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ABSTRACT 

This study is a systematic investigation of the 

parameters and conditions necessary for photo-induced 

radical copolymerizations of donor olefins with acceptor 

olefins in the absence of an initiator. Very few cases 

have been previously reported and no mechanistic details of 

the initiation have been proposed in the literature. 

Our results show that the photoinitiation depends 

on the relative donor and acceptor strengths of the 

monomers, as well as the solvent. The highest occupied 

molecular orbital (HOMO) of the donor and the lowest 

unoccupied molecular orbital (LUMO) of the acceptor must be 

at the appropriate energy levels in order to produce a 

radical initiating species upon photoexcitation of the 

electron donor-acceptor (EDA) complex. If the donor

acceptor interaction is too weak, no copolymerization 

occurs. The excited complex (contact ion pair) presumably 

decays back to the ground state faster than producing an 

initiating species. If the donor-acceptor interaction is 

too strong, the excited complex dissociates to the free 

ions which could initiate ionic homopolymerization rather 

than radical copolymerization. 

ix 
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The solvent may also determine the course of the 

reaction. In two cases, copolymerizations, which could be 

photo-induced in 1,2-dichloroethane, could not be photo

induced in acetonitrile. Dissociation of the excited 

complex (contact ion pair) is favored in polar solvents, 

such as acetonitrile, which are able to stabilize the ion 

radicals. 

This initiation method produces high molecular 

weight copolymers that may be cast into transparent films. 



CHAPTER 1 

INTRODUCTION 

For many years polymerizations have been photoini-

tiated under a variety of conditions. Photoinitiations of 

vinyl monomers may be classified into three categories: 

direct monomer irradiation, irradiation of an initiator in 

the presence of a monomer, and irradiation of an electron 

donor-acceptor pair. 

The earliest reports are of common monomers, such 

as styrene1 and methyl methacrylate2 , initiated in bulk by 

high energy ultraviolet light (direct monomer irradia

tion). Many of the photopolymerizations are of the second 

type, monomers which have a photoinitiator or a sensitizer, 

such as azobis(isobutyronitrile) (AIBN) or benzophenone, 

added. In this method, it is the initiator or sensitizer 

which absorbs the energy and, in the case of AIBN, forms 

the initiating species. 

Recently, there has been increasing interest in 

polymerizations of electron donor-acceptor systems which 

are photo-induced in the absence of any photoactivated 

initiator, as discu~sed herein. In these cases, a mixture 

of an electron-rich compound (donor) and an electron-poor 

1 
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compound, at least one of which is a monomer, is polymeriz

ed by exposure to ultraviolet or visible light. 

Photopolymerizations of donor-acceptor systems are 

not well understood. We undertook, therefore, a study of 

photo-induced copolymerizations of electron donor-acceptor 

monomer systems. 

General Aspects of 
Electron Donor-Acceptor Complexes 

A donor is a compound that has a high electron 

density due to the presence of delocalized electrons or 

non-bonding electrons, such as those associated with 

nitrogen, oxygen, and sulfur. An acceptor is a compound 

that is able to accept electron density and stabilize the 

additional charge through resonance or induction. Com-

pounds are classified relative to one another as a donor or 

acceptor. 

It is well known that the mixing of a donor (D), 

such as N-vinylcarbazole (NVCZ), with an acceptor '(A), such 

as tetracyanoethylene (TCNE), immediately produces an 

intense blue color. 3 This color is due to the formation of 

an electron donor-acceptor (EDA) complex. 

D + A ~,,==='" EDA complex 
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The electron-rich compound donates electron density 

to the electron-poor compound, without full electron 

transfer or bond formation, generating a weakly bound 

complex. Formation of such complexes increases the 

reactivity by bringing the reactants close together, 

allowing orbital overlap for subsequent bond formation or 

electron transfer to produce products. The complex is 

sometimes referred to as a "charge transfer" complex in the 

literature, but EDA complex is the preferred term in order 

to avoid confusion with chemistry which does involve full 

electron transfer. 

The EDA complex exists in equilibrium with the 

parent donor and acceptor compounds, and the complex 

concentration is low relative to the concentration of the 

parent donor and acceptor. Equilibrium constants 4 (K) are 

generally in the range of 0.01-0.40 L·mol-1 , although there 

are some cases with higher values. Because the complex 

exists only in solution and is not able to be isolated as a 

discrete moiety, it may be characterized only by 

spectroscopic methods, such as NMR or ultraviolet-visible 

(UV-VIS) spectroscopy. 

A wide variety of compounds may be used as donors 

and acceptors. In an attempt to understand the relative 

reactivities of EDA complexes resulting from various 

combinations of donors and acceptors, an assessment of the 
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strength of the donor-acceptor interaction is necessary. 

To determine the relative strength of a compound as either 

a donor or acceptor, the respective oxidation or reduction 

potentials are considered. Strong donors are more easily 

oxidized than weak donors; likewise, strong acceptors are 

more easily reduced than weak acceptors. 

The complex appears as a new absorption band in the 

UV-VIS spectrum of the donor-acceptor mixture. A typical 

absorbance spectrum of a donor-acceptor mixture is shown in 

Figure 1. EDA complex absorption bands are typically very 

broad, extending perhaps over 50-150 nm. The absorption 

band represents a continuum of the orientations of the 

loosely bound donor and acceptor components of the com

plex. The complex absorbance is weak relative to the 

individual parent donor or acceptor; while the donor and 

acceptor may have molar absorptivity values in the thou

sands or tens of thousands, molar absorptivity values of 

complexes are typically in the range of 50-250 

1·mol-l ·cm-1 • 4 

The donor-acceptor interaction may also be assessed 

by two characteristics of the complex absorption band: the 

position of the band in the spectrum and the intensity of 

the absorbance. 

The interaction resulting from the combination of a 

strong electron-donor with a strong electron-acceptor 
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provides a high degree of donation of electron density from 

the donor to the acceptor. A weaker interaction does not 

have this same donor-acceptor capacity, or degree of 

electron push-pull. Intuitively, a strong interaction is 

expected to have an absorption band shifted to longer 

wavelengths relative to a weaker interaction due to more 

delocalization of the electron density. 

While complexes of strong donors and acceptors are 

brightly colored, complexes of weak donors with weak 

acceptors may give only a very slight coloration to the 

monomer mixture, or none at all. Weak complexes absorb in 

the ultraviolet region of the spectrum rather than the 

visible region, usually overlapping considerably with the 

parent donor and/or acceptor absorption band(s). The 

weakest donor-acceptor pairs do not form a stable ground 

state EDA complex. 

A strong donor-acceptor interaction is expected to 

have a higher equilibrium concentration of the complex, 

giving rise to higher absorbance values relative to a 

weaker complex interaction under the same conditions. 

Thus, the degree of interaction of the donor and 

acceptor can be determined from l)the electrochemical data 

for the donors and acceptors and 2)the UV-VIS absorbance 

spectrum of the complex. As organic chemists, we would 

like to understand the correlation of the parent donor and 
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acceptor strengths with complex reactivity and product 

formation in order to obtain the predictive power necessary 

for designing appropriate donor-acceptor systems. 

General Aspects of Excited Complexes 

Excitation of a ground state EDA complex will 

produce an "excited complex".5-8 Excited complexes may be 

generated by two other methods, the difference being the 

species which is absorbing the excitation energy, as shown 

in Figure 2. In the case of a weak donor with a weak 

acceptor, where a stable ground state EDA complex does not 

exist, an excited state complex, called an exciplex, may by 

generated by exciting either the donor or acceptor; an 

excited donor will react with a ground state acceptor, or 

an excited acceptor, with a ground state donor will produce 

an exciplex. Although the terms "excited complex" and 

"exciplex" describe the same chemical species and have 

often been used interchangeably in the literature, the 

difference between them is the existence of a stable ground 

state complex in the case of the former. 

In much the same way that a ground state EDA 

complex may be observed as a new absorption band in the 

absorbance spectrum of a donor-acceptor mixture, the 

exc:i.ted complex or exciplex may be observed by means of 

fluorescence spectrophotometry. 9 Fluorescence of the 

excited species has been observed in some cases, but not 
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all excited complexes or exciplexes necessarily fluoresce. 

The possibility of this fluorescence depends, of course, on 

the conditions and reactivity of the chosen donor and 

acceptor. 

Time-resolved laser spectroscopyl0,11, a technique 

developed in recent years, affords direct spectroscopic 

observation of transient photointermediates with lifetimes 

measured in picoseconds. This method utilizes a laser to 

provide an excitation pulse which rapidly generates a high 

concentration of the photointermediate(s). Dispersed light 

from a continuous white light source is then used to probe 

the intermediate(s). Absorbance data for the intermediate 

is collected by a diode array detector. The excited 

species are probed at various times (on ps time-scale) 

after the excitation pulse. By examining the reaction as a 

function of time, the formation and/or decay of the 

reactive intermediate(s) may be observed, allowing a 

determination of the lifetime(s) of the intermediate(s). 

The absorbance spectrum of the excited complex12 

appears virtually identical to the combined spectra of the 

respective ion radicals of the parent donor and acceptor. 

A significant amount of electron density is transferred 

from the donor to the acceptor, and the exciplex is 

considered a contact ion pair. For reference purposes, the 

ion radical is often generated electrochemically. 



Irradiation of 

either of the parent 

processes, as shown 

produced initially is 
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the ground state EDA complex or 

components 

in Figure 

a singlet 

leads to a variety of 

3. The excited species 

excited complex (paired 

spins), when no triplet sensitizer is used. 

An excited singlet may intersystem cross to the 

excited triplet (parallel spins), which may likewise form 

products or phosphoresce to the ground state. To obtain 

triplet chemistry, the rate of intersystem crossing must be 

faster than the competing dissociation of the ion 

radicals. Because intersystem crossing is often too 

inefficient for the study of the chemistry of the triplet 

state, a triplet sensitizer may be used. 

As organic chemists, we are interested in bond 

formation leading to new products, r~ther than the energy 

wasting processes of fluorescence, phosphorescence, or 

internal conversion. 

