would not affect the alignment 

of the dipoles. It also does not interfere with the formation of hydrogen 

bonds between neighboring diketopiperazine molecules. The top view of two 

hydrogen bonded diketopiperazine molecules is shown in STRUCTURE 3 

and the side view in STRUCTURE 4. This latter structure illustrates more 

clearly how the dipoles within a hydrogen bonded pair or throughout a 

hydrogen bonded column would be canted if donor and acceptor groups were 

present. 

The unit cell was generated from the crystal structure. We were 

pleased to observe that all the hydrogen bonded diketopiperazine columns 

had the same directionality (STRUCTURE 5). As previously mentioned, this 

is very important with respect to the alignment of the donors and acceptors. 

This uniform directionality is very encouraging even though this molecule 

does not contain donor and acceptor groups. The uniform directionality of 

the hydrogen bonded columns in this diketopiperazine justifies the pursuit of 

NLO active diketopiperazines. This diketopiperazine molecule clearly forms 

a highly ordered organic material in the crystalline state. Assuming that the 

steric effects and dipole-dipole interactions in the future NLO active 

diketopiperazine molecules do not disrupt the ordering of the columns, these 

future materials would be noncentrosymmetric and have a non zero X(2) 

values. 
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STRUCTURE 1 Side View of Dike to piperazine Molecule 

H8 
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STRUCTURE 2 Top View of Dike to piperazine Molecule 



STRUCTURE 3 Top View ofR-Bonded Diketopiperazine Molecules 
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STRUCTURE 4 Side View ofH-Bonded Diketopiperazine Molecules 
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STRUCTURE 5 Unit Cell for Diketopiperazine Molecule 
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5. Summary 

The achiral target diketopiperazine does in fact hydrogen bond in the 

crystalline state, as was expected. To the best of our knowledge this is the 

fIrst synthesis of a dispiro-diketopiperazine and the fIrst example of hydrogen 

bonding hI a dispiro-diketopiperazine. However, more significantly, the 

crystal structure provides strong evidence that the proposed NLO materials 

will hydrogen bond and possibly assemble into noncentrosymmetric, NLO 

active materials. In addition, the crystal structure shows that there is a 

uniform directionality between the neighboring hydrogen bonded columns. 

This implies that future diketopiperazines that contain donor and acceptor 

groups should be NLO active since the dipolar orientation would not alternate 

between hydrogen bonded columns. However, it is not yet guaranteed that 

the dipole-dipole interactions will not be strong enough to flip every other 

column so that a lower energy centro symmetric material is produced. In 

order to answer this question fully a diketopiperazine containing donor and 

acceptor groups must be synthesized so that its crystal structure may be 

determined. 

The achiral target diketopiperazine can be obtained by the thermolysis 

and recrystallization of the methyl-2-amino-indan-2-oate hydrochloride. The 

yield for this reaction is low and a higher yielding synthesis would certainly 

be more desirable. In addition, this synthesis may not be valid for future 

NLO active diketopiperazine that might be more thermally unstable. Also, 

the mechanism for this reaction is not entirely clear. Thus, a more general 

synthetic methodology to the NLO active diketopiperazines would be 

desirable. 
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It was also demonstrated that the free indane amino methyl ester is not 

reactive enough to form the diketopiperazine by direct dimerization methods. 

The reason for this lack of reactivity was not determined, however, the 

literature states that methyl esters are typically unreactive in condensation 

reactions. This was unfortunate since the direct dimerization of the free 

amino ester could provide a short, mild route to a variety of NLO active 

diketopiperazines. This route should not be abandoned since using a more 

reactive ester may be all that is needed. 

Originally, the target diketopiperazine was to be obtained by fIrst 

making the dipeptide and then ring closing the dipeptide to form the 

diketopiperazine. Unfortunately, circumstances did not pennit the synthesis 

of the diketopiperazine by this route despite the synthesis of all the necessary 

fragments. We believe the synthesis of the diketopiperazine from the 

dipeptide would be superior since it is a milder route that could be applied 

more comprehensively to functionalized diketopiperazines. It is also 

mechanistically more well defined than the current route. 

6. Future Research Directions 

Future work on diketopiperazines must incorporate donor and acceptor 

groups into the molecule. This is not at all trivial in terms of the actual 

synthesis; however, their synthesis is not unrealistic. The most fonnidable 

obstacle that will be encountered in the future is the resolution of 

enantiomerically pure amino esters that contain donor and acceptor groups. 

Introducing the donor and acceptor groups into the indane amino ester 

produces a pair of enantiomers that must be resolved in order to obtain a 

noncentrosymmetric material. Two enantiomeric amino esters and the 



75 

possible dimerization products are shown below (FIGURE 17). Failure to 

separate the two enantiomers would result in the formation of three different 

diketopiperazines. The diketopiperazine produce from two different 

enantiomers (a + b) could most likely be separated by chromotography since 

its polarity would be significantly different from the other two 

diketopiperazines. However, the remaining two diketopiperazines would be 

difficult to separate since the only difference between the two molecules is 

their chirality. Failure to separate these two diketopiperazines would result in 

the formation of "mismatched" hydrogen bonded pairs. The net result would 

be a centro symmetric material with no NLO activity. In addition, separation 

of the products would not be possible for oligomeric or polymeric materials 

and in these instances resolution of the amino esters could not be avoided. 



o 

¢o<:OA 
A (a) 

j (-) +(-) 

(a)+(b) 

N ¢:>jD H,~D 
o \ f 0 

)",ooN, 
A 0 H A 

¢:>jD H..~A N o \ .: 0 
jlIIIIN, 

A 0 H 0 
33% 

I 

(-)+(~~~ 
A 0 H A 

It 0 H It 
rAr··,,,,-.· .. rN ./"' ... ·O,·"i" .... 

(b)+(b) ~~N~ 
A H 0 A 

33% 

Not the Same 

Mismatched Hydrogen Bonded Pair 

FIGURE 17 Resolution of En anti om eric 2-amino-2-indanoate 

76 



77 

Future work should also use more reactive esters so that mild 

dimerization reactions can be performed. This may simply be a matter of 

using the ethyl ester instead of the methyl ester or one may have to use a very 

reactive ester such as a p-nitrophenyl ester. The use of a more active ester 

would also be beneficial in the synthesis of the diketopiperazines using the 

dipeptide route. 

Synthesis of the diketopiperazines through the dipeptide route 

defInitely warrants future investigation. While this route may be excessively 

long if direct dimerization is possible, it offers advantages with respect to the 

synthesis of oligomers and polymers. This route may be useful in making 

soluble precursors to oligomers and polymers and this may be require if 

substantial molecular weights are to be achieved. In addition, this route 

provides a way of synthesizing oligomers of defmed lengths. This could 

prove valuable in determining the maximum molecular weight needed for the 

desired physical and mechanical properties. 
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m. PHOTOREFRACTIVE MATERIALS 

A. Historical Background 

The photorefractive effect was first discovered in 1967 when it was 

observed that the index of refraction of LiNb03 could be optically 

modulated.37 For over twenty-five years the photorefractive effect has been 

limited to inorganic crystals. There are numerous examples of 

photorefractive crystals that have been studied. Some of the more popular 

and most extensively studied crystals are LiNb03, BaTi03, GaAs, 

SrxBal-xNb03 and Bi12Si020 (BSO).38 A variety of applications that 

utilized photorefractive materials have been proposed and include image 

processing, high density optical storage and phase conjugation.38,39,40 

However, the actual incorporation of inorganic materials into these 

applications has been limited by their difficult sample preparation and crystal 

growth. 

The need for materials that are more easily prepared and processed has 

led to the development of photorefractive organic materials. Organic 

materials, in particular polymers, can be more easily tailored and processed 

than inorganic materials. The physical toughness of polymers and the ability 

to produce useful shapes such as waveguides makes them a more practical 

choice for physical devices. Also, theory predicts that organic materials have 

the potential to improve performance by ten fold over inorganic crystals. This 

increase in performance would be attributed to the low dielectric constants of 

organic materials in comparison to inorganics. This will be discussed in more 

detail in the next section. 
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The fIrst observation of the photorefractive effect in an organic crystal 

was in 1990. The material was 2-cyclooctylamino-5-nitropyridine (COANP) 

doped with 7,7,8,8-tetracyanoquinodimethane (TCNQ).41 Growing doped 

crystals is a very difficult process since impurities (dopants) are usually 

excluded as crystal formation takes place. This led researchers to begin 

exploring polymers. Polymers are much more tolerant of dopants and easier 

to process than organic crystals. In addition, polymers provide a medium for 

a large variety of nonlinear molecules that would otherwise be excluded 

because they do not form noncentrosymmetric crystals. 

The fIrst polymeric photorefractive material was made in 1989. The 

polymeric material was a NLO epoxy polymer called bisphenol-A

diglycidylether 4-nitro-l,2-phenylenediamine (bisA-NPDA).16,42 The polymer 

was made photoconductive by doping with diethylaminobenzaldehyde

diphenylhydrazone (DEH) which acts as a hole transport agent. (The role of 

various components of polymeric photorefractive systems will be discussed in 

the section entitled "Design of Photorefractive Polymeric Materials".) Since 

this discovery much work has been done to improve the photorefractive 

response in polymeric materials.43,44,45 Prior to this work the largest 

photorefractive response was reported in a material composed of poly(N

vinyl carbazole) (PVK), 3-fluoro-4-N,N-diethylamino-p-nitrostyrene 

(FDEANST) and 2,4,7-trinitro-9-fluorenone (TNF).43 This composite shows 

a steady-state diffraction efficiency llss of 1.2% at an applied fIeld Eo of 

40 V/J.lm. 
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B. Theoretical background 

The photorefractive effect is defmed as the spatial modulation of the 

index of refraction due to charge redistribution in an optically nonlinear 

material. The photorefractive effect arises from the creation of charge 

carriers that are generated by a spatially modulated light intensity. The 

spatially modulated light intensity is created by the interference pattern of two 

intersecting light beams (FIGURE 18a)46. The charges that are created in the 

light regions then separate by drift and diffusion processes until they become 

trapped in the dark regions (FIGURE 18b). For polymers the diffusion of 

charge carriers is very slow and the carriers migrate almost entirely by drift in 

the direction of the applied field. The trapped charges produce a nonuniform 

space-charge distribution that creates an internal space-charge electric field 

(FIGURE 18c). This space-charge electric field then modulates the index of 

refraction and yields a phase grating that can diffract a light 

beam (FIGURE 18d). The phase shifted grating that results from the space

charge field is field dependent and at high fields the phase shift of this grating 

approaches a value of n12. 
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The formation of a photorefractive grating is a very complex process. 