Excited complexes (or exciplexes) are intermediates 

in a variety of photo-induced reactions. These reactions 

are classified into three categories: small molecule 

reactions (cycloaddition, for example), ionic homopolymer

izations, and radical copolymerizations. The mechanism of 

bond formation, the process of most interest, in ·some of 

these reactions remains unclear. 
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Small Molecule Reactions 

Donor-acceptor exciplexes or excited complexes have 

been studied by prominent photochemists interested in 

photocycloaddition reactions. Caldwell, Farid, Lewis, 

Kochi, and Peters, have taken different approaches to study 

this photochemistry and address the issue of the reaction 

mechanism. 

In general, these workers have utilized reaction 

conditions which favor small molecule products, such as 

[2+2] cycloadducts, rather than polymers. The reactions 

are done in dilute solution on low yield preparative scales 

to allow isolation of the photoproducts for characteriza

tion. 

Caldwell's efforts clearly established the exciplex 

or excited complex as a reactive intermediate in photocy

cloadditions13 , rather than an energy-wasting by-product. 

This was accomplished by demonstrating that the quenching 

of the exciplex led to parallel quenching of the photocy

cloaddition. 

For a proposed cycloaddition mechanism, Caldwell 

postulates collapse of the exciplex to a 1,4-biradical 

tetramethylene intermediate or directly to the cycload

duct14 , as shown in Figure 4. 

Kochi and coworkers12 ,15,16 have utilized time

resolved laser spectroscopy to examine excited complexes. 
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Before the advent of this spectroscopy method to character-

ize reactive 

plexes) had 

intermediates, 

been written 

excited complexes 

in any number of 

(or exci

ambiguous 

representations. Time resolved laser spectroscopy allowed 

identification of the ambiguous excited complex. 

Kochi established that the ion radicals are formed within 

the duration of the laser pulse. Among many, Kochi has 

examined the photoreactions of donors, such as sUbstituted 

anthracenes and indene, with tetracyanoethylene (TCNE). 

In the anthracene-TCNE systems, both the anthracene 

cation radical and the TCNE anion radical are observed. 

They are identified from the transient absorption bands 

formed within the duration of the laser excitation (25 ps) 

of the ground state EDA c0mplex. The radical cation of 

9-cyanoanthracene is observed as an absorption band near 

750 nmi the absorption band due to the radical anion of 

TCNE is near 460 nm. Both bands appear and decay simultan

eously, with lifetimes of about 60 ps. This short lifetime 

is indicative of a singlet excited species. The ion 

radicals rapidly undergo back electron transfer to directly 

regenerate the ground state EDA complex. 

When indene is the donor, excitation of the EDA 

complex (532 nm) affords absorption bands near 460 and 600 

nm which are attributed to the TCNE anion radical and 
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indene cation radical, respectively. Unlike the anthra

cene-TCNE system, Kochi's data are indicative of another 

intermediate species. Both bands appear simultaneously 

within the duration of the excitation pulse, and disappear 

simultaneously in about 60 ps. The disappearance of the 

ion radical absorptions is, however, not concurrent with 

the reappearance of the ground state EDA absorption. As 

the radical ions disappear, a negative absorption as a 

result of the depletion of the EDA persists. 

Kochi proposes the same l,4-biradical tetramethyl

ene intermediate as Caldwell, and postulates bond formation 

as an explanation for the delay in the regeneration of the 

ground-state EDA complex. A non-equilibrium concentration 

of the EDA complex, caused by the decay of the ion radicals 

directly to free monomer (rather than back to the ground

state EDA complex), is an alternate explanation offered. 

Earlier, Mataga and coworkers1? had also proposed a 

biradical tetramethylene intermediate by virtue of pico

second laser spectroscopic data. l,3-Hexadienes were used 

as donors with 9-cyanoanthracene as acceptor. Excitation 

produces an absorption spectrum that shows an unidentified 

absorption band, in addition to the respective ion radi

cals. The unidentified intermediate species in this ~ystem 

has a lifetime of several hundred ps. Mataga, like K:ochi, 

believes the proposed intermediate is formed from the ion 
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radicals, but his data do not rule out tetramethylene 

formation directly from the monomer pair. 

Lewis has investigated the chemistry of many 

donor-acceptor systems, with particular interest in the 

solvent effects on the reactions. Systems on which he 

worked include trans-stilbene with dimethyl fumarate 18 and 

fumaronitrile19 ,20, and trans-a-phenylcinnamonitrile with 

diphenylvinylene carbonate. 21 

Lewis observed a decrease in cycloaddition quantum 

yield with increasing polarity of the excited complex, 

either by using more polar solvents or with stronger 

donor-acceptor interaction. A slower cycloaddition rate is 

presumably due to the increased stabilization of the polar 

excited complex by the solvent or donor-acceptor substitu

ents. 

In the study of the 

singlet or triplet (sensitized) 

with vinyl ethers 22 , Lewis 

photochemical reactions of 

diphenylvinylene carbonate 

also 

either directly from the exciplex, or 

proposes cycloaddition 

via collapse of the 

exciplex to a biradical tetramethylene intermediate. 

Lewis examined two systems, trans-a-phenylcinnamo

nitrile with a 2,4-hexadiene23 and 9-cyanoanthracene with a 

2-butene24 , in an attempt to find evidence to support a 

proposed 1,4-zwitterionic tetramethylene intermediate. His 

results, part of which is the lack of a pronounced solvent 
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effect when the polarity is varied, fail to support such an 

intermediate. Curiously, Lewis did not propose a 1,4-bi

radical intermediate, which would not be susceptible to 

solvent stabilization, as would an ionic intermediate in 

these cycloadditions. 

Farid and Mattes have recently reviewed photo-in

duced electron transfer reactions. 25 In this extensive 

review, a more detailed account of the photochemical 

processes is given. 

The formation of three species results from the 

generation of the exciplex. These species, the geminate 

pair of ion radicals, the free ions, and a triplet excited 

species (via intersystem crossing), are shown in Figure 5. 

Formation of the geminate pair is reversible. 

Either the singlet exciplex, the geminate pair of the ion 

radicals, or the triplet exciplex may undergo back electron 

transfer to regenerate the ground state complex or donor 

and acceptor components. Any of these intermediate species 

may form products. 

The radical ions may behave as a radical or an ion, 

depending on the ability of the structure(s) to stabilize 

the charge, as well as the solvent conditions. Donors and 

acceptors that are structurally suitable to stabilize the 

charges generated by the electron transfer will favor 
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dissociation to the free radical. This will be particular

ly facile in a polar solvent which serves to stabilize the 

ion radicals. In cases where such stabilization is not 

possible, the ion radicals will remain associated as the 

contact ion pair or geminate pair, rather than dissocia

ting. 

Farid and Mattes show many examples of cycloaddi

tions via the ion radicals. The radical ions may undergo 

proton transfer from the donor cation radical to the 

acceptor anion radical to form radicals, or by bond 

formation between the contact ion pair to generate a 

1,4-biradical tetramethylene intermediate. 

In the event of several available routes, the 

reaction pathway is determined by the relative rates of the 

possible processes. Ion radical formation is dependent 

upon the rate of the reverse electron transfer (k_et ) to 

regenerate the ground state EDA complex or parent compo

nents being slower than the rate at which the ion radicals 

are formed. In order for products to be formed, the bond 

forming process must be faster than the fluorescence of the 

excited complex. 

Peters 26 has examined the effect of the solvent on 

the decay of the contact ion pair by means of picosecond 

absorption spectroscopy. The rates of the two pathways, 

reverse electron transfer (ion radicals back to ground 
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state EDA complex) and ion pair separation (dissociation), 

are dependent on the solvent polarity and ionic strength. 

Peters used trans-stilbene as the donor with acceptors such 

as fumaronitrile and dimethyl fumarate. 

Caldwell, Lewis, Kochi, Farid, and Peters have 

provided many details of excited sate chemistry of donor

acceptor systems. Each has proposed a l,4-biradical 

tetramethylene intermediate, although none of them has 

shown evidence, other than an ambiguous absorption band, of 

this intermediate, or of any other bond forming mechanism. 

A variety of donor-acceptor pairs have photoiniti

ated either cationic, anionic or radical homopolymeriza

tions. It should be noted here that there are several 

possibilities for ,the donor and acceptor components. The 

donor-acceptor pair may consist of: 1) one monomer with a 

non-polymerizable compound, such as a donor monomer with 

tetracyanobenzene as the acceptor, or 2) two monomers, or 

3) a donor-acceptor pair initiating the homopolymerization 

or copolymerization of another monomer as a third compo

nent. This study has not included any cases of the third 

type. 

When two monomers are used, an ionic intermediate 

will initiate homopolymerization, usually of the donor, and 

a free radical intermediate will initiate alternating 
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copolymerization of the donor and acceptor. The polymer 

product is, therefore, indicative of the polymerization 

mechanism (radical or ionic). In the case where only one 

component is polymerizable, the product is not necessarily 

indicative of the polymerization mechanism. 

Ionic Homopolymerizations 

The most notable of the workers in the area of 

photoinduced ionic charge-transfer polymerizations are 

Shirota and Hayashi. 

Shirota27 has photoinitiated the polymerization of 

N-vinylcarbazole (NVCZ) with a variety of acceptors, such 

as chloranil, pyromellitic dianhydride, maleic anhydride, 

fumaronitrile, and diethyl fumarate, among others. He 

found that the photoreactions of NVCZ in the presence of an 

acceptor may follow several paths, giving a variety of 

products. 

Shirota attributed the reaction course followed to 

several factors: solvent polarity, solvent basicity, 

stability of the anion radical of the electron acceptor, 

radical trapping ability of the electron acceptor or 

solvent, and the polymerizability of the electron accep

tor. His results of an examination of the reactions in a 

variety of solvents, such as benzene, dichloroethane, 

acetone, and HMPA, led him to believe that solvent basicity 

is the primary factor in determining the reaction course. 
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As shown in Figure 6, Shirota postulates that 

photoexcitation produces an 

quently dissociates to the 

ion radicals then depends 

excited complex which subse

ion radicals. The fate of the 

on the solvent basicity. In 

non-basic solvents (benzene or dichloromethane) cationic 

polymerization of NVCZ takes place. In moderately basic 

solvents (acetone or acetonitrile) the NVCZ cyclodimer

izes. In addition to this cyclodimerization, radical 

polymerization may also occur 

such as DMF or DMSO. Only 

in strongly basic solvents, 

radical polymerization takes 

place in very basic HMPA. The explanation offered for the 

radical behavior assumes the ion radical undergoes proton 

transfer to give a radical species. These results are in 

accordance with Farid's scheme shown in Figure 5. 