The theoretical description of this process is still a very active area of 

research. The model that has been proposed by Kukhtarev and co-workers is 

widely accepted as an accurate description of the photorefractive effect in 

inorganic crystals.47,48,49,50 However, the process of photorefractive grating 

formation in organic materials is further complicated by photogeneration and 

geminate recombination and these processes are not accounted for in the 

Kukhtarev model. A model describing the photogeneration and 

recombination of carriers has been presented by Onsager.51 Twarowski has 

applied a fIrst-order approximation of this geminate recombination to the 

Kukhtarev model so that it may be extended to organic crystals and 

polymers.52 

The formation of a photorefractive grating (FIGURE 18)46 can be 

explained by the following theoretical description. It is instructive to refer to 

FIGURE 18 while contemplating the theoretical description. The intersection 

of two coherent light beams creates a time-independent but spatially 

modulated intensity pattern consisting of light and dark regions. The 

periodicity AG of these regions is given by: 

Acr = ~ n sin[(82 -81)/2] 

where n is the index of refraction of the material, AO is the optical 

wavelength, 81 and 82 are the internal angles of incidence of the two writing 

beams relative to the sample normal. The grating wavevector KG is given by 

the formula Ka=2nl AG. The diffusion fIeld is given by: 

E 
_ KakBT 

D-
e 
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where KG is the grating vector, kB is the Boltzmann constant, T is the 

temperature and e the elementary charge. The trap-limited field Eq is given 

by: 

E = eNA 
q Ka880 

where E is the dc dielectric constant, EO is the pennittivity and NA is the 

density of photorefractive traps. The phase shift 'P is given by: 

'P = arctJ ED (1 + ED + E5 J] '1 Eq Eq EDEq 

where Eo is the component of the external applied field along the grating 

vector. The phase shift 'P of the space-charge field and the refractive index 

with respect to the light is nl2 at high fields. The amplitude modulation of the 

space-charge field Esc is then given by: 

[ 
(Eg + E1) ]1/2 

Esc = ( )2 ( )2 
I+ED/Eq + Eo/Eq 

The space-charge field can then be related to the amplitude of the electro

optic photorefractive index modulation /).neo by the following equation: 
1 3 

Lineo = 2 n "efJ Esc 

where n is the background refractive index, and r eff is the effective electro

optic coefficient that depends on the symmetry of the sample and the 

experimental configuration. 

Organic materials have the potential to achieve much larger changes in 

the index of refraction. A figure-of-merit has been provided as a way of 

comparing the possible index changes in different materials. This figure-of

merit assumes that there is an equal density of trapped charges. The figure-
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of-merit is defined as Q=n3reJlEr, where n is the optical index of refraction, 

r eff is the effective electro-optic coefficient, and er is the dc dielectric 

constant relative to the permittivity of free space eo. For inorganic materials 

Q does not change very much from one material to another. This is a result of 

the optical nonlinearity in inorganics being dependent upon the large ionic 

polarizability of inorganic materials. This means that the electro-optic 

coefficients of inorganic materials are accompanied by large dc dielectric 

constants. Thus, any increase in the electro-optic coefficient is offset by an 

increase in the dielectric constant and the Q value remains relatively the 

same. 

Organic materials differ greatly from inorganic materials in that their 

electro-optic coefficients are not accompanied by large dc dielectric 

constants. The nonlinearity in organic materials is a molecular property that 

results from the asymmetry of the electronic charge distribution in the ground 

and excited states.53 Consequently, organic materials that exhibit high 

electro-optic coefficients are not necessarily accompanied by large dielectric 

constants. In fact, organic materials typically have significantly lower 

dielectric constants than inorganic materials. This results in Q values that are 

much higher for organic materials. Thus, the potential of organics in 

photorefractive applications is very promising. 

It is important to mention that the photorefractive effect is not the only 

mechanism by which the refractive index of a material may be modulated. 

There exist several other mechanisms that are capable of modifying the index 

of refraction. For example, thermochromism, thermorefraction and 

photochromism are just three of the many mechanisms for modulating the 
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index of refraction.54,55 However, with the exception of the photorefractive 

effect, these are all local mechanisms. The photorefractive effect is 

controlled by a nonlocal mechanism. The transport of charges within the 

material is a nonlocal property. The charges in a material can travel distances 

on the order of J-lm which is equal to the grating spacing provided by two 

interfering optical beams. The spatial phase shift between the interference 

pattern of the light beams and the space-charge electric field is a direct result 

of this charge transport. This nonlocal process for modulating the index of 

refraction has some very important consequences with respect to the 

applications of materials that modulate the index of refraction. 

Most of the proposed applications38,39,40 depend on minimal optical 

losses due to absorption, reflection and scattering by the material. Many of 

the applications require that a net gain be achieved when the optical beams 

pass through the material. Local mechanisms such as photochromism cannot 

achieve a net gain when the optical beams pass through the material. The 

photorefractive mechanism, on the other hand, is capable of producing a net 

gain. The process through which gain may be achieved in a photorefractive 

material is called asymmetric two-beam coupling. With two-beam coupling it 

is possible to transfer energy from one beam to the other as a result of the 

spatial phase shift between the grating produced from the interference pattern 

and the phase-shifted grating that results from the space-charge field. If the 

photorefractive effect in a material is strong enough it is possible to achieve 

optical amplification. This is particularly important for applications such as 

self-phase conjugation, coherent lInage amplification, associative 

memories, etc. 
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Photorefractive materials can also be used to store and retrieve 

holograms. However, storing a holographic grating in a material is not proof 

of the photorefractive effect. Since it is possible to write holographic gratings 

using other mechanisms additional proof must be provided. For example, 

materials containing photoisomerizable chromophores such as azo dyes can 

store a holographic grating. Fortunately the asymmetric two-beam coupling 

experiment is a definitive test for the photorefractive effect. Only the 

photorefractive mechanism is capable of two-beam coupling. Therefore, to 

fully characterize a material as photorefractive it is necessary to perform two

beam coupling experiments. Prior to performing four-wave mixing and two

beam coupling experiments the material should also be characterized for 

optical absorption, photoconductivity, quantum efficiency and electro-optic 

response. 

C. Designs of Photo refractive Polymeric Materials 

The design of photorefractive polymers requires that certain criteria be 

satisfied. The photorefractive effect occurs in materials that are 

photoconductive and display a dependence of the index of refraction with 

respect to an electric field. This means that the material must simultaneously 

demonstrate photo carrier generation, transport of the carriers, trapping of the 

carriers and second-order nonlinearity. There are several ways this can be 

accomplished in a polymeric material. 
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Photorefractive polymers have emerged m three main classes of 

materials. The three classes are as follows: 

• Charge-Transporting Polymer HosttJ,44 

• Nonlinear Optical Polymer Host42 

• Fully Functionalized PolymerS'S 

Charge-transporting polymer host systems are based on a 

photoconducting polymer. There are relatively few polymers that are 

effective charge-transporting materials. Poly-(9-vinylcarbazole) or PVK is 

probably the most well-lrnown photo conducting polymer. PVK can be 

sensitized with a variety of electron poor molecules to increase the efficiency 

of the photo carrier generation and ultimately the photoconductivity. The most 

well studied combination is PVK - 2,4,7-trinitro-9-fluorenone (TNF) because 

of its extensive use in xerography. However, C60 has also been used as a 

sensitizer for PVK56. This efficient photo conducting material can then be 

doped with a compatible nonlinear molecule that will provide the electro

optic response in the material. Recently, a new theory was proposed 

regarding the poling of chromophores in guest-host systems. This theory 

suggest that the space-charge field may be used to enhance the alignment of 

the chromophores.57 This may be a significant advantage of charge

transporting guest-host systems. 

An alternative approach is to use a NLO polymer host that has been 

made photoconductive. A NLO polymer host can be made photoconductive 

by doping with a hole transport agent and a sensitizing agent. This is termed 

a nonlinear optical polymer host system. Numerous examples of this type of 

system have been reported in the literature. 42,S8 This type of system will 
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probably continue to receive much attention given the amount of research that 

has been conducted on NLO polymers. 

The fIrst fully-functionalized polymer for photorefractivity was 

synthesized by the Hall groUp.45 The polymer consisted of a methacrylate 

backbone containing pendant carbazole and tricyanovinylcarbazole groups 

that were linked to the polymer backbone by a alkylene spacer. This type of 

polymer system is synthetically very challenging. Presently, high diffraction 

efficiencies have not been obtained in this type of system. Fully

functionalized polymers are generally considered to be superior in design to 

the guest-host polymers because of their orientational and thermal stability. 

These polymers generally have higher T g'S than guest-host systems and are 

not subject to changes in composition as a result of phase separation or 

sublimation during processing. In addition, the high T g'S of these materials 

prevent the relaxation of the dipolar orientation making the electro-optic 

coefficient more stable than in low T g guest-host systems. (These systems 

are analogous to NLO comb polymers and the same stability/poling 

considerations are still applicable.) The major disadvantage of this type of 

system is the disruption of the photoconductivity as a result of dilution by 

comonomers that are not photoconductive. Another disadvantage is that 

these systems require high temperatures and electric fIelds for efficient poling. 

1. Design of Photorefractive Polymer Composites 

Since the Hall group had already worked on fully-functionalized 

polymers, we decided to investigate charge-transporting polymers host 

systems. The composites used to make the photorefractive measurements 

were composed of PVK doped with 1.3 wt% of TNF with respect to the 
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photo conducting compounds. The chromophore concentration varied 

depending on the solubility of the polymer in the chromophore. The 

concentration of chromophore ranged from 33 wt% to 66 wt% of the 

photo conducting materials (PVK and N-ethylcarbazole). Our composites 

also contained 50 wt% ofN-ethylcarbazole with respect to the PVK. The N

ethylcarbazole acts as a photo conducting plasticizer and makes it possible to 

fabricate thick films suitable for photorefractive measurements.44 

Azo dyes were used to provide the electro-optic response ill our 

composites. Azo dyes were selected because they are well-known nonlinear 

optical molecules. Also, azo dyes were notably absent from the 

photorefractive polymers reported in the literature. Their absence is 

presumed to be due to the photo chromic behavior of azo dyes. Azo dyes are 

known to undergo a trans-cis-trans photoisomerization process.59,60 As 
hv 

trans cis 
hV,A 

discussed earlier this local mechanism can produce a change in the index of 

refraction that may be misinterpreted as the photorefractive effect. The 

photo chromic grating can be very strong and may compete with the 

photorefractive grating. However, there are studies in the literature that found 

the photoisomerization process to polarization depended.24 This means that 

by selecting the appropriate polarization one could observe either the 

photorefractive grating or the photoisomerization grating. In addition, the 

photoisomerization of azo dyes has been shown to assist in the poling of the 

chromophores in high Tg polymers.24 The composites presented in this work 

have low T g'S and can be poled efficiently at room temperature by applying 
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an electric field. Therefore, we do not expect our composites to show a large 

increase in the orientational order as a result of this isomerization. 

Nevertheless, understanding this process would be valuable if future work 

were to incorporate azo dyes into high Tg systems. 

We believed that large number of azo dyes and the ease with which 

they may be synthesized warranted a more comprehensive study of their use 

in photorefractive materials. We also felt that the azo dyes could be tailored 

to reduce or eliminate the photoisomerization should it present a problem. 

The photoisomerization could be minimized by shifting the "-max to shorter 

(a) DRl 

A = 502 

(b) Aniline 

A = 450 

(c) Anisole 

A= 396 

FIGURE 19 Azo Dyes for Photorefractive Polymer Composites 

wavelengths away from the wavelength of excitation or by steric inhibition of 

the photoisomeriztion. In addition, it might be possible to utilize the 

photoisomerization to enhance the poling by first exposing the material to a 

wavelength where the dyes absorb more strongly. The photorefractive 
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measurements could then be made at a wavelength where the 

photoisomerization does not take place. In any case, photorefractive 

materials containing azo dyes would be an interesting class of materials to 

study. 