Hayashi and Irie28 have reported both cationic and 

anionic photo-induced homopolymerizations. a-Methylstyrene 

was cationically polymerized in the presence of tetracyano

benzene (TCNB). Hayashi and Irie used flash photolysis to 

observe photointermediates and determine a mechanistic 

scheme, shown in Figure 7. The intermediates detected were 

both the cation radical of a-methylstyrene and the TCNB 

anion radical. Their scheme shows both the singlet excited 

complex and triplet excited complex (via intersystem 

crossing) and both may form the geminate ion radical pair. 
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The pair may then propagate cationically or dissociate to 

free ions, which will propagate likewise. 

Hayashi and Irie reasoned that anionic polymeriza

tion, initiated by the anion radical of the acceptor, is 

also possible. They demonstrated this by polymerizing 

nitroethylene in the presence of tetrahydrofuran and also 

acrylonitrile in the presence of N,N-dimethylformamide. 

Since both ion radicals are formed simultaneously, 

they achieved simultaneous anionic and cationic polymeriza

tion by using a donor-acceptor combination of two monomers 

which are polymerizable, nitroethylene with cyclohexene 

oxide. 

Radical Copolymerizations 

Until recently, with the exception of Shirota's 

unusual solvent conditions, there have been no reports of 

photoinitiated radical copolymerization in donor-acceptor 

systems. Most of the efforts to explain the details of 

this photoinitiation have been with donor-acceptor pairs 

that lead to ionic homopolymerizations, and in most cases 

only one of the components of the pair is a monomer. 

The recent exception is Raetzsch's work29 ,30 with 

the styrene-maleic anhydride system. In this case an 

alternating copolymer is formed upon irradation of the EDA 

complex of these monomers in a variety of solvents. 
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Since Raetzsch began exploring the styrene-maleic 

anhydride system, other photoinitiated copolymerizations 

have been reported. Using a laser rather than ultraviolet 

or visible lamps, Smith has explored the copolymerization 

of fumaronitrile with either 2-vinylnaphthalene or 9-vinyl

anthracene. 11 Irradiation of these systems led to copoly

mer formation, whereas many other monomer combinations were 

unsuccessful. Smith found free radical propagation and 

postulated the likely formation of radical ions which 

underwent some change to quench the ionic character, 

leaving radical function of the reactive species available 

for initiation. 

Our Perspective 

Examining the literature to find systematic 

correlations in the previous work has been difficult, since 

the work is done under a variety of conditions. Each 

investigator uses one set of conditions with little 

explanation and only minor variations, 

cases the excitation wavelength(s), 

irradiated, the temperature, or the 

method were not clear. 

if any. In many 

the species being 

sample preparation 

We had hoped that the literature would clarify our 

approach to an investigation of this chemistry. Instead, 

our background search raised questions that served to 

broaden, rather than limit, our investigation. 
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The literature does clearly show that significant 

progress has been made on understanding ionic photopolymer

izations. The ion radicals of the donor and acceptor are 

known to initiate the homopolymerizations and have been 

identified as intermediates in the photo-induced polymer

izations by time resolved laser spectroscopy. 

Surprisingly little is known about radical photo

copolymerization. No intermediate(s) or mechanism has been 

postulated for the few known cases 

copolymerizations. 

of photo-induced 

Evidence to support the postulated tetramethylene 

intermediate in photocycloadditions is lacking. 

For spontaneous reactions of donor-acceptor systems 

under thermal conditions, Ha11 31- 33 has proposed the 

concept of "Bond-Forming Initiation". In his initiation 

concept, shown in Figure 8, a bond is formed between the 

donor and acceptor, generating a tetramethylene intermedi

ate. "Bond-Forming Initiation" may be applicable to 

photoreactions of donors olefins with acceptor olefins. 

This could serve, therefore, as a unifying link between the 

spontaneous thermal reactions and photoreactions of donors 

and acceptors, as well as between the small molecule 

photochemistry (cycloadditions) and photopolymerizations of 

donor-acceptor systems. 
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On these grounds, we are interested in identifying 

and studying new cases of photo-induced radical copolymer

izations of donor olefins with acceptor olefins. Our study 

utilizes physical organic methods to address fundamental 

aspects of this chemistry, such as the role of the donor 

and acceptor, and the characterization of the ground state 

and excited state EDA complex. 



CHAPTER 2 

DETERMINATION OF PARAMETERS 

At the onset of this work, our specific aim was to 

design a system whereby we could collect data to distin

guish mechanistic features of the photoinitiation. 

Designing such a system was not trivial, since many aspects 

required consideration. These are presented in four 

categories: 1) the light absorp~ion; 2) the excitation 

source; 3) the selection of a solvent; and 4) the selection 

of appropriate donor and acceptor monomers. 

Light Absorption 

In order to obtain meaningful information, it was 

necessary to have only one excited species, providing only 

one initiation pathway. We chose to selectively irradiate 

the EDA complex, since it would be virtually impossible to 

selectively irradiate the donor or the acceptor. 

To achieve selective irradiation of the EDA 

complex, the light absorption requirement of the monomer 

system is two-fold: first, the EDA complex of the chosen 

monomers mu~t have some absorption in a region where the 

monomers do not, and secondly, the EDA complex must absorb 

in a region where the excitation source has a significant 

30 



31 

output. EDA complexes with weak donor-acceptor interac

tions tend to absorb close to the parent monomer. Although 

there may be significant overlap of the EDA absorption band 

and the monomer absorption bands, the EDA bands generally 

extend out to longer wavelengths. 

Care must be taken to assure excitation of the 

complex only. Because the monomer concentration is much 

larger than the complex concentration, the "tail" of the 

monomer absorption, where one might assume there is little 

light absorption, may absorb more light than the complex. 

For this reason, the ultraviolet spectra of the monomers 

and complexes must be examined carefully (see Chapter 5, 

Ultraviolet-Visible Spectroscopy Section). Since the EDA 

absorption bands are so broad, there are some cases for 

which it is possible to use a wavelength of ligh~ which 

will not be absorbed by the monomer, but will be sufficient 

for excitation of the EDA complex. 

Excitation Source 

A mercury lamp is a conventional ultraviolet light 

source which is easy to operate, economical and produces 

several fairly narrow ultraviolet bands, any of which can 

be selectively used by filtering out undesirable wave

lengths. A single lamp with lenses and filters, as shown 

in Figure 9, was required, rather than a broad band 
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ultraviolet source, such as a preparative photochemical 

apparatus, for selective excitation of the EDA complexes. 

Low pressure mercury lamps have greater than 99% of 

the output energy at 254 nm. Medium and high pressure 

lamps have the majority of the output energy between 300 

and 450 nm. High energy 254 nm light would be absorbed by 

the monomers rather than the EDA complexes, making it 

difficult to distinguish any mechanistic features. For 

this reason, a high pressure short arc mercury lamp was 

used. Figure 10 shows the output intensities for the 

lamp. Collating lenses and filters were used to provide 

selective excitation of the EDA complexes with the desired 

wavelength of light (see Chapter 5, Photochemical Equipment 

Section). Narrow band interference filters only transmit 

the light in a particular wavelength range. These commer

cial filters typically have half-height transmission band 

widths of less than 10 nm. A different filter is necessary 

for each wavelength of the mercury spectrum used. 

Most of the photochemical reactions reported in the 

literature have been done with mercury lamps. Ultraviolet 

laser sources have become attractive with the increasing 

availability of tuneable lasers. Lasers provide higher 

intensity monochromatic light and have been used by some 

researchers, but they require a significant amount of 

maintenance. 
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Solvent 

The solvent must meet several requirements. It is 

essential that the solvent be fairly inexpensive and easily 

purified. In order to favor polymerization over cycloaddi

tion, the solvent must be suitable for preparing concen-

trated monomer solutions (-1M). The solvent has to be 

transparent in the region of the excitation wavelength and 

the reaction mixture must remain homogeneous to assure 

uniform irradiation and light absorption. 

Dissociation of the excited complex to the solvated 

free ions is known to be favored in polar solvents. 26 By 

carefully choosing a non-polar solvent, we hoped to favor 

formation of a radical intermediate and avoid formation of 

the free ion radicals, initiators of ionic homopolymeriza-

tions. Those which were considered based on the 

aforementioned criteria are chloroalkanes, acetone, 

acetonitrile, and cyclic ethers. Although acetonitrile is 

fairly polar, monomer and copolymer solubilities necessi

tated its use. 

The solvent should not interfere with the donor-ac

ceptor interaction of the monomers, although little is 

known about the role of the solvent in donor-acceptor 

systems. Cyclic ethers are known to compete with other 

donors for the acceptor. 30 ,34-38 
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Size exclusion chromatography is a convenient 

method for following the conversion of the monomer to 

copolymer. Polymerizations are commonly followed gravimet

rically. The advantages of using the chromatography method 

are that only a small sample size is required for the 

analysis, and the analysis takes only a few minutes. Since 

many of the donors and acceptors used in this study are not 

commercially available and had to be synthesized, the small 

sample size is the more important of the two advantages. 

The disadvantage of this method is the solvent 

limitation which is imposed by the chromatography detector, 

a 254 nm UV detector. Although a refractive index detector 

for the chromatography would not impose such a limitation, 

refractive index detection is less sensitive, requiring a 

larger sample, and influenced more by conditions, such as 

pressure and temperature, which increase the baseline noise 

(decrease the signal-to-noise ratio). Solvents, such as 

toluene and acetone, were, therefore, eliminated from 

consideration for the copolymerizations. 

Given these practical limitations, the only 

solvents suitable were 1,2-dichloroethane or acetonitrile. 
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Donor Monomers 

We originally chose p-rnethoxystyrene as the donor 

monomer, since it is a fairly strong donor that is commer

cially available and, under thermal conditions, it sponta

neously copolymerizes with a variety of acceptor monomers. 

Several other p-substituted styrenes, p-t-butylstyrene, 

p-methylstyrene, p-(2-chloroethoxy)styrene, and p-isoamyl

oxystyrene, were also used to allow variations in donor 

strength and the solubility of the product copolymer. 