2. Results and Discussion 

a) Linear Absorption of Photorefractive Composites 

The photorefractive composites were characterized for their linear 

absorption. FIGURE 20 shows the linear absorption spectra for the PVK

TNF mixture and the PVK-TNF-chromophore mixtures. The TNF forms a 

charge transfer complex with the PVK that has a "-max = 541 nm. The PVK-
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FIGURE 20 Absorption Spectra for Photorefractive Composites 

TNF-anisole mixture has a "-max = 396 nm. The "-max of the PVK-TNF

aniline mixture was 450 nm and that of the PVK-TNF-Disperse Red 1 was 

"-max = 494 nm. This series of dyes provided a useful range of wavelengths 

to study the photorefractive effect. 
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It is important to point out that only the anisole dye does not absorb 

strongly near the "-max of the charge-transfer complex. If the chromophore 

absorbs too strongly at a wavelength close to the charge-transfer complex it 

can have an adverse affect on the photo carrier generation since the 

chromophore will absorb most of the incoming photons. Also, if the 

chromophore is an azo dye the absorption is accompanied by photo chromic 

behavior which may not be desirable. Thus, for azo dyes, it is important to 

work at a wavelength that is far removed from the "-max of the dye if the 

photorefractive effect is the desired mechanism. 

b) Photoconductivity & Quantum Efficiency Measurements 

(1) Photoconductivity ofPVK-TNF-Disperse Red 1 

The photoconductivity of the PVK-TNF-Disperse Red 1 composite 

was determined to be all =1.6 x 10-9 crn/QW for an applied field of 50 V//-lm 

in a 1.2 !JID thick spin-cast film. The photoconductivity was measured at a 

wavelength of 458 nm where the absorption is 2.5 x 104 cm-1. FIGURE 21 

shows the results of the field dependent photoconductivity experiments. The 

field-dependent quantum efficiency was determined usmg the 

photoconductivity a and the following formula: 
~= atunE 

lade 

where lim is the photon energy, E the applied field, I the power density of the 

laser, a the absorption coefficient, d the thickness and e the elementary 

charge. The quantum efficiency ~ reached a value of 1 % at an applied field 

of 100 V//-lm as shown in FIGURE 21. The solid line represents the Onsager 

fit using a thermalization radius of r(Fl.29 nm, g=3.4 and an initial quantum 
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yield of ~= 1. (For a more detailed explanation of the photogeneration of free 

carriers in amorphous photo conductors see Onsager, L., Phys. Rev. 1938, 54, 

544 and Mozumder, A.,J. ofChem Phys., 1974,60,4300.) 
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FIGURE 21 Photoconductivity and Quantum Efficiency ofPVK-TNF-DRI 

(2) Photoconductivity of the PVK-TNF-Anisole Composite 

The photoconductivity for the composite containing the anisole azo dye 

was cr/I=O.4 x 10-9 cm/OW at an applied field of 50 V/',lm. This value was 

obtained using the same conditions described for PVK-TNF-Disperse Red 1. 

The anisole composite has a significantly lower photoconductivity than the 
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Disperse Red 1 composite. This difference is probably caused by Disperse 

Red 1 being a better photoconductor than the anisole dye or possibly the 

anisole dye was less pure than the Disperse Red 1 since all other reagents 

were from the same bottle. Again, the quantum efficiency ~ was deduced 

from the photoconductivity cr and found to be 0.75% at 100V/J.Lm. The solid 

line in FIGURE 22 is the Onsager fit. The best fit was obtained using a 

thermalization radius rO=1.29, e=3.4 and an initial quantum yield~O=0.75. 
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c) Electro-Optic Coefficient Measurements 

(1) Electro-Optic Coefficient 0/ the Disperse Red 1 Composite 

The electro-optic coefficient for the Disperse Red 1 composite was 

determined to have a value of n3r33=9 pm/V ( n is the refractive index ) at 

675 nm with a poling field of 50 V/f.lm in a 1.2 f.lm thick film. FIGURE 23 

shows that the electro-optic coefficient is linearly dependent on the applied 

field. It was assumed that r33 = 3 f13. 
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FIGURE 23 Electro-Optic Coefficient for PVK-TNK-DRI 

Unfortunately, no electro-optic coefficient measurements were made 

on the anisole composite. The electro-optic coefficient is expected to be 

measured in the near future. 
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d) Diffraction Efficiency Measurements 

(1) Disperse Red 1 Composite 

The photorefractive effect in this composite is polarization sensitive 

due to the strong photo isomerization of Disperse Red 1. A purely 

photorefractive grating can be observed by selecting a "p" polarized reading 

beam. FIGURE 24 shows the measured diffraction efficiency for a 105 f..1m 

thick sample. In this instance a diffraction efficiency of 0.2% was obtained at 

?f- •• • ~ 0.1 "p" component 
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FIGURE 24 Diffraction Efficiency ofPVK-TNF-DRI 

674 run with a low power density of 15 mW/cm2 and an applied field of 

25 V/f..1m. A diffraction of efficiency of 1 % was obtained at 674 nm when the 

applied field was increased to 30 V If..1m and the power density was increased 

to 125 mW/cm2. By comparison, the diffraction efficiency that was 

measured under these same conditions for the "s" component which contains 
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contributions from both the photoisomerization grating and the 

photorefractive grating was 0.8%. 

The presence of a strong photoisomerization grating made it impossible 

to achieve asymmetric two-beam coupling in this composite. Competition 

between the nonlocal photorefractive response and the local 

photoisomerization response made it impossible to produce any net gain when 

performing the beam coupling experiments. FIGURE 25 illustrates the 

competition between the local photoisomerization mechanism and the 

nonlocal photorefractive mechanism. 
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FIGURE 25 Photorefractive and Photoisomerization Gratings 

This figure shows the simultaneous read-outs for the "s" and "p" 

components. The "p" component is a purely photorefractive signal. The "s" 

component contains contributions from both the photoisomerization and 

photorefractive signals since an applied field is present. (In the absence of an 

applied field the "s" component is a purely photoisomerzation signal.) At 
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approximately 40 seconds, two "s" polarized writing beams are focused on a 

sample that is under an applied field. The purely photorefractive grating 

(FIGURE 25b) develops rather quickly while the combination 

photoisomerization-photorefractive grating (FIGURE 25a) slowly grows. 

Clearly for the "s" component the photoisomerization is the dominant process. 

The dynamics of the grating fonnations suggest that reaching a 

photorefractive steady-state diffraction efficiency is faster than reaching a cis

trans isomerization equilibrium that is accompanied by a change in 

orientational order. At this wavelength, the photoisomerization grating is 

strong enough to disrupt any two-beam coupling that might result from the 

photorefractive grating. Since two-beam coupling was not demonstrated, we 

cannot unequivocally claim that this composite is a photorefractive material. 

However, the dynamics of the two gratings ("s" and "p" components) suggest 

strongly the presence of a photorefractive grating that is polarization 

sensitive. 

(2) Anisole Composite 

The diffraction efficiency for this composite was measured to be 5%. 

This measurement was made at 674 nm with an applied field of 40 V//-lm and 

a power density of 125 mW/cm2. This is a significant improvement over 

PVK:TNFIF-DEANST which was reported to have a diffraction efficiency of 

1 % in a 125 /-lm thick sample at the same wavelength and applied field. 

Under these conditions there was no detectable photoisomerization grating. 

However, at shorter wavelengths and higher power densities a 

photoisomerization grating could be observed. FIGURE 26 shows the 

dependence of the diffraction efficiency on the applied field. 
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The absence of a photoisomerization grating made it possible to 

perform asymmetric two-beam coupling experiments at 674 nm. The 

presence of the strong nonlocal photorefractive grating produced a gain 

coefficient r of 30 cm-I and a net gain of 6 cm-I . These measurements were 

made on a 105!Jm thick sample with an applied field of 40 V /!Jm. 

FIGURE 27 shows the dependence of the gain coefficient on the applied 

field. 
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FIGURE 27 Gain Coefficient for PVK-TNF-Anisole 

The horizontal line at r = 24 cm-I marks the gain coefficient above which a 

net gain begins to be achieved. This result proves that the observed 
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diffraction efficiency is produced by a nonlocal mechanism that can be 

attributed to the photorefractive effect. 

e) Optical Storage in Photorejractive Composites 

There are many applications for photorefractive materials as discussed 

in the introduction. Optical storage and image processing are just two of 

these many applications. Both of the materials discussed above are suitable 

for reversible holographic storage. A real-time read, write and erasure 

process for the Disperse Red 1 composite is shown in FIGURE 28. At TO a 

photorefractive grating is established using two intersecting light sources. At 

Tl the grating is erased by blocking one of the writing beams and illuminating 

the entire sample. At T2 the second writing beam is restored and the grating 

is established once again. 
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At T3 the applied field is removed and the grating is erased since charge 

transport can no longer take place. At T4 the applied field is restored and the 

grating is written once more. Finally, at T5, one of the writing beams is 

blocked again and the grating is erased. 

The photoisomerization grating may also be used as a means of optical 

storage although the writing and erasing times are significantly longer. The 

photoisomerization grating develops for two reasons. First there is an 

orientational order that is imposed in the light regions as a result of the 

isomerization. Second, there is a cis-trans configuration equilibrium in the 

light regions that contrasts with the all trans configuration of the 

chromophores in the dark regions. These two factors produce a grating that is 

strongly polarization sensitive (i.e. only visible when the reading beam has 

the same polarization as the writing beam) and is adversely affected by an 

applied field since the applied field causes a mriform ordering throughout the 

sample. FIGURE 29 shows the more complicated read-out of the "s" 

component for the Disperse Red 1 composite . 
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This read-out was taken simultaneously with that of the "p" component 

shown in FIGURE 28. At Tl, when the writing beam is blocked and an 

applied field is still present, the grating which contains contributions from the 

photoisomerization and photorefractive processes is erased. The erasure 

process appears to show two time constants. Initially the defraction 

efficiency decreases sharply and then more slowly shortly after T 1. This 

corresponds to the fast erasure of the photorefractive contribution and the 

slow erasure of the photoisomerization contribution. When the writing beam 

is restored at T2 the grating develops once again. The applied field is then 

removed at T3 and a purely photoisomerization grating develops. 

(photorefractive gratings cannot exist without an applied field.) At T4 the 

applied field is restored and the diffraction efficiency decreases. The 

observed diffraction signal is once again composed of a photorefractive 

grating and a photo isomerization grating. The grating is once again erased at 

TS by blocking one of the writing beams. Shortly after at T6, the applied 

field is removed. 

An idealized description of this process is given in FIGURE 30. In 

FIGURE 30a there is no applied field and no light to create a diffraction 

pattern of light and dark regions. Consequently, all of the chromophores are 

randomly oriented in a trans configuration throughout the material. When the 

writing beams are turned on, the molecules undergo many isomerizations until 

their dipoles lie in the "xy" plane where they absorb less strongly. The 

molecules are randomly oriented about the "z" axis and exist as an 

equilibrium between trans and cis configurations. Applying an electric field 

creates a more unifonn orientational order throughout the sample by aligning 
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all of the chromophores with the electric field. (FIGURE 30c and 30d) The 

chromophores in both the light and dark regions have the same orientation, 

however, the light regions have a population of chromophores with a cis 

configuration and this is not the case in the dark regions. Nevertheless, the 

"' ¢ 
"" 

~ I X 

~" 
x 

9 y 

Z 

y 

z 

(a) No Applied Field-Dark (b) No Applied Field-Light 

No Exposure to Light "s" Polarized Light Along "z" 

Dipole Randomly Oriented Dipole in the plane "xy" 

Molecules are aU trans Trans-Cis equilibrium 

x 

y 
z 

(c) Applied Field-Dark 

Dipole Perpendicular to Light Polarization 

Molecules oriented with applied field 

Molecules are aU trans 

h 0 
~xt ~ ,.-

p5~~--II-"I""'.I'-'_II'_'I_- X 

A ,,' 

y 
z 

(d) Applied Field -Light 

Dipole Perpendicular to Light Polarization 

Molecules oriented with applied field 

Trans-Cis equilibrium 

FIGURE 30 Photoisomerization of Azo Dyes 



105 

result of applying an electric field is a net decrease in the contrast between 

the light and dark regions with respect to the photoisomerization grating. 

The writing/erasing process for a photorefractive grating was also 

possible in the anisole composite. There was no detectable 

photo isomerization at 674 nm and no attempts were made to write and erase a 

photo isomerization grating. These results suggest that it may be possible to 

avoid the photoisomerization in the Disperse Red 1 composite by working at 

longer wavelengths where the chromophore does not absorb as strongly. As 

was previously mentioned, the anisole composite was superior in terms of the 

magnitude of the diffraction efficiency and in its ability to achieve a net gain 

in asymmetric two-beam coupling experiments. These properties are more 

useful with respect to many of the applications of photorefractive materials. 

Another important consideration for optical storage applications is the 

storage time. The storage time is defmed as the time at which the diffraction 

signal is 10% of the steady-state diffraction signal. The storage times for our 

composites were measured by blocking the writing and reading beams after 

the steady-state diffraction efficiency had been reached and then restoring the 

reading beam at some time interval to. The storage time for the Disperse Red 

1 composite was about 12 hours. After being kept in the dark for 13 hours 

the diffraction efficiency was measured to be 7% of the steady-state value. 

The measured diffraction efficiency for the Disperse Red 1 composite as a 

function of time is shown in FIGURE 31. The storage time for the anisole 

composite was significantly lower. The diffraction efficiency was found to be 

10% after 30 minutes in the dark. 
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The results of this work indicate that azo dye doped photo conducting 

polymers are suitable materials for reversible optical storage and image 

processing. For the Disperse Red 1 composite, dual grating formation was 

observed through photorefractive and photoisomerization mechanisms. It 

was possible to study both gratings by selecting the appropriate polarization 

of the reading beam. High diffraction efficiencies (1 %) and long storage 

times (12 hr) were observed for the photorefractive grating while for the 

photoisomerization grating the diffraction efficiency was lower and the 
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storage time was much shorter. The photorefractive and photoisomerization 

gratings were both completely reversible. The photoisomerization in this 

composite appears to inhibit beam amplification during asymmetric two-beam 

coupling experiments. Despite the inability to perform two-beam coupling, 

the dynamics and polarization sensitivity of the gratings strongly suggest the 

presence of a photorefractive mechanism. 

The anisole composite showed only a photorefractive grating at 674 run 

using a low power density of 125 mW/cm2. Under these conditions beam 

amplification ( net gain of 6 cm-1) was achieved. The diffraction efficiency 

was 5% which is currently the highest diffraction efficiency ever obtained in 

an organic polymer. Thus, this composite is suitable for image processing 

applications as well as optical storage applications. The photoisomerization 

process was substantially minimized by blue-shifting the Amax of the azo 

relative to the wavelength of the laser. However, when working with lasers 

of shorter wavelengths and higher power densities the photoisomerization 

could be observed. The storage time for this composite was 30 minutes 

which is less than the Disperse Red 1 composite but still very respectable. 

The results obtained for this composite further support the formation of a 

photorefractive grating in the Disperse Red 1 composite. These results also 

suggest that beam coupling in the Disperse Red 1 composite may be possible 

using lasers which emit at longer wavelengths. 

4. Future Directions 

The future goal of this research is to fully realize the potential of 

photorefractive organic materials. The field is so new that a variety of paths 

may be taken. Since there is still so much to learn about guest-host systems 
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they should be pursued first. It is often tempting to aim for the optimum 

system as in the case of fully-functionalized polymers. However, it is 

important not to overlook the details of the structure-property relationship for 

simple systems. These details often save time and heartache in the long run. 

A variety of directions can be taken with respect to the guest-host 

approach that was presented in this work. Improvements can be made in any 

or all of the components necessary for photorefractivity (i.e. photo conduction, 

carrier generation, electro-optic coefficients, and trapping). Trapping is the 

least understood of these processes and offers the best opportunity for large 

improvements. There is a great need for the systematic study and 

quantification of the type and number of traps that are required. This will not 

be an easy task. 

Future work should include systematic studies usmg different 

photo conducting materials. One problem is that there are relatively few 

photo conducting polymers and developing new polymers is a project in itself. 

Nevertheless, existing polymers should be made part of a systematic study so 

that it can be determined if new photo conducting polymers are required. In 

addition, studying the photocarrier generation in these polymers would be 

very valuable. For example, detailed studies on the use of various sensitizing 

agents would provide information on the Amax'S of the resulting charge

transfer complexes. The absorption of these charge-transfer complexes 

affects the choice of wavelength for the laser and the choice of chromophore. 

For example, chromophores with high f3 values typically absorb at long 

wavelengths but might still be used if the charge-transfer complex absorbs at 
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an even longer wavelength. Presently, only a few sensitizing agents have 

been investigated. 

Improvements in the electro-optic coefficients are likely to come from 

better methods of ordering materials as opposed to new NLO molecules. The 

development of new molecules for NLO has reached a plateau and it would 

be surprising if a breakthrough came from this area. On the other hand, the 

need for new and improved methods for the ordering of materials is 

desperately needed. There are many ways to approach this problem and they 

range from crude methods such as poling to more sophisticated approaches 

such as self-orienting materials. Presently, improving poling techniques is a 

more realistic path, however, self-orienting materials could possibly lead to a 

quantum leap in electro-optic materials. 
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IV. EXPERIMENTAL 

A. Instrumentation 

1 H NMR and 13C NMR spectra were recorded on a Broker WM-250 

nuclear magnetic resonance spectrometer. Infrared spectra were recorded on 

a Perkin-Elmer 983 spectrophotometer. UV -vis spectra were recorded on a 

Perkin Elmer 552 spectrophotometer. Differential scanning calorimetry 

results were obtained using a Perkin-Elmer DSC-4 Differential Scanning 

Calorimeter. Melting points were measured with a Thomas-Hoover capillary 

melting point apparatus and are corrected. SEC data were obtained using 

THF as the eluent, an ultra-violet detector and a set of Phenomenex columns 

calibrated versus polystyrene standards. Elemental analyses were performed 

by Desert Analytics, Tucson, AZ. 

B. Polyester Materials 

Materials: The p-nitrophenyl-azoresorcinol, purchased from Aldrich, 

was recrystallized from nitromethane. The technical grade 3,3'

ethylenedioxydiphenol (85%) was purchased from Aldrich and was 

recrystallized twice from ethanol. 5-tert-butyl isophthalic acid was purchased 

from Aldrich Chemical Co. and used as received. Triethylamine was used as 

received (Aldrich). Thionyl chloride was used as received (Aldrich). 5-Tert

butyl isophthaloyl dichloride was synthesized according to a procedure 

reported in the literature and was purified by recrystallization from dry 

hexane. The dichloromethane (Fisher) was distilled from calcium hydride. 

The acetonitrile (Fisher) was distilled from calcium hydride. 
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1. p-Nitrobenzenediazonium tetraOuoroborate61 

Thirty-four grams (0.25 mole) of p-nitroaniline is dissolved in 110 mL 

offluoroboric acid solution (88%) in a 400 mL beaker. The beaker is placed 

in an ice bath and the solution stirred with an efficient stirrer. A cold solution 

of 17 g (0.25 mole) of sodium nitrite in 34 mL of water is added dropwise. 

When the addition is complete, the mixture is stirred for a few minutes and 

filtered by suction on a sintered glass futer. The solid diazonium fluoroborate 

is washed once with 25-30 mL of cold fluoroboric acid, twice with 95% 

ethanol, and several times with ether. The product weighs 56 g which is 95% 

of the theoretical amount. The diazonium tetrafluoroborate can be purified 

further by dissolving in acetonitrile and reprecipitating in anhydrous ether. 

2. 5-t-Butyl isophthaloyl chloride 

Twenty grams of the 5-t-butyl isophthalic acid is dissolved in excess 

thionyl chloride at room temperature in a flame dried three neck round bottom 

flask. The flask is equipped with a condenser and an argon inlet. The 

reaction mixture is heated to reflux and a catalytic amount of 

dimethylaminopyridine (DMAP) is added. The reaction is refluxed for 6 hr 

and then allowed to cool to room temperature. The excess thionyl chloride is 

then removed using a rotary evaporator. The resulting solid is dissolved in 

boiling hexane and filtered to remove any of the acid. The filtrate is then 

transferred to a 100 mL Erlenmeyer flask. The product crystallizes at room 

temperature from hexane and can be isolated by filtration. The product is 

then placed in a vacuum desiccator and the remaining solvent is removed 

under reduced pressure. 

Yield 89% (21 grams); mp::= 41-43 °C; IR (KBr) 2969, 1757 cm-1. 
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C. Polymerization of Resorcinol Containing Polyesters 

A three neck flask equipped with a magnetic stirrer, argon inlet, and 

an addition funnel was flame dried under argon. The flask was allowed to 

cool and 8 rnmol of the diphenol was added and dissolved in 25 mL of dry 

dichloromethane. The solution was cooled to 0 CC. Then two equivalents of 

dry triethylamine was added via syringe. Eight mmol of the diacid chloride 

was added to the addition funnel and dissolved in 10 mL of dichloromethane, 

the solution was cooled to 0 °C and introduced dropwise. The reaction was 

allowed to warm to room temperature and stirred for five hours. The polymer 

was precipitated in methanol, filtered, and washed with more methanol. The 

polymers were then dried in a vacuum oven at 80°C for 24 hours. The dried 

polymer was dissolved in dichloromethane and precipitated into excess 

methanol and dried in a vacuum oven at 80°C. *All polymers were 

synthesized in this manner except the poly(p-nitrophenylazo-3, 3'

ethylenedioxydiphenol-5-t-butyl isophthaloyl ester). *Only those polymers 

that were soluble in common organic solvents were characterized. 