The alkoxy-substituted styrenes are considerably 

stronger donors than the alkyl-substituted donors due to 

the higher electron density from the lone pairs of elec

trons on oxygen. The predicted order of donor strength 

is: p-methoxystyrene - p-iso-amyloxystyrene > p-(2-chloro

ethoxy) styrene > p-methylstyrene p-t-butylstyrene > 

styrene. The p-(2-chloroethoxy)styrene is believed to be 

the weakest of the alkoxy donors because the electronega

tive chlorine is thought to attract some of the electron 

density that would otherwise be available for donation, as 

in the case of the other p-alkoxystyrenes. 

Copolymers of the styrenes having the larger alkyl 

groups remained soluble in the reaction medium during the 

irradiation, whereas those from the analogous styrenes with 

smaller alkyl groups· precipitated during irradiation. 
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Acceptor Monomers 

We began using acceptor olefins that were synthe-

sized in this laboratory. Tetra-substituted olefins39 ,40 

were first considered for this study. The sUbstituents are 

acceptor groups, such as esters or cyano groups. 

For the following reasons, the tetra-substituted 

olefins were not appropriate for our intentions. 

1 

ROOC~CN 

~ 
NC COOR 

2 3 

Olefin 1 undergoes spontaneous thermal copolymerization 

with p-methoxystyrene, making it impossible to distinguish 

between the photochemistry and the thermal chemistry. 

Cooling the reaction mixture to OD C during irradiation did 

not eliminate or slow the thermal reactions, making it 

impossible to observe any photochemistry. Olefin 2 

presents solubility problems, even in the case of the butyl 

ester, due to the high degree of symmetry. Olefin 3 is 

unreactive under thermal conditions, but also under photo 

conditions. 

In general, our tri-substituted acceptor olefins41, 

shown below, are also too reactive. They spontaneously 

copolymerize or form small molecule products with styrene 
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donors. Again, this would not allow distinction between 

the photo and thermal processes. 

--./CN 

NC~CN 

4 

6 

--./CN 
~ 

NC COOCH J 

5 

7 

We then had to consider di-substituted acceptor 

olefins which are much weaker acceptors. These were used 

in other photochemical investigations, as cited in Chapter 

1, and found to be suitable for our study. 8-11 are all 

commercially available, with the exception of 9b, which was 

synthesized. 42,43 There is no problem of competing thermal 

chemistry with the use of these acceptors since the 

mixtures of them with the donor are unreactive at room 
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temperature. This allowed convenient handling of the 

donor-acceptor mixtures during the preparation for irradia-

tion. 

8 

/ I 
CN 

NC 

10 

9a R 

9b R 

o 

Q-R 
o 

C6
HS 

COOCH2CH3 

11 

In an attempt to find a monomer similar to maleic 

anhydride that would give more soluble copolymers, itaconic 

anhydride (12), a monomer with only one acceptor group, was 

found to have surprising reactivity in the photocopolymer

izations. Other acceptors (13 and 14) with one acceptor 

group were then included in our study. 

=1 o =9 o COOCH.,. 
oJ 
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The limitation to weaker donor-acceptor interac

tions restricts the study in two ways. First, the selec

tive irradiation of the EDA complex becomes more difficult 

than in the systems having stronger donor-acceptor interac

tions because the complex absorption overlaps significantly 

with the monomer absorptions. Second, large variations in 

the monomer concentration are not possible because the 

monomer concentration must be high enough to ensure a 

sufficient EDA complex concentration. 



CHAPTER 3 

RESULTS AND DISCUSSION 

New Monomers 

In an effort to modify the donor strength of the 

styrene monomer and the solubility of the resulting 

copolymers, two new monomers were synthesized. Both 

p-(2-chloroethoxy)styrene and p-isoamyloxystyrene were 

prepared similarly. A modified Williamson etherification44 

of p-hydroxybenzaldehyde was followed by a Wittig reac

tion45 to generate a moderate yield of the olefins. 

CHO CHO 

$ RX. CH 2CI2 ) $ CH3P+~3 Br-

~ oq. NoOH BuLi ) 
Bu4N+ Br- ether 

OH OR 
OR 

42 



43 

p-Isoamyloxystyrene was also prepared by the direct 

etherification of 4-vinylphenol. 

~ 
BrCH 2CH2CH(CH3)2 
CH 2CI 2 > 

OH 

Characterization of Ground State EDA Complexes 

Before considering the chemistry of the excited 

complex, the characteristics of the ground state EDA 

complex will be discussed. 

The reduction potentials 46 indicate that maleic 

anhydride = -1.10 V) is a stronger acceptor than 

fumaronitrile (Ep < -2.0 V). Although the reduction poten

tial for dimethyl fumarate is unavailable, it is presumably 

a weaker acceptor than fumaronitrile. 

Oxidation potentials47 ,48 are available only for 

p-methylstyrene (Ep = 1.38 V) and p-methoxystyrene (Ep = 
1.15 V). The oxidation potential of p-isoamyloxystyrene is 

presumably very close to that of p-methoxystyrene, as is 

that of p-t-butylstyrene to p-methylstyrene. The only 

substituted styrene of those in this study which is in 

question as to the relative donor ability is the newly 

synthesized p-(2-chloroethoxy)styrene. It is predicted to 
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be intermediate in donor strength between p-methoxystyrene 

and the p-alkylstyrenes. 

Two criteria of the UV-VIS absorption band of EDA 

complexes, the position and intensity, were used to 

characterize the interaction of the donor with the accep

tor. We intuitively deduced that strong donor-acceptor 

complexes, relative to weaker donor-acceptor complexes 

should have absorption bands shifted to longer wavelengths, 

due to the higher degree of electron push-pull, and have 

higher absorbance values, since there should be a higher 

equilibrium concentration of the complex. Unfortunately, 

these deductions are not always true, as indicated by the 

UV-VIS data for a series of complexes. 

The data for complexes of each of three acceptors 

with a series of donors is shown in Table 1. The donors 

are listed in the order described in Chapter 2, Donor 

Monomers Section. Because the broad absorption bands of 

some EDA complexes do not have well defined maxima, the 

wavelengths corresponding to maximum absorbance are 

estimated as well ~s possible. The maleic anhydride 

complexes are the broadest, having half-height band widths 

of approximately 50-80 rum. Fumaronitrile complexes are 

intermediate with half-height band widths of 40-50 nrn, and 

dimethyl fumarate complexes have the narrowest bands with 

half-height band widths of 20 rum. 



Table 1. UV Data of EDA Complexes 

p-substituent conc. a 
Ab no. acceptor of styrene ea. monoTer (nll:fX AC 

(donor) (mol'L- ) 

1 dimethyl -O(CH2)2CH(CH3)2 0.2 324 1.69 
fumarate 

2 " -OCH2CH2Cl " 329 0.838 

3 " - CH3 " 312 0.938 

4 " -C( CH3)3 " 312 0.688 

5 fumaro- -O(CH2)2CH(CH3)2 0.2 360 2.56 
nitrile 

6 " -OCH2CH2Cl " 360 2.70 

7 " - CH3 " 350 2.27 

8 " -C( CH3)3 " 350 1. 87 

9 maleic 
anhydride 

- OCH3 0.1 335 1. 42 (5.68) 

10 " -O(CH2)2CH(CH3)2 " 340 1. 39 (5.56) 
450d --

11 " -OCH2CH2Cl " 335 1.53 (6.12) 
475 1.02 (4.08) 

12 " - CH3 " 330 1.06 (4.24) 

13 " -C( CH3)3 " 330 0.97 (3.88) 

a) all measurements made in CHC13 at room temperature (26°C) 
b) Absorbance values (A) measured on UV-VIS spectrophotometer 
c) Absorbance values (A) normalized for monomer concentrations of 0.2 mo1'L-1 

to allow direct ccmparison with other data 
d) shoulder 

45 
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Dimethyl fumarate, presumably the weakest of the 

three acceptors, generally shows the expected trends in 

complexes with the styrenes. Complexes of the stronger 

alkoxy-substituted styrene donors are slightly shifted to 

longer wavelengths relative to those of the weaker alkyl

substituted styrene donors. The absorbance values are also 

generally higher for the complexes of the stronger styrene 

donors relative to those of the weaker styrene donors, as 

expected. 

Fumaronitrile is, 

than dimethyl fumarate, 

electron-withdrawing than 

presumably, a stronger acceptor 

since cyano groups are more 

ester groups. Within the 

fumaronitrile series of complexes, the expected trends are 

again observed. The complexes of stronger styrene donors 

are slightly shifted to longer wavelengths and have higher 

absorbance values than those of the weaker styrene donors 

under the same conditions. These trends are also evident 

in the comparison of the dimethyl fumarate data with the 

fumaronitrile data. The fumaronitrile complexes are 

shifted to longer wavelengths and have higher absorbance 

values than the dimethyl fumarate complexes. 

The maleic anhydride complexes were studied at a 

different concentration from the preceding series of 

dimethyl fumarate and fumaronitrile complexes. The 
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expected trends in the position and intensity of the 

absorption bands cannot be readily confirmed by the data. 

One complication that was not previously observed 

is the presence of a second absorption band in the spectra 

of the complexes of p-isoamyloxystyrene and p-(2-cnloroeth

oxy)styrene with maleic anhydride. Complexes showing two 

absorption bands have been cited in the literature49 , and 

two explanations for the appearance of the second band have 

been postulated. The two bands may be due to the presence 

of a complex of a different stoichiometry in addition to 

the 1:1 complex, such as two donors molecules associated 

with one acceptor, for example. Two distinct geometries of 

a 1:1 complex, each involving different orbitals in the 

sharing of the electron density, may also give rise to two 

absorption bands. Different transitions, as shown in Figure 

11, will give rise to different absorption bands. 

Neither of these donors shows two complex absorp

tion bands with either dimethyl fumarate or fumaronitrile. 

Disregarding those complexes of maleic anhydride 

which have two absorption bands, there is a small differ

ence in the position of the complex absorption bands 

relative to the strength of the donor, as seen in the 

comparison of complexes 9 and 12. 

By using the position of the absorption band maxima 

as an indication of the strength of the donor-acceptor 
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interaction, maleic anhydride appears to be intermediate in 

acceptor ability (fumaronitrile > maleic anhydride > 

fumarate) by comparison of the maxima of complexes 1, 5, 

and 9 or complexes 3, 7, and 12. A comparison of the 

wavelengths of the maxima of the absorption bands is not an 

accurate means of assessing the strength of the EDA 

complex, since the maxima are estimated, in case of the the 

maleic anhydride complexes, within a range of about 10 nm. 

The measure able differences in the positions of the 

absorption bands are not, therefore, significantly beyond 

the error of the estimation. 

Because the maleic anhydride complexes were at a 

different concentration, the normalized absorbance values 

in Table 1 (in parentheses) are used for comparison. Under 

our conditions, if the concentration of each monomer is 

doubled, the complex concentration increases by a factor of 

four. This is only true in the case of a 1:1 mixture of 

the donor and acceptor. The relationship of the monomer 

and EDA complex concentrations can be expressed by the 

following: 

K 
D + A ~,======> EDA complex 

K _ [EDA complex] 
[D] [A] 



[EDA complex] = K [D) [A] 

if [D) = [A], then 

[EDA complex] = K [D]2 
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In order to compare the maleic anhydride complexes 

with those of fumaronitrile and dimethyl f\~arate, the 

maleic anhydride absorption values are normalized by 

multiplying by a factor of four, to correct for the 

concentration differences. The comparison of the 

absorbance values (normalized in the case of maleic 

anhydride) to assess the relative acceptor abilities of 

maleic anhydride and fumaronitrile indicates that maleic 

anhydride is the stronger acceptor of the two, according to 

our deduction. 

Assessing the relative electron-withdrawing ability 

of the acceptors by the two criteria, the position and 

intensity of the absorption bands of the EDA complexes, 

leads to conflicting conclusions. The relative positions 

of the absorption bands indicate that fumaronitrile is a 

stronger acceptor, while the absorbance values for the 

complexes indicate that maleic anhydride is a stronger 

acceptor. By virtue of the reduction potentials, maleic 

anhydride is known to be a better acceptor than fumaronit

rile. 
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Until electrochemical measurements are completed, 

the donating or accepting abilities of new monomers can be 

assessed only by the EDA complex absorption data. 

New Copolymerizations 

For this method of polymerization, the reaction 

systems, with only monomers and solvent present, are simple 

and a traditional free radical initiator is not needed. 

Cycloadditions do not interfere or compete with the 

copolymerizations. These high molecular weight copolymers 

are unable to be produced under thermal conditions without 

the use of a free radical initiator. The copolymerization 

of the monomers may be started and stopped by turning the 

light on and off. 

Several monomer systems were shown to be capable of 

photoinitiation by excitation of the EDA complex. These 

include: maleic anhydride with p-t-butylstyrene, N-carbo

ethoxymaleimide with p-t-butylstyrene or p-methoxystyrene, 

fumaronitrile with 2-chloroethoxystyrene or p-isoamyloxy

styrene, and itaconic anhydride with p-methoxystyrene. 

Results are shown in Table 2. 

In each case, a low to moderate conversion of high 

molecular weight copolymer was obtained. The low conver

sions are similar to those reported for the photocycload

dition reactions cited in Chapter 1, Small Molecule 

Reactions Section. A higher intensity excitation source 



Table 2. New Photo-Induced Radical Copolymerizations 

p-substituent wave-
no. acceptor of styrene conc. solvent length time 

(donor) (mol·L-1) (nm) (h) 

1 maleic -C( CH3) 3 D,A = 1.0 CH3CN 365 >44 
anhydride 

2 " -C( CH3)3 D,A = 0.5 CH2ClCH2Cl 405 a 

3 N-carbo-
ethoxy-

- OCH3 D,A = 1.0 CH2CICH2Cl 365 25 

maleimide 

4 " -C( CH3)3 D = 0.75 CH2ClCH2Cl 365 44 
A = 1. 50 

5 " -C( CH3)3 D = 1. 50 CH2ClCH2Cl 365 16 
A = 0.75 

6 fumaro- -OCH2CH2CH(CH3)2 D,A = 1.0 CH2ClCH2Cl 405 23 
nitrile 

7 " -OCH2CH2Cl D,A = 1.0 CH2ClCH2Cl 405 17 

a itaconic 
anhydride 

- OCH3 D,A = 1.0 CH2ClCH2Cl 405 10.5 

------_ .. _-----

a) approximate yield 
b) polymer precipitated during irradiation 

% conv. 

35 

-10 

15a 

26 

16 

7 

ab 

i 

11 

i 

I 
I 

(J1 

tv 
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would presumable decrease the irradiation time necessary 

for the copolymerization. 

The high molecular weight copolymers are cast 

easily into transparent films. The high molecular weight 

of the copolymers is due to a low concentration of the 

initiating species in the presence of a high monomer 

concentration. This indicates that the initiation was very 

slow relative to the monomer propagation. 

The slow initiation is due to the low quantum 

efficiency for the formation of the initiating species 

relative to other available processes. That is to say, 

only a very small fraction of the complexes which become 

excited produce a radical initiating species because 

processes such as back electron transfer, for example, are 

faster. 

The decrease in the concentration of the styrene 

donor was followed by size exclusion chromatography during 

the irradiation when possible. A curve is s~own in Figure 

12. A column for a low molecular weight =ange (100-900) 

was used to separate the donor monomer from the acceptor 

and copolymer. Some photocopolymerizations were not able 

to be followed by this method due to the high viscosity of 

the reaction mixture preventing the accurate measurement of 

a reaction aliquot. Decreasing the initial monomer 

concentrations in an attempt to reduce the molecular weight 
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c~polymers and, hence, the viscosity is not 

possible, since the initiation does not occur at lower 

monomer concentrations. 

No small molecule products were observed in any of 

the irradiations. The monomers are unreactive under 

thermal conditions, and no other bond forming reactions are 

known to compete with the photopolymerizations. Any 

monomer which does not copolymerize remains unreacted in 

solution. 

The photoinitiation usually stops at some time 

during the irradiation, perhaps because there is an 

internal filter effect. The copolymer product may compete 

with one of the monomer components by forming an excited 

complex with the other. By competing for complex 

formation, the copolymer serves as a quencher of the 

excited complex of the donor monomer with the acceptor 

monomer. 

In photo-induced copolymerizations of maleic 

anhydride with styrene, Raetzsch29 ,30 finds higher copoly

merization rates with excess maleic anhydride in the 

monomer feed when using' "donor" solvents, such as acetone 

or acetonitrile. He attributes the increased rates to the 

participation of a complex of the "donor solvent" with 

maleic anhydride, although no direct evidence of a solvent

maleic anhydride complex was given. 
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A more plausible explanation may be that the higher 

maleic anhydride concentration compensates for an internal 

filter effect of maleic anhydride complexing with the donor 

sites of the copolymer product. Undesired irradiation of 

maleic anhydride, in addition to the desired irradiation of 

the complex, may also be an alternate explanation of the 

observed relationship between the copolymerization rate and 

the maleic anhydride concentration. 

Some photopolymerizations were deliberately stopped 

due to the high viscosity preventing magnetic stirring 

during the irradiation. Irradiation of a monomer mixture 

without stirring produced a solid copolymer which ddhered 

to the wall of the reaction tube in the exact area exposed 

to the light and grew towards the center of the tube. 

Not all monomer combinations were able to be 

photoinitiated by irradiation of the EDA complex. To 

ensure that sample preparation techniques are adequate in 

cases where no polymerization occurs, the optical interfer

ence filter is removed after about 24 h of irradiation at 

the desired wavelength. The monomers are then directly 

irradiated and rapidly polymerize, indicating that the 

former lack of initiation is not due to contamination or 

insufficient degassing. In all cases, copolymerization 

does occur when the filter is removed. By using unfiltered 

light to irradiate the monomer mixture, the quantum 
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efficiency for producing initiators increases since several 

pathways are now possible by excitation of the donor and 

acceptor, as well as the EDA complex. 

Solvent Effects 

A pronounced solvent effect was observed in two 

cases as shown by the data in Table 3. Fumaronitrile was 

copolymerized with p-isoamyloxystyrene, and N-carboethoxy

maleimide with p-methoxystyrene, in 1,2-dichloroethane. No 

copolymerization in either case occurred when acetonitrile 

was used under· identical conditions. A comparison of 

solvents in irradiations of other combinations of donors 

and acceptors was not possible due to the limitation of the 

copolymer solubilities. 

Dissociation of the excited complex to the free 

ions is more favorable in polar solvents which are able to 

stabilize the ion radicals. The difference in copolymer 

formation in the two solvents may be a reflection of the 

degree of dissociation of the ion radicals. Although the 

free ions are known to initiate homopolymerization, no 

homopolymer, particularly of the donor, is obtained because 

the conditions are not appropriate for homopolymerization. 

Acetonitrile is not a particularly suitable solvent for the 

cationic homopolymerization of the substituted styrenes. 



no. 

1 

2 

3 

4 

Table 3. Solvent Effects in Photo-Induced Radical Copolymerizations 

wave-
acceptor donor conc. solvent length time % conv. 

(mol·L-1 ) (run) (h) 

N-carbo- p-methoxy- D,A = 1.0 CH2CICH2Cl 365 25 15 
ethoxy- styrene 
male imide 

N-carbo- p-methoxy- D,A = 1.0 CH3CN 365 23 0 
ethoxy- styrene 
maleimide 

fumaro- p-isoamyloxy- D,A = 1.0 CH2CICH2Cl 405 23 7 
nitrile styrene 

fumaro- p-isoamyloxy- D,A = 1.0 CH3CN 405 24 0 
nitrile ~tyrene 

I 

U1 
co 
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Influence of Donor strength 
on the copolymerization of the Donor-Acceptor Pair 

By irradiating each of a series of donor styrenes 

with an acceptor, either maleic anhydride or fumaronitrile, 

the influence of the donor strength on the reactivity of 

the EDA complex may be determined. The results are 

summarized in Tables 4 and 5. 

Although maleic anhydride was able to be copolymer-

ized with p-t-butylstyrene, a weak donor, no copolymer was 

produced in the irradiations of maleic anhydride with 

p-alkoxystyrenes, the stronger donors, under the same 

conditions. The comparison of the irradiations of each of 

the donors with maleic anhydride was done under two sets of 

conditions, differing in the excitation wavelength and the 

solvent used. Similar results were obtained in each case. 