1. Poly( 4-nitrophenylazo-l ,3-oxyphenyl ene-5-t-butylisophthalate) (1 c) 

Yield 97%; Tg=171 DC; Mn~10,OOO, Mw~23,000; IR (KEr) 2965, 

1750, 1597, 1526, 1345, 1192 cm-1; IH NMR (CDCI3) 8 8.2 (bm, 10 H), 

1.48 (bs, 9 H); 13C NMR (CDCI3) 8 164.4, 163.7, 155.6, 154.5, 153.4, 

150.4, 148.9, 141.6, 132.7, 129.6, 124.7, 123.6, 120.4, 118.8, 117.5, 35.3, 

31.2; UV (CH2CI2) Amax 414 nm. 
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2. Poly(3,3'-ethylenedioxy-l,1 '-dioxydiphenylene-isophthalate) (2a) 

Yield 93%; T g=82 °C; Mn::::2,500, Mw::::5,500; IR (KBr) 2936, 1740, 

1607, 1489, 1217, 1140 em-I; IH NMR (DMSO) 8 7.7 (hm, 12 H), 

4.32 (hs, 4 H); 13C NMR (DMSO) 8 166.6, 163.6, 159.2, 151.4, 134.8, 

133.4, 131.2, 129.9, 114.2, 112.6, 108.5,66.6. 

3. Poly(3,3'-ethylenedioxy-l,1 '-dioxydiphenylene-5-t

butylisophthalate) (2b) 

Yield 95%; T g=97 °C; Mn::::3,400, Mw::::6,500; IR (KBr) 2964, 1740, 

1606, 1489, 1210, 1138; IH NMR (CDCI3) 8 8.8 (bs, 1 H), 8.46 (hd, 2 H), 

7.34 (ht, 2 H), 6.87 (hm, 6 H), 4.34 (hs, 4 H), 1.42 bs, 9 H); 13C NMR 

(CDCI3)164.6, 159.5, 154.4, 151.6, 132.1, 130.0, 129.9, 128.7, 114.4, 112.6, 

108.2,66.6,35.0,31.2. 

D. Derivatization and Polymerization of3,3'-ethylenedioxydiphenol 

To a three neck round bottom flask equipped with a magnetic stirrer, 

argon inlet, and two addition funnels was added 8 mmol of 3,3'

ethylenedioxydiphenol and 20 mL of nitrobenzene. Then 2 equiv of 

triethylamine were added at which time the monomer dissolved completely. 

Then 8 to 16 mmol (1 to 2 equiv) ofp-nitrobezenediazonium tetrafluoroborate 

in 10 mL of nitrobenzene was added dropwise via the addition funnel. The 

mixture was allowed to stir for two hours and then cooled to 0 °C. Then 8 

mmol of the diacid chloride in 10 mL of dichloromethane were added 

dropwise via an addition funnel. The mixture was allowed to warm to room 

temperature and stir for five hours. The polymer was precipitated in 

methanol, filtered and dried at 80°C in a vacuum oven. The polymer was 
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then dissolved in dichloromethane, precipitated in methanol, and dried in a 

vacuum oven at 80°C. 

I. Mono p-Nitrophenylazo Derivative ofPoly(3,3'-ethylenedioxy-I,1 '

dioxydiphenylene-5-t-butylisophthalate) (2d) 

Yield 82%; Tg=89 °C; Mn~5,100, Mw~10,000; IR (KBr) 2964, 1745, 

1603, 1527, 1349, 1201, 1108 cm-1; IH NMR (CDCI3) 0 7.9 (bm, ~14 H), 

4.5 (bm, ~4 H), 1.41 (bs, ~9 H). 

2. Di-p-NitrophenyJazo Derivative of Poly(3,3' -ethylenedioxy-I,I '

dioxydiphenylene-5-t-butylisophthalate) (2e) 

Yield 84%; Tg=158 °C; Mn~6,500, M~15,000; IR (KBr) 2965, 

1746, 1601, 1528, 1349, 1198, 1148, 1110 cm-1; IH NMR (CDCI3) 0 8.0 

(bm, ~17 H), 4.6 (bm, ~4 H), 1.43 (bs, ~9 H) 

E. Diketopiperazine Synthesis 

Materials: The o-dibromoxylene was purchased from Aldrich and 

recrystallized by dissolving in hot chloroform, filtering through celite, and 

cooling to room temperature. The NaHMDS was purchased from Aldrich as 

aIM solution in THF and was used as received. The di-t-butyldicarbonate 

(97%) was purchased from Aldrich and used as received. Dry 

dichloromethane was obtained by distillation from calcium hydride. The THF 

was dried by distillation from sodiumlbenzophenone. 

1. Methyl N-(diphenylmethylene)glycinate (3) MW=253.3 g/mol 

The reaction was performed in a flame dried 500 mL three neck round 

bottom flask equipped with an argon inlet. To 13.87 g (0.11 mol) of methyl 
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glycinate hydrochloride suspended in 400 mL of methylene chloride was 

added 20 g (0.11 mol) of benzophenone imine. The reaction mixture was 

stirred for 24 hr. and fIltered to remove Nl4Cl. The solvent was then 

removed from the mixture using a rotary evaporator. The residue was taken 

up in 400 mL of dry ether, filtered, washed with 400 mL of water and dried 

over MgS04. The ether solution was filtered and the solvent removed. The 

resulting solid was recrystallized from 1: 1 etherlhexane. 

Yield 95% (25.18 g); mp:::: 42.5-43 °C; IR (KBr) 1745, 1615cm-1; IH 

NMR (CDCI3) 8 3.7 (s, 3 H), 4.1 (s, 2 H), 7.1-7.8 (m, 10 H); 13C NMR 

(CDCI3) 8 171.4, 170.6, 139.4, 136.0, 130.5, 128.6, 128.0, 127.6, 55.5, 51.6. 

2. Methyl-2-amino-indan-2-oate hydrochloride (4) MW=227.69 glmol 

In a three neck round bottom flask that had been flame dried and 

equipped with an argon inlet was placed 0.962 g (3.8 mmol) of the 

benzophenone imine of methyl glycinate ( ) and 50 mL of dry THF. The 

solution was cooled to -78°C and 1 equiv ofNaIThIDS (0.6 Min THF) was 

added dropwise via a syringe. One gram (3.8 mmol) of o-dibromoxylene in 

50 mL of THF was added dropwise via an addition funnel at -78°C to the 

yellow anion. The solution was allowed to slowly warm to -10°C and the 

yellow color disappeared. The reaction was cooled once more to -78 °C and 

a second equiv of NalllvIDS was added. The yellow anion formed once 

again and the solution was allowed to slowly warm to room temperature and 

stirred until the yellow anion had disappeared (2 hr). The solution was 

diluted with ethyl acetate and washed with brine. The organic layer was 

dried over MgS04 and the solvent removed using a rotary evaporator. The 

resulting crude colorless oil (1.32 g, 97.8%) was analyzed by IH NMR to 
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confIrm the presence of the 2-N-(diphenylmethylene)-2-methylindanoate. 

The crude oil was dissolved in 100 mL of anhydrous ether and 1 equiv of 

H20 was added to the solution. Excess dry HCI from NaC1IH2S04 was then 

bubbled through the solution. A white precipitate formed and the solution 

was allowed to stir overnight. The solution was fIltered to obtain a white 

solid that was dried at 50°C for 5 hr. 

Yield 70%; mp ~ 214-217 °C; IR (KBr) 3428, 2955, 1755 cm-1; IH 

NMR (D20) 8 7.15 (m, 4 H), 3.57 (d, 2 H, J ~ 17.58 Hz), 3.18 Cd, 2 H J ~ 

17.58 Hz); 13C NMR (D20) 8 190.8, 156.3, 146.4, 143.3, 83.4, 72.6,60.72. 

3. Dispiro [indane-2,3' -pi perazine-6' ,2" -indane]-2' ,5' -dione (5) 

MW=318.38 glmol 

In a test tube fItted with a rubber septum and an argon inlet was placed 

0.5 g (2.20 mmol) of methyl-2-amino-indan-2-oate hydrochloride. The test 

tube was placed in an oil bath at 200°C. The temperature was then slowly 

raised to 220 °C. The solid melted and then resolidifIed. The newly formed 

solid was left at 220°C for 30 min. The solid was recrystallized in the test 

tube from acetic acid to give colorless rectangular crystals having 

approximate dimensions of 0.12 x 0.17 x 0.50mm. 

Yield 26% (0.092 g); mp ~ 322-324 °C; IR (KBr) 3441, 2993, 1684; 

IH NMR (TFA) 8 7.27 (m, 4 H), 3.97 (d, 2 H, J~ 16.6 Hz), 3.37 Cd, 2 H, J ~ 

16.6 Hz); 13C NMR (TFA) 8 175.1, 139.1, 130.3, 126.6, 68.8, 48.5; MS 

(m/z 318, 159, 130, 115, 77) 



117 

4. 2-t-Butylcarbamate-2-methyI-indanoate (6) MW=291.35 glmoI 

The methyl-2-amino-indan-2-oate hydrochloride ( 1 g, 4.40 mmol) was 

suspended in 20 mL of chlorofonn, and 0.37 g (4.40 mmol) ofNaHC03 in 15 

mL of H20 was added. Sodium chloride (2 g) was added, and 0.96 g (4.40 

mmol) of di-t-butyl dicarbonate dissolved in 5 mL of chloroform was added 

to the mixture. The mixture was refluxed for 90 min. After the solution 

cooled, it was separated, and the aqueous layer was extracted with 

chlorofonn. The chloroform solution was dried over magnesium sulfate and 

the solvent was removed. The colorless product was then recrystallized from 

methanol/water, filtered, and dried in a vacuum desiccator. 

Yield 87%; mp:::l 143-144 °C; IR (KBr) 3427,2988, 1740, 1697 em-I; 

IH mAR (CDCI3) 8 7.17 (m, 4 H), 5.32 (bs, 1 H), 3.73 (s, 3 H), 3.61 (d, 

2 H, J :::l 16.2 Hz), 3.20 (d, 2 H, J :::l 16.2 Hz), 1.41 (s, 9 H); 13C NMR 

(CDC13) 8 173.9, 154.9, 139.6, 126.7, 124.3,65.7, 52.4,43.6,28.0, 8.4. 

Anal. Calcd. for C16H21N04: C, 65.96; H, 7.27; N, 4.81; 0, 21.97. 

Found: C, 65.42; H, 7.24; N, 4.81; 0, 22.53. 

5. 2-t-Butylcarbamate-2-indanoic acid (7) MW=277.32 glmoI 

To 10 mL of 9:1 methanol/water was added 0.5 g (1.72 mmol) of the 

2-t-butylcarbamate-2-methylindanoate (6). Fifty-one hundredths gram of 

(2.55 mmol, 1.5 equiv) of LiOH was added and the reaction was stirred 

overnight at room temperature. The solution was acidified with NlI4CI and 

extracted with ethyl acetate. The organic layer was dried over MgS04 and 

the solvent removed. The resulting solid was recrystallized from 

etherlhexanes. 
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Yield 98%; mp::::: 170-172 °C; IR (KBr) 3372,3300-2700,2978, 1745, 

1714, 1672; IH NMR (DMSO) 8 7.14 (m, 4 H), 3.41 (d, 2 H, J::::: 16.5 Hz), 

3.19 (d, 2 H, J::::: 16.5 Hz), 1.36 (s, 9 H); 13C NMR 8 175.2, 155.2, 140.5, 

126.5, 124.3, 78.0, 65.1, 42.9, 28.3. Anal. Calcd. for C15H19N04: 

C, 64.97; H, 6.91; N, 5.05; 0, 23.08. Found: C, 64.38; H, 6.66; N, 4.98; 

0,23.98. 