Fumaronitrile, on the other hand, was able to be 

copolymerized with the stronger p-alkoxysty=ene donors, but 

no copolymer was obtained from the irradiation of a mixture 

of it with p-t-butylstyrene. 

It appears that a combination of a strong acceptor 

with a weak donor is more reactive than the combination of 

a strong acceptor with a strong donor. Conversely, the 

combination of a weak acceptor with a strong donor is also 

successfully copolymerized. 



no. acceptor 

1 maleic 
anhydride 

2 " 

3 " 

4 maleic 
anhydride 

5 " 
L .. __ _ .. _ ... - - - --- ---

Table 4. Influence of Donor Strength in 
Copolymerizations of Maleic Anhydride 

wave-
donor conc. solvent length 

(mol·L-l) (run) 

p-isoamyloxy- D,A = 1.0 
styrene 

CH2ClCH2Cl 405 

p-(2-chloro- D,A = 1.0 CH2ClCH2Cl 405 
ethoxy) styrene 

p-t-butylstyrene D,A = 1.0 CH2ClCH2Cl 405 

p-t-butylstyrene D,A = 1.0 CH3CN 365 
styrene 

p-methoxystyrene D,A = 1.0 CH3CN 365 

-- - -- -- - ----- -- -- - - - _ .. _--

time 
(h) 

·54 

23 

8 

>44 

22 

'----

% conv. 

0 

0 

-10 

35 

0 

I 

0'\ 
o 



noo acceptor 

1 furnaro-
nitrile 

2 " 

3 " 

Table 5. Influence of Donor strength in 
Copolymerizations of Fumaronitrile 

wave-
donor conc. solvent length 

(mol oL-1) (run) 

p-isoarnyloxy- O,A = 1.0 CH2ClCH2Cl 405 
styrene 

p-(2-chloro- O,A = 1.0 CH2ClCH2Cl 405 
ethoxy) styrene 

p-t-butylstyrene O,A = 1.0 CH2ClCH2Cl 405 

a) polymer precipitated during irradiation 

time 
(h) 

23 

17 

18 

% conv. 

7 

8a 

0 

0\ 
I-' 
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Influence of Acceptor strength on the 
copolymerization of the Donor-Acceptor Pair 

When choosing appropriate monomers for this study, 

we initially believed that a strong donor-acceptor inter

action would have the reactivity necessary for copolymer-

ization. The stronger acceptors, such as the tetra- and 

tri-substituted olefins were, however, too reactive under 

thermal conditions to investigate their photo-induced 

copolymerizations. The thermal reactions were unavoidable, 

even at low temperature (ODe). 

Maleic anhydride is the most reactive of the 

di-substituted acceptors, as evidenced by its higher 

copolymer conversions. An effort to understand this 

reactivity led to the use of itaconic anhydride, a monomer 

with only one acceptor group on the double bond, as an 

analog of maleic anhydride. 

Itaconic anhydride was surprisingly found to be as 

reactive as N-carboethoxymaleimide, a stronger, di-sub-

stituted acceptor, in copolymerizations with p-methoxy-

styrene, as shown in Table 6. Itaconic anhydride was 

expected to be less reactive, since it only has one 

acceptor group and is, therefore, a weaker acceptor than 

the di-substituted acceptors, such as maleic anhydride cr 

N-carboethoxymaleimide. 

Because of the surprising reactivity of itaconic 

anhydride, a-methylene- -butyrolactone and methyl acrylate 



no. acceptor 

1 N-carbo-
ethoxy-
maleimide 

2 itaconic 
anhydride 

3 a-methylene-
'Y-butyro-
lactone 

4 methyl 
acrylate 

Table 6. Influence of Acceptor Strength in 
Copol:ymerizations of p-Hethoxystyrene 

wave-
donor conc. solvent length 

(mol·L-1) (nm) 

p-methoxy- D,A = 1.0 CH2ClCH2Cl 365 
styrene 

" D,A = 1.0 CH2ClCH2Cl 365 

" D,A = 1.0 CH2ClCH2Cl 365 

" D,A = 1.0 CH2ClCH2Cl 365 

time 
(h) 

25 

10.5 

>72 

41 

% conv. 

15 

11 

3.6 

0 

0'1 
W 
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were included as acceptors. Of these three olefins, 

itaconic anhydride is expected to be the most electron

poor. As shown in Table 6, it is the only one that shows 

moderate reactivity in the photocopolymerizations. The 

combination of the exo-methylene group, providing a less 

hindered site for bond formation, and the electron-poor 

anhydride group makes this monomer particularly reactive 

toward photocopolymerization. 



CHAPTER 4 

CONCLUSIONS 

Whether the copolymerization of a donor-acceptor 

monomer mixture can be photo-induced depends upon a variety 

of parameters and conditions. First, and foremost, is the 

selection of the donor and acceptor. 

Initially, we expected to be able to photo-induce 

the copolymerization of many monomer combinations having 

EDA complex absorption bands in the region of our excita

tion energy, under the appropriate conditions. Although 

the copolymerizations of some of these monomer combinations 

were able to be photo-induced, others were not. 

In our early experiments we presumed that the 

combination of a strong donor with a strong acceptor was a 

better choice for photo-induced copolymerization than a 

weak donor with a weak acceptor. The combination with the 

stronger interaction has a higher equilibrium concentration 

of the absor'bing species, the EDA complex. 

The results showed that stronger donor-acceptor 

interactions are not better for the photo-induced polymer

izations. 

65 
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In order for this polymerization method to be more 

useful, we need the ability to predict monomer systems for 

which copolymerization can be photo-induced. 

This predictive power is perhaps attainable by 

considering both the thermodynamic and kinetic criteria, 

since formation of an initiating species must be favorable 

in both respects. 

The energy levels of the molecular orbitals 

involved in the EDA transitions, the highest occupied 

molecular orbital (HOMO) of the donor and the lowest unoc

cupied molecular orbital (LUMO) of the acceptor must be 

appropriate for the transitions. If the energy difference 

between the HOMO and LUMO is too large, the donor and 

acceptor aLe not sufficiently associated. 

The thermodynamics of the formation of an initi

ating species from the excited complex must also be 

considered. A simple energy level diagram is shown in 

Figure 13. The intermediate species in different donor

acceptor systems, shown here as the geminate pair, may 

differ in energy and. hence, reactivity. A higher energy 

intermediate (13a) may be suitable to initiate the copoly

merization, while a more stable intermediate (13b) that is 

closer in energy to the ground state may decay back to the 

ground state complex rather than forming bonds for radical 

copolymerization. 
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Since the "more is better" approach to selecting 

donor-acceptor pairs suitable for photo-induced 

copolymerizations fails, the initiation 

be considered in kinetic terms. In 

thermodynamic requirements, the rate 

reaction (from the excited complex 

process must also 

addition to the 

of the forward 

to the radical 

initiating species) must be faster than the rate of a 

competing mechanism, such as dissociation of the excited 

complex to the free ions or decay back to the ground state 

complex by reverse electron transfer. If this is not the 

case, copolymerization is not possible. 

In essence, there are few donor-acceptor monomer 

combinations which are 

radical copolymerization. 

appropriate for photo-induced 

The successful combinations are 

in a narrow region between those that may favor a competi

tive path (strong donors and acceptors), such as 

dissociation to the free ions (which can initiate ionic 

homopolymerization), and those that are unable to remain 

associated as the ion radical pair (weak donors and 

acceptors) due to the facile reverse electron transfer to 

the ground state EDA complex. 

Clearly, the determination of the relative donor or 

acceptor strengths for a variety of compounds must be based 

on the oxidation or reduction potentials. 

degree of donor-acceptor interaction 

Determining the 

by using the 
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characteristics of the EDA complex absorption band(s) is of 

limited use. We found no 

band characteristic with 

copolymerization. 

correlation of any absorption 

the ability to photo-induce the 

The effect of structural variations on EDA complex 

formation, as well as on the copolymerizations, is, indeed, 

a complicated matter. Variations in structure affect the 

donor and acceptor capabilities of the monomers, the steric 

bulk of the monomer, and the solubilities of the compound 

and resulting copolymer. Each of these affects the EDA 

complex formation and the reactivity of the electron donor

acceptor pairs toward photo-induced copolymerization. 

Because EDA complexes are weakly bound species, 

little is known about the geometry of the interaction. We 

envision the approach of the two monomers in such a fashion 

as to permit alignment of the vinyl bonds for charge 

interaction and subsequent bond formation. If present, 

other geometries or orientations which are not suitable for 

such bond formation may be responsible for the lack of 

reactivity of the complex toward copolymerization. 

The solvent interacts with a variety of species 

present throughout the reaction. A variation in the 

solvent may affect the ground state EDA interaction, and 

have an even greater effect on the excited complex and the 

intermediate species formed thereafter. The choice of the 
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solvent may determine whether copolymerization takes place, 

as we have demonstrated. 

This is the first systematic study which approaches 

the elucidation of the initiation mechanism of photo-

induced radical 

organic methods, 

tural variation, 

effects, etc. 

copolymerizations by means of physical 

such as examining the effects of struc-

donor and acceptor strength, solvent 

New monomer systems capable of photo-induced 

copolymerization were identified and are suggested for 

detailed further study, particularly kinetics: maleic 

anhydride with p-t-butylstyrene, fumaronitrile with p

isoamyloxystyrene, N-carboethoxymaleimide with p·-rnethoxy

styrene, and itaconic anhydride with p-methoxystyrene. 

Several directions of the study may be explored. 

The presence of solvated ion radicals, a potential reason 

for the observed solvent effect, may be confirmed or denied 

by using a polar solvent which is suitable for cationic 

polymerizations, such as nitromethane, or by using time 

resolved laser spectroscopy. Effects of using different 

wavelengths of light within the EDA complex absorption band 

(maintaining selective complex irradiation) of these 

monomer systems are yet to be explored. Kinetic studies 

examining the effect of parameters, sllch as monomer 

--- ~-- .. - .. ------------------------------
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concentration, monomer ratio, solvent, will be useful in 

determining the photoinitiation mechanism. 