6. 2-Amino-2-indanoic acid (8) MW=177.2 glmol 

The free amino acid can be obtained by direct thermolysis of the 2-t

butylcarbamate-2-illdanoic acid. In a test tube fitted with a rubber septum 

and an argon inlet was placed O.lg of the 2-t-butylcarbamate-2-indanoic acid. 

The test tube was placed in an oil bath at 180°C. The solid melted and then 

resolidified to give the zwitterionic amino acid. 

Yield 100% (0.1 g); IR (KBr) 3400-3100, 2972, 1613, 1572, 1404 cm-

1; IH NMR (NaOD) 8 7.16 (m, 4 H), 3.64 (d, 2 H, J::::: 16.13 Hz), 2.88 (d, 2 

H, J ::::: 16.16 Hz); MS (rnIz 132, 105, 77, 63, 51, 45, 39, 28). Anal. Calcd. 

for Cl0HllN02: C, 67.78; H, 6.26; N, 7.90; 0, 18.06. Found: C, 67.50; H, 

6.18; N, 7.96; 0, 18.36. 

F. Photorefractive Composites 

1. Preparation of Composites for Thin Film Measurements 

The PVK-TNF-chromophore mixtures were prepared by dissolving 1 g 

of polyvinylcarbazole (Mn = 29,000 and Mw = 92,000) in 20 mL of a 

4: 1 toluene/cyc1ohexanone solution. Then 0.013 g (1.3 wt% of the 

photo conductor) of trinitrofluorenone was added to the solution. Finally, 

0.33 g (33 wt% of the photo conductor) of an azo dye was added and 
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dissolved. The solutions were then passed through a 1 fJm filter and later spin 

coated onto a indium-tin oxide (ITO) glass slide. 

2. Preparation of Composites for Photorefractivity Measurements 

The PVK-ethylcarbazole-TNF-chromophore mixtures were prepared 

by dissolving 1 g of polyvinylcarbazole (Mn = 29,000 and Mw = 92,000) in 

50 mL of dichloromethane. Then 0.5 g of ethylcarbazole was added. Then 

0.0195 g (1.3 wt% of the photo conductor) oftrinitrofluorenone was added to 

the solution. Finally, 0.495 g (33 wt% of the photo conductor) or 1.0 g 

(67 wt% of the photo conductor) of an azo dye was added and dissolved. The 

solutions were then passed through a 1 fJm fIlter and the solvent was 

removed. The resulting solid was ground into a fme powder for use in the 

preparation of 100 fJm thick films. 

3. Preparation of Thick Films for Photo refractive Measurements 

The PVK-ethylcarbazole-TNF-chromophore mixture was placed on a 

piece of ITO glass. The powder was heated on a hot plate until the polymer 

became a viscous liquid. Then 100 fJm beads were placed around the drop of 

liquid. A second ITO glass slide was then placed on top of the liquid with 

great care so that no visible air bubbles could be seen. Several lead weights 

were then placed on top of the sandwich. The liquid slowly spread out 

between the glass slides until the two slides were only separated by the 

100 fJm beads. The sandwich was then removed from the hot plate and 

rapidly cooled to room temperature. Cooling the sample rapidly helped in 

keeping the small molecules from crystallizing and affecting the optical clarity 

of the sample. The result was 100 fJm thick samples of good optical clarity. 
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G. Synthesis of Azo Dyes 

All of the azo dyes were synthesized in the following manner. p

Nitrobenzenediazonium tetrafluoroborate (10.00 g, 0.042 moles) was 

dissolved in 150 mL of acetonitrile. Aniline or anisole (0.063 moles) was 

dissolved in acetonitrile (50 mL) and 30 drops of acetic acid was added. The 

150 mL solution of diazonium salt was added dropwise at room temperature 

and the solution was allow to stir overnight. The reaction was then quenched 

with 200 mL of a 1: 1 methanol/water mixture. The precipitate was collected 

and washed several times with O.IM NaOH and then water until neutral. 

1. 2,5-Dimethyl-p-nitrophenylazo aniline (9) MW=270.29 glmol 

Yield 92%; mp 157-161 °C; IR (KBr) 3407, 1624, 1512, 1341, 1260, 

1103 cm-l ; IHNMR (CD2CI2) 88.30 (d, 2 H), 8.29 (d, 2 H), 7.90 (d, 2 H), 

7.62 (s, 1 H), 6.60 (s, 1 H), 4.25 (bs, 2 H), 2.64 (s, 3 H), 2.l7 (s, 3 H); l3C 

NMR 8 157.3, 150.6, 147.7, 143.6, 141.7, 125.0, 123.0, 120.6, 118.2, 115.6, 

17.3, 17.1. 

2. 2,5-Dimethyl-p-nitrophenylazo anisole (10) MW=285.3 glmol 

Yield 84%; mp ~ 162-165 °C; IR (KBr) 1609, 1522, 1341, 1246, 

1093, 858 cm-l ; IH NMR (CD2CI2) 8 8.34 (d, 2 H), 7.97 (d, 2 H), 7.64 (s, 

1 H), 6.81 (s, 1 H), 3.91 (s, 3 H), 2.74 (s, 3 H), 2.21 (s, 3 H); 13C NMR 

(CD2CI2) 8 162.3, 156.8, 148.3, 144.6, 141.2, 125.7, 123.3, 117.9, 112.l, 

56.0, 17.6, 16.0. 
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The crystal submitted diffracted weakly, therefore all the reflections 

having intensities greater than 1.0 time their standard deviation were included 

in the refinement. 

The molecule has crystallographic 2-fold symmetry. 

DATA COLLECTION 

A colorless rectangular crystal of 02N2C20H18 having approximate 

dimensions of 0.12 x 0.17 x 0.50 mm was mounted on a glass fiber in a 

random orientation. Preliminary examination and data collection were 

performed with Mo Ka radiation (A = 0.71073 A) on an Enraf-Nonius CAD4 

computer controlled kappa axis diffractometer equipped with a graphite 

crystal, incident beam monochromator. 
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Cell constants and an orientation matrix for data collection were 

obtained from least-squares refinement, using the setting angles of 25 

reflections in the range 20<28<30°. The monoclinic cell parameters and 

calculated volume are: a = 9.757(2), b = 14.014(3), c = 11.840(1) A, P 
= 95.96(1)°, V = 1610.1(5) A3. For Z = 4 and F.W. = 318.38 the calculated 

density is 1.31 glcm3. As a check on crystal quality, co-scans of several 

intense reflections were measured~ the width at half-height was 0.15°, 

indicating good crystal quality. From the systematic absences of: hkl: 

h+k=2n+l hOI: 1=2n+l, and from subsequent least-squares refmement, the 

space group was determined to be C2/c (#15). 

The data were collected at a temperature of 22±1 ° using the co-28 scan 

technique. The scan rate varied from 1 to 7°/min (in omega). Data were 

collected to a maximum 28 of 50.0°. The scan range (omega, in deg.) was 

determined as a function of 8 to correct for the separation of the Ka doublet 

(CAD4 Operations Manual, 1977); the scan width was calculated as follows: 

scan width = 0.8 +0.340 tan8. Moving-crystal moving-counter background 

counts were made by scanning an additional 25% above and below this range. 

Thus the ratio of peak counting time to background counting time was 2: 1. 

The counter aperture was also adjusted as a function of 8. The horizontal 

aperture width ranged from 2.4 to 2.9 mm~ the vertical aperture was set at 

2.0 mm. The diameter of the incident beam collimator was 0.76 mm and the 

crystal to detector distance was 21 cm. For intense reflections an attenuator 

was automatically inserted in front of the detector~ the attenuator factor was 

13.6. 
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DATA REDUCTION 

A total of 3142 reflections were collected, of which 1412 were unique 

and not systematically absent. As a check on crystal and electronic stability 1 

representative reflection was measured every 60 min. The intensity of this 

standard remained constant within experimental error throughout data 

collection. No decay correction was applied. 

Lorentz and polarization corrections were applied to the data. The 

linear absorption coefficient is 0.8 cm-1 for Mo Ka radiation. No absorption 

correction was made. Intensities of equivalent reflections were averaged. 6 

reflections were rejected from the averaging process because their intensities 

differed significantly from the average. The agreement factors for the 

averaging of the 131 observed and accepted reflections was 2.8% based on 

intensity and 1.9% based on F o. 
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STRUCTURE SOLUTION AND REFINEMENT 

The structure was solved by direct methods, a total of 12 atoms were 

located from an E-map. Hydrogen atoms were placed in idealized positions, 

except for the hydrogen bonded to the nitrogen, which was located from a 

difference map. Hydrogen atoms were included in the refmement but 

constrained to ride on the atom to which they are bonded. The structure was 

refmed in full-matrix least-squares, where the function minimized was L 

w(IFol-IFcl)2 and the weight w is defined as 4F02/cr2(F02). 

Scattering factors were taken from Cromer and Waber (CROMER AND 

W ABER, 1974). Anomalous dispersion effects were included in Fc (lbers and 

Hamilton, 1964); the values for M and M' were those of Cromer (CROMER, 

1974). Only the 1172 reflections having intensities greater than 1.0 times 

their standard deviation were used in the refmements. The fmal cycle of 

refmement included 109 variable parameters and converged (largest 

parameter shift was 0.01 times its esd) with agreement factors of: R = 0.042, 

Rw = 0.054, and S = 1.84. There were no correlation coefficients greater 

than 0.50. The highest peak in the fmal difference Fourier had a height of 

0.23(4) e-/A3 (CRUICKSHANK, 1949); the minimum negative peak had a 

height of -0.23(4) e-/A3. Plots of Lw(IFol-IFcI)2 versus IFol, reflection order 

in data collection, sin erA, and various classes of indices showed no unusual 

trends. 