Although we are unable to conclusively identify the 

1,4-biradical tetramethylene as the reaction intermediate 

responsible for initiating copol~nerization, the facts 

remain that a radical species is formed and a bond must be 

formed in order for copolymerization to occur. Because the 

photochemistry of donor-acceptor systems is much more 

complicated than the thermal chemistry, the initiation 

mechanism of the photo-induced copolymerizations of donor 

and acceptor monomers is not as easily elucidated. The 

proposed biradical tetramethylene intermediate may be 

formed directly from the singlet excited complex (contact 

ion pair), from the geminate pair of ion radicals, or from 

the triplet excited complex (see Figure 5). 

"Bond-Forming Initiation" may yet serve as a 

unifying mechanism 

polymerizations and 

Likewise, this concept 

molecule photochemistry 

demonstrating that we 

for the spontaneous thermal 

photo-induced polymerizations. 

may link the traditional small 

with photopolymerization, thereby 

may apply the same information to 

reactions which produce small molecules as well as those 

which produce large polymer chains. 

-------- --------------------------------



CHAPTER 5 

EXPERIMENTAL 

General Methods 

1H NMR spectra were taken on Varian EM 360 Land 

Bruker WM 250 spectrometers at 60 and 250 MHz, respective

ly. In every measurement, tetramethylsilane (TMS) was used 

as an internal reference. Melting points were taken on a 

Thomas-Hoover melting 

IR spectra were 

point apparatus and are uncorrected. 

recorded on a Perkin-Elmer 983 

spectrometer. UV-VIS spectra were recorded on an IBM 9420 

UV-VIS spectrophotometer or Perkin-Elmer Model 552 spectro

photometer. Average molecular weights of the copolymers 

were measured on a DuPont Zorbax PSM-1000S size exclusion 

column calibrated with polystyrene standards using chloro

form or tetrahydrofuran as eluent and a Spectra Physics UV 

detector (254 nm). Elemental analyses were performed by 

Desert Analytics (formerly MicAnal), Tucson, Arizona. 

Purification of Solvents and Monomers 

1,2-Dichloroethane was washed with concentrated 

H2S04' distilled water, 10% NaOH, and distilled water. It 

was then dried over Na2so4, refluxed with CaH2, and 

distilled. Acetonitrile was refluxed with CaH2 and 
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distilled. Each solvent was stored over 4 A molecular 

sieves in a brown bottle fitted with a septum. 

p-t-Butylstyrene (Polysciences), p-methylstyrene 

(Aldrich), p-methoxystyrene (Aldrich), methyl acrylate 

(Eastman Kodak), and a-methylene-~-butyrolactone (Aldrich) 

were each purified by vacuum distillation from CaH2. The 

purified monomers were stored in a desiccator at ODC. 

Maleic anhydride (Aldrich) was vacuum distilled in 

a Kugelrohr apparatus and stored in a desiccator. 

Fumaronitrile (Aldrich), dimethyl fumarate (Ald

rich), and itaconic anhydride (Aldrich) were recrystallized 

from benzene/petroleum ether, chloroform/petroleum ether, 

and diethyl ether, respectively, and stored in a desicca

tor. 

Monomer Syntheses 

p-Isoamyloxystyrene 

p-Hydroxybenzaldehyde was etherified according to a 

literature procedure. 44 Isoamyl bromide, 151 g (1.0 mol), 

was added to 800 ml dichloromethane or toluene in a 3 I 

round bottom flask with a stir bar. In a separate flask, 

61 g p-hydroxybenzaldehyde (0.5 mol) was added to a 

solution of 30 g NaOH (0.75 mol) in 800 ml distilled 

water. After the p~hydroxybenzaldehyde was dissolved, the 

aqueous solution was added to the alkyl halide solution in 
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the round bottom flask. Tetrabutylammonium bromide, 8.0 g 

(5 mol%), a phase transfer catalyst, was added to the 

reaction mixture. The flask was fitted with a cooled 

reflux condenser and the two phases were rapidly stirred 

together 12-18 h at room temperature (or reflux when using 

toluene) . 

Although the organic layer remains colorless, the 

aqueous layer turns a deep red color. The organic layer 

was separated from the aqueous layer. The aqueous layer 

was washed twice with dichloromethane and the washings 

added to the original organic layer. Unreacted p-hydroxy

benzaldehyde may be recovered by filtration after neutral

izing the aqueous layer with concentrated sulfuric acid. 

The volume of the organic portion of the reaction mixture 

was reduced by rotatory evaporation of the solvent. This 

solution was then washed twice with 2 M NaOH and twice with 

distilled water, dried over Na2so4, and filtered. The 

crude p-isoamyloxybenzaldehyde was isolated by evaporation 

of the dichloromethane, and then vacuum distilled 

(107°-111°C/ 0.35 rom Hg) from CaH2 for a 36% yield of 

p-isoamyloxybenzaldehyde. IR (neat): 2955, 2871, 2733 

(C-H str.) i 1692 (C=O) i 1600, 1576, 1508, 832 (phenyl) i 

1256, 1056 (C-O) cm- 1 . NMR (CDCl3) 5: 9.87 (s, 1HJ, 7.80 

(d, 2H), 6.95 (d, 2H), 4.02 (t, 2H), 1. 70 (m, 3H), 0.90 
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2(d, 6H) ppm. Analysis calculated for C12H1602: C, 75.00; 

H, 8.33. Found: C, 74.99; H, 8.58. 

The p-isoamyloxybenzaldehyde was used to prepare 

the p-isoamyloxystyrene. 45 Methyltriphenylphosphonium 

bromide, 35.7 g (0.1 mol), was added to a solution of 40 

ml of 2.5 M n-butyllithium in hexane (0.1 mol n-BuLi) and 

300 ml anhydrous ether in a 4-neck, 500 ml round bottom 

flask fitted with a cooled reflux condenser with a drying 

tube, mechanical stirrer, and an argon inlet. The solution 

immediately turned bright yellow and a white precipitate 

forms. The mixture was stirred for 4 h, after which the 

flask was fitted with an addition funnel containing 19.2 g 

p-isoamyloxybenzaldehyde (0.1 mol). The aldehyde was 

slowly added to the mixture and stirred 12 h. 

The reaction mixture was filtered to remove tri

phenylphosphine oxide and lithium bromide. The ether was 

removed by rotatory evaporation under reduced pressure. A 

50% yield of the p-isoamyloxystyrene was obtained after 

vacuum distillation (63°-64°C/ 0.02 mm Hg) of the crude 

product. IR (neat): 3086, 3064, 3038 (=C-H str.); 2956, 

2870 (aliph. C-H str.); 1626 (C=C); 1249, 1061 (C-O) 1426, 

988, 898 (=C-H bend) cm- 1 • NMR (CDCl3) 5: 7.30 (d, 2H), 

6.80 (d, 2H), 6.50 (d, 1H), 5.50 (dd, 1H), 5.05 (dd, 1H), 

3.90 (t, 2H), 1,65 (m, 3H), 0.95 (d, 6H) ppm. Analysis 



calculated for C13H1S0: C, 82.06; 

Found: C, 82.27; H, 9.77; 0, 8.38. 

76 

H, 9.53; 0, 8.41. 

The monomer was also able to be prepared in one 

step by the etherification of p-hydroxystyrene, with the 

same etherification procedure described above. The 

p-hydroxystyrene was provided by Celanese Corporation, 

Corpus Christi, Texas. Although p-hydroxystyrene is a very 

reactive monomer, the conditions are mild enough to obtain 

a 50% yield of the product. Warming the reaction mixture 

in an attempt to improve the yield resulted in the polymer

ization of the starting material. 

p-(2-Chloroethoxy)styrene 

p-(2-Chloroethoxy)styrene was prepared as described 

for p-isoamyloxystyrene. 1,2-Dichloroethane was used as 

the alkyl halide and solvent in the etherification of 

p-hydroxybenzaldehyde. The aqueous phase was rapidly 

stirred with 800 ml 1,2-dichloroethane and heated to reflux 

for 12 h. The reaction mixture was worked up as previously 

described in the p-isoamyloxystyrene synthesis. Yield: 

48.0 % bp: 105°-122°C/0.02-0.13 mmHg. NMR (CDC13) 5: 

9.85 (s, 1H), 7.80 (d, 2H), 6,95 (d, 2H), 4.30 (t, 2H), 

3.80 (t, 2H) ppm. 

p-(2-Chloroethoxy)styrene was prepared from the 

aldehyde by a Wittig reaction, as desribed for p-isoamyl

oxystyrene. The product, a white solid, was distilled in a 

-~ .. -.--.~---~-----------------------------
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Kugelrohr apparatus (110 0 -120°C/ 0.025 mm Hg). Yield: 35% 

IR (KBr): 3087 (=CH str.); 2919, 2869; 1625 (C=C str.); 

1606, 1575, 1509 (phenyl); 1433, 1409 (=CH bend); 1254, 

1041 (C-O); 990, 898 (=CH bend) cm-1 • NMR (CDCI3) 0: 7.25 

(d, 2H), 6.80 (d, 2H), 6.45 (d, 1H), 5.50 (dd, 1H), 5.05 

(dd, 1H), 4.20 (t, 2H), 3.75 (t, 2H) ppm. Analysis 

calculated for C10H11oCI: C, 65.75; H, 6.03. Found: C, 

65.01; H, 6.11. 

N-Carboethoxymaleimide 

N-Carboethoxymaleimide was prepared by the proce-

dure described in the literature. 42 ,43 Maleimide, 9.7 9 

(0.1 mol), 500 ml ether, and 10.1 9 triethylamine (0.1 mol) 

were added to a 1 I round bottom flask and stirred at O°C. 

10.85 9 ethyl chloroformate (0.1 mol) was added. The 

mixture immediately became opaque and slowly turned pink. 

It was stirred at 0° C 1-2 h. The white solid, triethyl-

ammonium chloride, was filtered and washed with ether. The 

filtrate was washed with water, dried with Mgso4' and 

filtered. The ether was removed by rotatory evaporation. 