All calculations were performed on a VAX computer using MolEN 

(MolEN, 1990). 
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Tables of Experimental Details 

A. Crystal Data 

02N2C20H18 
F.W. = 318.38 F(OOO) = 672 

crystal dimensions: 0.12 x0.17 xO.50 mm 
peak width at half-height = 0.15° 
Mo Ka. radiation (A = 0.71073 A) 

temperature = 22± 1 ° 

monoclinic space group C2/c 
a = 9.757 (2) A b = 14.014 (3) A c = 11.840 (1) A 

~ = 95.96 (1)-$-
V = 1610.1(5) A3 

Z = 4 P = 1.31 g/cm3 

!J = 0.8 cm-1 

B. Intensity Measurements 

Instrument: Enraf-Nonius CAD4 diffractometer 
Monochromator: Graphite crystal, incident beam 

Attenuator: Zr foil, factor 13.6 
Take-off angle: 2.8° 

Detector aperture: 2.4 to 2.9 mm horizontal 
2.0 mm vertical 

Crystal-detector dist.: 21 cm 
Scan type: co-28 

Scan rate: 1 - 7°/min (in omega) 
Scan width, deg: 0.8 +0.340 tan8 

Maximum 28: 50.0° 
No. ofrefl. measured: 3142 total, 1412 unique 

Corrections: Lorentz-polarization 
Reflection averaging (agreement on I = 2.8%) 
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c. Structure Solution and Refinement 
Solution: Direct methods 

Refinement: Full-matrix least-squares 
Minimization function: Lw(lF ol-IF clf 

Least-squares weights: 4F02Ia2(F02)2 
Anomalous dispersion: All non-hydrogen atoms 

Reflections included: 1172 with F 02> 1. Oa(F 02)2 
Parameters refined: 109 

Unweighted agreement factor: 0.042 
Weighted agreement factor: 0.054 
Factor including unobs. data: 0.059 
Esd of obs. of unit weight: 1.84 
Convergence, largest shift: 0.01 • 

High peak in final diff. map: 0.23(4)e-/A3 
Low peak in final diff. map: -0.23(4)e-/A3 

Computer hardware: VAX 
Computer software: MolEN (Enraf-Nonius) 
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Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y 

0 0.6579(1) 0.47761(9) 0.08334(9) 3.04(2) 

N 0.4472(1) 0.4580(1) 0.1403(1) 2.57(3) 

C 0.5836(2) 0.4578(1) 0.1585(1) 2.32(3) 

Cl 0.6466(2) 0.4291(1) 0.2769(1) 2.35(3) 

C2 0.7891(2) 0.4749(1) 0.3097(1) 2.67(3) 

C3 0.8779(2) 0.3957(1) 0.3617(1) 2.61(3) 

C4 0.8124(2) 0.3083(1) 0.3456(1) 2.74(3) 

C5 0.6737(2) 0.3192(1) 0.2805(2) 2.99(4) 

C6 0.8772(2) 0.2253(2) 0.3846(2) 3.79(4) 

C7 1.0095(2) 0.2305(2) 0.4386(2) 4.28(4) 

C8 1.0752(2) 0.3171(1) 0.4538(2) 4.09(4) 

C9 1.0106(2) 0.4001(1) 0.4158(1) 3.22(4) 

Anisotropically refined atoms are given in the form of the 

isotropic equivalent displacement parameter defined as: 

(4/3) * [a2*B(1,I) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(I,2) 

+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)] 
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Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y z 

H6 0.832 0.165 0.375 5.0* 

H7 1.055 0.174 0.466 5.0* 

H8 1.167 0.319 0.490 5.0* 

H9 1.056 0.460 0.427 5.0* 

H2a 0.782 0.525 0.363 5.0* 

H2b 0.826 0.499 0.244 5.0* 

H5a 0.674 0.294 0.206 5.0* 

H5b 0.605 0.288 0.318 5.0* 

Hn 0.401 0.476 0.066 5.0* 

Starred atoms were not refined. 
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Table of Displacement Coefficients - U's 

Name U(I,I) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 

o 0.0346(6) 0.0549(7) 0.0262(5) 0.0034(6) 0.0034(5) 0.0056(5) 

N 0.0306(7) 0.0450(8) 0.0210(6) 0.0016(6) -0.0025(5) 0.0022(6) 

C 0.0339(8) 0.0301(8) 0.0234(7) 0.0016(7) -0.0002(6) -0.0011(6) 

Cl 0.0301(8) 0.0349(8) 0.0237(7) 0.0004(7) -0.0004(7) 0.0003(7) 

C2 0.0313(8) 0.0389(9) 0.0302(8) -0.0008(7) -0.0021(7) 0.0013(7) 

C3 0.0308(8) 0.0446(9) 0.0237(7) 0.0034(7) 0.0029(6) 0.0038(7) 

C4 0.0341(8) 0.0411(9) 0.0291(8) 0.0032(7) 0.0034(7) 0.0045(7) 

C5 0.0395(9) 0.0360(9) 0.0363(8) 0.0004(8) -0.0045(8) 0.0010(8) 

C6 0.047(1) 0.043(1) 0.053(1) 0.0058(9) 0.0015(9) 0.0114(9) 

C7 0.048(1) 0.058(1) 0.055(1) 0.0183(9) -0.0002(9) 0.0191(9) 

C8 0.034(1) 0.071(1) 0.048(1) 0.0126(9) -0.0024(8) 0.011(1) 

C9 0.0312(9) 0.056(1) 0.0346(8) 0.0008(8) 0.0013(7) 0.0015(9) 

The form of the anisropic displacement parameter is: 

exp[-2PI2{h2a2U(1,I) + k2b2U(2,2) + 12c2U(3,3) + 2hkabU(I,2) + 

2hlacU(1,3) 

+ 2klhcU(2,3)}] where a,b, and c are reciprocal lattice constants. 



Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

0 C 1.237(2) C3 C4 1.385(3) 

N C 1.326(2) C3 C9 1.385(2) 

N Cl 1.466(2) C4 C5 1.494(2) 

C Cl 1.524(2) C4 C6 1.381(3) 

Cl C2 1.544(2) C6 C7 1.382(3) 

Cl C5 1.562(2) C7 C8 1.376(3) 

C2 C3 1.500(2) C8 C9 1.376(3) 

Numbers in parentheses are estimated standard deviations in 

the least significant digits. 
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Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C N Cl 125.2(1) C2 C3 C4 111.0(2) 

0 C N 122.4(1) C2 C3 C9 129.0(2) 

0 C C1 120.7(2) C4 C3 C9 119.9(2) 

N C Cl 116.9(1) C3 C4 C5 111.2(2) 

N Cl C 108.7(1) C3 C4 C6 120.7(2) 

N Cl C2 108.9(1) C5 C4 C6 128.1(2) 

N Cl C5 111.7(1) C1 C5 C4 104.9(1) 

C Cl C2 112.9(1) C4 C6 C7 118.9(2) 

C Cl C5 109.7(1) C6 C7 C8 120.5(2) 

C2 C1 C5 104.9(1) C7 C8 C9 120.7(2) 

Cl C2 C3 105.2(1) C3 C9 C8 119.2(2) 

Numbers in parentheses are estimated standard deviations in 

the least significant digits. 



133 

Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

N Hn 0.982 C6 H6 0.950 

C2 H2a 0.950 C7 H7 0.950 

C2 H2b 0.950 C8 H8 0.950 

C5 H5a 0.950 C9 H9 0.950 

C5 H5b 0.950 

Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

C N Hn 120.7 C4 C5 H5b 110.6 

CI N Hn 114.1 H5a C5 H5b 109.5 

CI C2 H2a 110.6 C4 C6 H6 120.7 

Cl C2 H2b 110.4 C7 C6 H6 120.4 

C3 C2 H2a 110.9 C6 C7 H7 119.8 

C3 C2 H2b 110.3 C8 C7 H7 119.7 

H2a C2 H2b 109.5 C7 C8 H8 119.1 

Cl C5 H5a 111.0 C9 C8 H8 120.2 

Cl C5 H5b 110.2 C3 C9 H9 120.5 

C4 C5 H5a 110.6 C8 C9 H9 120.3 
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Table of Torsional Angles in Degrees 

Atom 1 Atom 2 Atom 3 Atom 4 Angle Atom 1 Atom 2 Atom 3 Atom 4 Angle 

Cl N' C' 0' 175.63 ( 0.08) H2a C2 C3 C4 129.56 (0.16) 

Cl N' C' Cl' -2.81 ( 0.08) H2a C2 C3 C9 -53.17 ( 0.23) 

Hn' N' C' 0' -1.24 ( 0.00) H2b C2 C3 C4 -109.03 (0.17) 

Hn' N' C' Cl' -179.67 (0.00) H2b C2 C3 C9 68.25 ( 0.23) 

C' N' Cl C 34.75 ( 0.14) Cl' C2' C3' C4' 10.00 ( 0.00) 

C' N' Cl C2 158.13 (0.08) Cl' C2' C3' C9' -172.72 (0.00) 

C' N' Cl C5 -86.42 ( 0.12) H2a' C2' C3' C4' 129.56 (0.00) 

Hn' N' Cl C -148.20 (0.09) H2a' C2' C3' C9' -53.17 ( 0.00) 

Hn' N' Cl C2 -24.82 (0.13) H2b' C2' C3' C4' -109.03 ( 0.00) 

Hn' N' Cl C5 90.63 (0.11) H2b' C2' C3' C9' 68.25 ( 0.00) 

Cl' N C 0 175.63 ( 0.13) C2 C3 C4 C5 0.54 (0.19) 

Cl' N C Cl -2.81 (0.21) C2 C3 C4 C6 178.55 ( 0.15) 

Hn N C 0 -1.24 ( 0.25) C9 C3 C4 C5 -177.01 (0.15) 

Hn N C Cl -179.67 (0.14) C9 C3 C4 C6 0.99 (0.25) 

C N Cl' C' 34.75 ( 0.15) C2 C3 C9 C8 -177.60 (0.17) 

C N Cl' C2' 158.13 ( 0.13) C2 C3 C9 H9 2.58 (0.28) 

C N Cl' C5' -86.42 ( 0.14) C4 C3 C9 C8 -0.54 ( 0.25) 

Hn N Cl' C' -148.20 (0.10) C4 C3 C9 H9 179.65 (0.16) 

Hn N Cl' C2' -24.82 (0.13) C2' C3' C4' C5' 0.54 (0.00) 

Hn N Cl' C5' 90.63 (0.12) C2' C3' C4' C6' 178.55 ( 0.00) 

0 C Cl N' 150.43 ( 0.13) C9' C3' C4' C5' -177.01 (0.00) 

0 C Cl C2 29.43 ( 0.21) C9' C3' C4' C6' 0.99 (0.00) 
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Atom 1 Atom 2 Atom 3 Atom 4 Angle Atom 1 Atom 2 Atom 3 Atom 4 Angle 

0 C Cl C5 -87.15 (0.18) C2' C3' C9' C8' -177.60 (0.00) 

N C Cl N' -31.11 (0.18) C2' C3' C9' H9' 2.58 (0.00) 

N C Cl C2 -IS2.11 (0.14) C4' C3' C9' C8' -0.54 ( 0.00) 

N C Cl C5 91.31 (0.17) C4' C3' C9' H9' 179.65 (0.00) 

0' C' Cl' N IS0.43 ( 0.06) C3 C4 CS Cl -10.71 (0.18) 

0' C' Cl' C2' 29.43 ( 0.00) C3 C4 CS HSa 109.03 ( 0.17) 

0' C' Cl' CS' -87.1S ( 0.00) C3 C4 CS HSb -129.51 (0.16) 

N' C' Cl' N -31.11 (0.06) C6 C4 CS Cl 171.47 (0.17) 

N' C' Cl' C2' -IS2.11 (0.00) C6 C4 CS HSa -68.79 (0.24) 

N' C' Cl' CS' 91.31 (0.00) C6 C4 CS HSb S2.67 ( 0.2S) 

N Cl' C2' C3' 103.92 (0.06) C3 C4 C6 C7 -0.94 ( 0.27) 

N Cl' C2' H2a' -15.84 ( 0.06) C3 C4 C6 H6 179.1S (0.17) 

N Cl' C2' H2b' -137.11 ( 0.06) CS C4 C6 C7 176.70 (0.18) 

C' Cl' C2' C3' -13S.19 (0.00) CS C4 C6 H6 -3.21 ( 0.31) 

C' C1' C2' H2a' 10S.0S ( 0.00) C3' C4' C5' Cl' -10.71 (0.00) 

C' C1' C2' H2b' -16.22 (0.00) C3' C4' CS' HSa' 109.03 ( 0.00) 

CS' Cl' C2' C3' -IS.83 (0.00) C3' C4' CS' HSb' -129.51 ( 0.00) 

CS' Cl' C2' H2a' -13S.S9 (0.00) C6' C4' CS' Cl' 171.47 ( 0.00) 

CS' Cl' C2' H2b' 103.14 (0.00) C6' C4' CS' HSa' -68.79 (0.00) 

N CI' C5' C4' -101.77 (0.05) C6' C4' C5' H5b' 52.67 ( 0.00) 

N Cl' CS' HSa' 138.73 (O.OS) C3' C4' C6' C7' -0.94 (0.00) 

N Cl' CS' HSb' 17.27 ( O.OS) C3' C4' C6' H6' 179.15 ( 0.00) 

C' Cl' CS' C4' 137.S9 ( 0.00) CS' C4' C6' C7' 176.70 ( 0.00) 

C' Cl' C5' H5a' 18.09 ( 0.00) CS' C4' C6' H6' -3.21 ( 0.00) 
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Atom I Atom 2 Atom 3 Atom 4 Angle Atom I Atom 2 Atom 3 Atom 4 Angle 

C' CI' CS' HSb' -103.38 (0.00) C4 C6 C7 C8 0.44 (0.29) 

C2' CI' CS' C4' 16.12 (0.00) C4 C6 C7 H7 179.97 (0.24) 

C2' Cl' CS' HSa' -103.39 ( 0.00) H6 C6 C7 C8 -179.6S (0.19) 

C2' Cl' C5' H5b' 135.15 ( 0.00) H6 C6 C7 H7 -0.11 (0.33) 

N' CI C2 C3 103.92 (0.13) C4' C6' C7' C8' 0.44 (0.00) 

N' CI C2 H2a -IS.84 (0.18) C4' C6' C7' H7' 179.97 (0.00) 

N' CI C2 H2b -137.11 (0.13) H6' C6' C7' C8' -179.64 (0.00) 

C CI C2 C3 -135.19 (0.14) H6' C6' C7' H7' -0.11 ( 0.00) 

C CI C2 H2a 10S.0S ( 0.16) C6 C7 C8 C9 0.02 (0.72) 

C CI C2 H2b -16.22 ( 0.20) C6 C7 C8 H8 -179.34 (0.19) 

CS CI C2 C3 -IS.83 (0.16) H7 C7 C8 C9 -179.S3 (0.19) 

C5 Cl C2 H2a -135.S9 ( O.IS) H7 C7 C8 H8 1.12 (0.33) 

CS Cl C2 H2b 103.14 ( 0.16) C6' C7' C8' C9' 0.03 (0.00) 

N' Cl CS C4 -101.77 (0.14) C6' C7' C8' H8' -179.34 (0.00) 

N' CI CS HSa 138.73 (0.14) H7' C7' C8' C9' -179.53 (0.00) 

N' CI CS HSb 17.27 (0.19) H7' C7' C8' HS' 1.12 (0.00) 

C Cl CS C4 137.S9 (0.14) C7 CS C9 C3 0.04 (0.32) 

C Cl CS HSa IS.09 ( 0.20) C7 C8 C9 H9 179.86 (0.17) 

C Cl CS HSb -103.3S ( 0.17) HS CS C9 C3 179.39 (O.IS) 

C2 CI C5 C4 16.12 (0.16) H8 CS C9 H9 -0.80 (0.31) 

C2 CI CS HSa -103.39 (0.17) C7' C8' C9' C3' 0.04 (0.00) 

C2 CI CS HSb 13S.IS ( O.IS) C7' CS' C9' H9' 179.86 ( 0.00) 

Cl C2 C3 C4 10.00 (0.17) HS' CS' C9' C3' 179.39 ( 0.00) 

Cl C2 C3 C9 -172.72 (0.16) HS' CS' C9' H9' -O.SO ( 0.00) 
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Table of Least-Squares Planes 

Plane 1 

Atom X Y Z Distance Esd 

C3 8.1208 5.5451 4.2591 -0.0036 +- 0.0015 

C4 7.5011 4.3209 4.0702 0.0050 +- 0.0016 

C6 8.0856 3.1574 4.5294 -0.0031 +- 0.0019 

C7 9.3106 3.2301 5.1646 -0.0002 +- 0.0020 

C8 9.9330 4.4439 5.3445 0.0015 +- 0.0020 

C9 9.3492 5.6070 4.8964 0.0003 +- 0.0017 

Chi Squared = 18.2 

----- Other Atoms -----

C5 6.2280 4.4734 3.3034 0.0714 +- 0.0017 

Cl 5.9683 6.0127 3.2603 -0.1754 +- 0.0015 

C2 7.3180 6.6546 3.6472 0.0431 +- 0.0016 
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Plane 2 

Atom x y z Distance Esd 

C3' 1.0213 5.5451 1.6288 0.0036 +- 0.0000 

C4' 1.6410 4.3209 1.8177 -0.0050 +- 0.0000 

C6' 1.0565 3.1574 1.3586 0.0031 +- 0.0000 

C7' -0.1685 3.2301 0.7233 0.0002 +- 0.0000 

C8' -0.7909 4.4439 0.5435 -0.0015 +- 0.0000 

C9' -0.2071 5.6070 0.9916 -0.0003 +- 0.0000 

Chi Squared = 0.0 

----- Other Atoms -----

C5' 2.9141 4.4734 2.5845 -0.0714 +- 0.0000 

CI' 3.1738 6.0127 2.6277 0.1754 +- 0.0000 

C2' 1.8241 6.6546 2.2407 -0.0431 +- 0.0000 
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Plane 3 

Atom x y z Distance Esd 

C3 8.1208 5.5451 4.2591 -0.1002 +- 0.0015 

C4 7.5011 4.3209 4.0702 -0.0782 +- 0.0016 

C6 8.0856 3.1574 4.5294 0.0557 +- 0.0019 

C 5.4993 6.4149 1.8669 0.2968 +- 0.0015 

C8 9.9330 4.4439 5.3445 0.1760 +- 0.0020 

C9 9.3492 5.6070 4.8964 0.0335 +- 0.0017 

C2 7.3180 6.6546 3.6472 -0.2182 +- 0.0016 

C5 6.2280 4.4734 3.3034 -0.1653 +- 0.0018 

Chi Squared = 79650.9 

----- Other Atoms -----

Cl 5.9683 6.0127 3.2603 -0.5273 +- 0.0015 
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Plane 4 

Atom x y z Distance Esd 

C3' 1.0213 5.5451 1.6288 0.0229 +- 0.0000 

C4' 1.6410 4.3209 1.8177 0.0197 +- 0.0000 

C6' 1.0565 3.1574 1.3586 0.0138 +- 0.0000 

C7' -0.1685 3.2301 0.7233 -0.0087 +- 0.0000 

C8' -0.7909 4.4439 0.5435 -0.0159 +- 0.0000 

C9' -0.2071 5.6070 0.9916 -0.0008 +- 0.0000 

C2' 1.8241 6.6546 2.2407 -0.0062 +- 0.0000 

C5' 2.9141 4.4734 2.5845 -0.0248 +- 0.0000 

Chi Squared = 0.0 

----- Other Atoms -----

Cl' 3.1738 6.0127 2.6277 0.2301 +- 0.0000 
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Plane 5 

Atom x y z Distance Esd 

C1 5.9683 6.0127 3.2603 -0.0033 +- 0.0016 

C 5.4993 6.4149 l.8669 -0.0130 +- 0.0015 

0 6.3170 6.6930 0.9814 0.0217 +- 0.0012 

N 4.1909 6.4187 1.6526 -0.0280 +- 0.0014 

C1' 3.1738 6.0127 2.6277 0.0227 +- 0.0000 

Chi Squared = 779.7 

Plane 6 

Atom x y z Distance Esd 

Cl 5.9683 6.0127 3.2603 -0.0227 +- 0.0016 

C' 3.6428 6.4149 4.0210 0.0130 +- 0.0000 

0' 2.8251 6.6930 4.9065 -0.0217 +- 0.0000 

N' 4.9512 6.4187 4.2354 0.0280 +- 0.0000 

C1' 3.1738 6.0127 2.6277 0.0033 +- 0.0000 

Chi Squared = 191.1 
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Plane 7 

Atom X Y Z Distance Esd 

C1 5.9683 6.0127 3.2603 -0.1037 +- 0.0015 

C2 7.3180 6.6546 3.6472 0.0851 +- 0.0016 

C3 8.1208 5.5451 4.2591 -0.0317 +- 0.0015 

C4 7.5011 4.3209 4.0702 -0.0374 +- 0.0016 

C5 6.2280 4.4734 3.3034 0.0876 +- 0.0017 

Chi Squared = 11170.2 

Plane 8 

Atom X y Z Distance Esd 

Cl' 3.1738 6.0127 2.6277 0.1037 +- 0.0000 

C2' 1.8241 6.6546 2.2407 -0.0851 +- 0.0000 

C3' 1.0213 5.5451 1.6288 0.0317 +- 0.0000 

C4' 1.6410 4.3209 1.8177 0.0374 +- 0.0000 

C5' 2.9141 4.4734 2.5845 -0.0875 +- 0.0000 

Chi Squared = 0.0 
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Dihedral Angles Between Planes: 

Plane No. Plane No. Dihedral Angle 

1 2 12.23 +- 0.12 

1 3 6.55 +- 0.28 

1 4 12.43 +- 0.12 

1 5 67.61 +- 0.06 

1 6 79.80 +- 0.04 

1 7 2.71 +- 0.77 

1 8 10.69 +- 0.14 

2 3 16.66 +- 0.05 

2 4 0.84 +- 0.00 

2 5 79.80 +- 0.04 

2 6 67.61 +- 0.01 

2 7 10.69 +- 0.14 

2 8 2.71 +- 0.00 

3 4 16.57 +- 0.05 

3 5 64.77 +- 0.06 

3 6 83.80 +- 0.04 

3 7 9.25 +- 0.20 

3 8 15.92 +- 0.05 

4 5 80.04 +- 0.04 

4 6 67.52 +- 0.01 

4 7 11.05 +- 0.14 
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Plane No. Plane No. Dihedral Angle 

4 8 3.47 +- 0.00 

5 6 145.90 +- 0.03 

5 7 69.17 +- 0.07 

5 8 77.89 +- 0.04 

6 7 77.89 +- 0.05 

6 8 69.17 +- 0.01 

7 8 8.75 +- 0.17 
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