The crude product was purified by vacuum distillation, 

using a Kugelrohr apparatus (-90°C/0.02 mm Hg), and 

recrystallized from ethyl acetate/ether. Yield: - 50% 

rnp: 58-59°C. IR (KBr): 3102 (=CH str.); 1796, 1785, 

1764 (C=O); 1596 (C=C); 1265 (C-O) cm-1 . NMR (CDCI3) Q: 

6.85 (s, 2H), 4.40 (q, 2H), 1.40 (t, 3H) ppm. Analysis 



C, 49.71; 

Found: C, 49.71; H, 4.19; N, 8.30. 

Photochemical Equipment 

78 

H, 4.17; N, 8.28. 

The photochemical equipment was mounted on an 

optical bench, 1 m in length, and maintained in the same 

fixed positions for all irradiations (see Figure 9, Chap

ter 2, Light Absorption Section). The lamp, in a housing, 

was mounted at one end of the optical bench. The lamp used 

was a 100 W short arc mercury lamp (Ultraviolet Products, 

Inc., type #110-1002) with the designated power source. 

The light was focused with a series of glass collating 

lenses. The first two (15 cm diameter) were mounted in a 

holder positioning them approximately 23 and 33 cm, respec

tively from the lamp. The other lens (6 cm in diameter) 

was approximately 70 cm from the lamp. One of two 

narrowband interference filters (404.7 nm, Melles-Griot 

#03FIM002; or 365 nm, Melles-Griot #03FIM028) was used to 

provide excitation with one wavelength, rather than all the 

wavelengths of the lamp output (see Figure 10, Chapter 2, 

Excitation Source Section). The interference filter was 2 

cm from the small lens (72 cm from the lamp) and positioned 

so that the focused light is centered on it. A black hood 

was placed between the lamp housing and first lens to 

prevent scattered, unfiltered light from irradiating the 

sample. No unfiltered light passed to the sample. Either 
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404.7 nm or 365 nm light irradiated the sample tube, 2-5 cm 

from the filter (74-79 cm from the lamp). 

sample Preparation 

The acceptor (5 rnrnol) was added to a 5 ml 

volumetric flask, followed by a few mls of dry solvent, 

either 1,2-dichloroethane or acetonitrile. After the 

acceptor completely dissolved, the donor (5 rnrnol) was added 

and the volume of the mixture adjusted by adding solvent as 

necessary. The solution was mixed and poured into the 

irradiation vessel, a Pyrex tube (18rnrn diameter). The tube 

was then fitted with a three-way stopcock and the sample 

degassed three times by the standard freeze-thaw method 

under argon. The degassed sample was kept under positive 

argon pressure and magnetically stirred during the irradia

tion at room temperature (22-23°C). 

copolymerization Procedures 

The reaction mixture was irradiated in the glass 

tube under a positive argon pressure with magnetic stir

ring. The copolymerizations were stopped if the mixtu~~ 

became too viscous to stir or sometime after a minimum time 

of about 24 h of irradiation. The copolymers were precipi

tated twice in ether. Analysis of the polymers verified 

each was a 1:1 cQPolymer of the donor and acceptor 

monomers. 
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Conversions were either measured gravimetrically at 

the end of the irradiation, or by measuring the decrease in 

the donor monomer concentration by size exclusion chromato

graphy during the irradiation. Aliquots (100 ~l) of the 

reaction mixture were removed under a positive argon flow 

for analysis. The donor concentration was measured by 

using an IBM GPC/SEC pore type A column (linear molecular 

weight range: 100-900) calibrated with standard concen

tration solutions of the donor moncmer and a Spectra 

Physics UV detector (254 nm). The eluent was either 

chloroform, acetonitrile, or THF. 

Ultraviolet-Visible Spectroscopy 

In order to measure the absorption spectra of an 

EDA complex, the interfering monomer absorptions had to be 

subtracted from the spectrum of the mixture of the donor, 

acceptor and EDA complex. Spectrometric grade CHC13 was 

used as the solvent for all of the measurements. Dilute 

solutions of the donor and acceptor monomers were prepar

ed. Equal concentrations of the donor and acceptor were 

mixed in a quartz cuvette with a 10 mm path length. A 

divided cell, 4 mm path length each side, was used for the 

reference cell. The monomer absorbances were subtracted 

from the spectra of the mixture by comparing the mixture to 

the unmixed monomers in the divided cell. Because of the 

difference in the path length of the sample and reference 
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cell, the monomer absorbances were matched by making the 

sample monomer concentrations 80% of those of the reference 

solutions. 

To verify that the monomer did not absorb at the 

wavelength used to irradiate the EDA complex, a 1.0 M 

solution of each of the parent donors and acceptors was 

scanned. By using a very concentrated solution, a sharp 

cutoff of the absorption was obtained. 



REFERENCES 

1. Norrish, R. G. W.; Simmons, J. P. Proc. Roy. Soc. 1959, 
A251, 4. 

2. Krongauz, V. A.; Teor.i Eksperim. Khim, Akad. Nauk. 
Ukr. SSR 1965, 1, 47. 

3. Ellinger, L. P.; Polymer 1964, ~(11), 559. 

4. Cowie, J. M. G.; Alternating Copolymers Cowie, J. M., 
Ed.; Plenum: New York, 1985; Chapter 2, pp 19-74. 

5. Farid, S.; Mattes, S. Acc. Chern. Res. 1982, 15, 
80-86. --

6. Turro, N. J. Modern Molecular Photochemistry 
Benjamin/Cummings: Menlo Park, 1978. 

7. Barltrop, J. A.; Coyle, J. D. Excited States in 
Organic Chemistry John Wiley and Sons: New York, 
1975; pp 101-132. 

8. Mataga, N.; Ottolenghi, M. in Molecular Association 
Foster, R., Ed.; Academic Press: New York, 1919; 
v. 2, pp. 1-78. 

9. Mataga, N. in Molecular Interactions Ratajczak, H.; 
Orville-Thomas, W. J., Eds.; John Wiley and Sons: 
New York, 1979; v. 2, pp. 509-570. 

10. Leone, S. R. Science, 1985, 227, 889. 

11. ref. 6, p 130. 

12. Kochi, J. K. et ale J. Am. Chern. Soc., 1984, 106, 
8071. 

13. Caldwell, R. A.; Creed, D. Acc. Chern. Res. 1980, 13, 
45. 

14. Caldwell, R. A. et ale J. Am. Chern. Soc. 1978, 100, 
2857. 

15. Kochi, J. K. et al. J. Am. Chern. Soc. 1983, 105, 
6167. 

82 



16. Kochi, J. K.; Masnovi, J. M. J. Org. Chern. 1985, 50, 
5245. 

17. Mataga, N. et ale Chern. Phys. Lett. 1982, 88,(2), 
157. 

18. Lewis, F. D.; DeVoe, R. J. J. Org. Chern. 1980, ~, 
948. 

19. Lewis, F. D. et ale J. Am. Chern. Soc. 1979, 101, 
3325. 

20. Lewis, F. D. Acc. Chern. Res. 1979, 1£, 152. 

21. Lewis, F. D.; Hirsch, R. H. J. Am. Chern. Soc. 1976, 
~, 5914. 

83 

22. Lewis, F. D. et ale J. Am. Chern. Soc. 1976, 98, 8438. 

23. Lewis, F. D. et a1. J. Org. Chern. 1982, 47, 1392. 

24. Lewis, F. D.; DeVoe, R. J. Tetrahedron 1982, 38, 
1069. 

25. Mattes, S.; Farid, S. in organic Photochemistry Padwa, 
A., Ed.; Marcel Dekker: New York, 1983; Vol. 6, 
Chapter 4, pp 233-326. 

26. Peters, K. S.; Goodman, J. L. J. Am. Chern. Soc. 1985, 
107, 6459. 

27. Shirota, Y. Encycl08edia of Polymer Science and 
Engineering. 211 ed. Kroschwitz, J. I. et al., 
Eds.; John Wiley and Sons: New York, 1985, 
Vol. 3, 327. 

28. Irie, Masahiro; Hayashi, Koichiro Progress in Polymer 
Science in Japan 1975, ~, 105. 

29. Raetzsch, M. et ale Makrornol •. Chern. 1980, 181, 241. 

30. Raetzsch, M. et ale Chern. Zvesti. 1984, ~(6), 823. 

31. Hall, H. K., Jr. Angew. Chern. Int. Ed. 1983, 22, 440. 

32. Hall, H. K., Jr. et ale J. Am. Chern. Soc. 1986, 108, 
4920. 

33. Hall, H. K., Jr. et ale Macromolecules 1987, 20, 247~ 



34. Hyde, P.; Ledwith, A. in Molecular complexes Foster, 
R., Ed.; Crane, Russak and Co.: New York, 1974; 
Vol. 2, Chapter 4, p 205. 

35. Ward, R. J. Chern. Phys. 1963, ~, 852. 

36. Bawn, C. E. H. et al. Chern. Comm. 1965, 490. 

37. Ledwith, A.; Sarnbhi, M. J. Chern. Soc. (B) 1966, 670. 

38. Nagahiro, Isao et al. J. Polym. Sci.: Polym. Chern. 
Ed. 1974, 1£, 785. 

39. Ireland, C. J. et ale synth. Commun. 1976, ~, 185 •. 

40. Hall, H. K., Jr.; Sentman, R. C. J. Org. Chern. 1982, 
47, 4572. 

41. Hall, H. K., Jr.; Daly, R. C. Macromolecules 1975, 
~, 22. 

42. Keller, 0.; Rudinger, J. Helv. Chim. Acta 1975, ~, 
531. 

43. Butler, G. B.; Zarnpini, A. J. Macromol. Sci.-Chem. 
1977, A11(3), 491. 

44. Starks, C. M.; Liotta, C. Phase Transfer catalysis: 

84 

Principles and Technigues Academic Press: New York, 
1978; 134. 

45. Wittig, G.; Schoellkopf, U. Org. Synth. John Wiley and 
Sons: New York, 1973; ColI. Vol. 5, 751. 

46. Mulvaney, J. E. et al. J. Polym. Sci.: Polym. Chern. 
Ed. 1983, 21, 309. 

47. Akbulut, U. el ale Makromol. Chern. 1983, 184, 1661. 

48. Kojima, Masanobu et ale Bull. Chern. Soc. Jpn. 1985, 
58(2), 521. 

. 49. Pearson, J. M. et ale in Molecular Association Foster, 
R., Ed.; Academic Press: New York, 1979; Vol. 2, 
Chapter 2, pp 79-169. 


